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Abstract: In accordance with South Korea’s recent 2030 Carbon Neutral Plan, an 8GW offshore wind
farm is planned for construction in the South-west Sea. Therefore, it is expected that large-scale wind
turbines will be installed, and these turbines must operate stably, even when there are instantaneous
voltage fluctuations in the power system. The grid code is described for the low-voltage-ride-through
(LVRT) and high-voltage-ride-through (HVRT) functions, and a test facility that can perform both
LVRT and HVRT tests is essential. In the case of LVRT/HVRT test facilities developed by the existing
RLC (impedance component) method, it may be difficult to test large-scale wind turbines due to
problems such as power quality, frequent failures and narrow short-circuit capacity ranges. Therefore,
to solve such problems, this paper proposes an LVRT/HVRT test facility of the autotransformer type,
which is capable of outputting the desired voltage range by changing the wiring method and tap
position. Specifically, in order to implement the test facility of the autotransformer type, which is
able to output the desired voltage range by changing the wiring method and tap according to the
LVRT/HVRT test status, this paper presents an impedance determination algorithm (two-step layer
impedance determination algorithm) of auto-transformer based on the fault-current analysis and
operation strategy at a real LVRT/HVRT testing evaluation facility.
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Recently, Korea has planned to build a wind farm of 8§ GW or more and a large-capacity
Academic Editors: Davide Astolfi wind farm complex off-shore of the Southwest Sea region according to the global trend,
and Abu-Siada Ahmed which is being jointly promoted for de-carbonization. Under these concepts, large wind
turbines (WT) must be maintained in a stable manner during the moments of voltage drops
or rises caused by instantaneous faults in the power system. In particular, large-scale wind
turbines are rotating machines with inertia problems which are, a lot of the time, required
to be re-started when disconnected by abnormal states in the grid. Therefore, there is the
possibility that outages could occur due to large fluctuations in frequency when large-scale
wind turbines are disconnected from the grid by temporary voltage fluctuations and a

o similar case was reported in Australia in 2019 [1]. On the other hand, in order to prevent the
Copyright: © 2023 by the authors. Wind turbine from dropping out by the instantaneous voltage rise or drop in the grid, IEC
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Figure 1. LVRT/HVRT Standard Curve of IEC 61400-21-1.

On the other hand, refs. [5-10] is only presented to LVRT control schemes for the wind
turbines of the PMSG and DFIG types. Furthermore, refs. [11-13] proposes an LVRT test
method of ESS (grid forming converter) using a grid simulator. As the operation of these
LVRT/HVRT functions is required by the grid code, it is necessary to develop a facility
that can perform both LVRT and HVRT tests for large-scale wind turbines. In the case of
the implementation of HVRT characteristics using the test facility with the existing RLC
method, it is difficult to carry out the testing of large-scale wind turbines due to problems
such as power quality, frequent failures and narrow short-circuit capacity range etc. [12,13].
Furthermore, a test facility for the LVRT test as an alternative to the impedance-based
approach has already been presented in previous papers in the literature [14-17]. Therefore,
comparison between the previous methods and proposed method is summarized in Table 1.

Table 1. Comparison of previous methods and proposed method.

Contents
Ref. .
Previous Methods Proposed Method
Proposed a detailed calculation method of
- Presented to LVRT control scheme for the wind series/parallel impedance by each voltage level
[5-10] turbine of PMSG and DFIG type. using proposed fault characteristics-based
LVRT/HVRT impedance determination method
and successive approximation method
- (RLC method.) Difﬁcu.lty in carrying out the test for (autotransformer type) suitable for the test for
[12,13] large-scale Wmd turbines Flue to problems such as large-scale wind turbines due to the advantage
power quality, frequent failures and narrow of implementing voltages into the wide range
short-circuit capacity range
LVRT/HVRT test facility of autotransformer
) ] type in which it is possible to output the desired
- Already presented in previous papers, these voltage range by changing the wiring method
papers mainly focus on the generation of the and tap position
[14-17] voltage waveforms and on the implemented

control algorithm for the test equipment

Differential operation strategy considering the
LVRT/HVRT wiring method in order to perform
a stable test when the wind turbine generates
power normally
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To overcome such a problem, this paper proposes an LVRT/HVRT test facility of the
autotransformer type, which is capable of outputting the desired voltage range by changing
the wiring method and tap position. This method has the advantage that the voltage
level can be flexibly adjusted by changing the tap. Furthermore, the LVRT/HVRT facility-
based autotransformer type is suitable for the test for large-scale wind turbines due to the
advantage of implementing voltages in a wide range [18,19]. In order to implement the
test facility of autotransformer type, which is capable of outputting the desired voltage by
tap changing according to the LVRT/HVRT test status, this paper presents an impedance
determination algorithm (two-step layer impedance determination algorithm) of auto-
transformer based on the fault-current analysis.

Namely, to obtain the turn ratio and tap position of the series/parallel winding, this
paper proposes the two-step layer impedance determination algorithm that combines a
calculation method based on fault-current analysis/impedance map and successive approx-
imation method. However, it is possible that the required voltage levels in LVRT/HVRT are
not satisfied due to a voltage drop due to series impedance, even though the current, which
is determined by parallel impedance, is kept within the allowable range (Based on three
times the short circuit ratio). Therefore, the second step presents the successive approxi-
mation method, which calculates the optimal value by successively fixing the impedance
parameters in order to obtain the series and parallel impedances for the voltage range of
LVRT and HVRT.

Furthermore, this paper presents a differential operation strategy considering LVRT/
HVRT wiring method in order to perform a stable test when the wind turbine generates
power normally. In order to prepare an environment in which the LVRT/HVRT control
function of a wind turbine can be verified in advance, LVRT /HVRT tests were performed
through the implementation of a 30 kW-scale artificial LVRT/HVRT test facility and a wind
turbine hardware-in-loop evaluation system with real-time signal processing technology. A
30 kW-scale artificial LVRT/HVRT test facility was implemented using a two-step layer
impedance decision algorithm and differential operation strategies of the test facility.

The main contributions are summarized as follows:

- A 30 kW-scale artificial LVRT/HVRT test facility implemented by impedance determi-
nation algorithm and operation strategy is confirmed that can be stably applied for
the LVRT/HVRT field test of a large-scale wind turbine;

- From systematical simulation analysis and test by the artificial test simulator, it shows
that LVRT/HVRT facility-based autotransformer can efficiently perform as a test
facility for large-scale wind turbines and has the advantage of implementing voltages
in a wide range;

- Through the proposed impedance determination algorithm, it is confirmed that a test
facility can be stably developed for a 12 MW-scale LVRT /HVRT facility.

2. Characteristics of the LVRT/HVRT Test Facility for Wind Turbines
2.1. Characteristics of the LVRT/HVRT Test Facility

As shown in Figure 2, an autotransformer composed of one winding is divided into
series winding and parallel winding through an intermediate tap; the input voltage can
be raised or dropped depending on the circuit and tap configuration. By considering
the circuit configuration for the voltage rise function of the autotransformer, as shown in
Figure 2a, this is implemented as the LVRT of the test facility. The HVRT characteristics of
the test facility are simulated by using circuit configuration for the voltage drop function of
the autotransformer, as expressed in Figure 2b. In addition, the LVRT /HVRT test facility of
tap-changer type based on the autotransformer has the advantage of being able to flexibly
adjust the voltage level by changing the turns ratio of the series-parallel windings.
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Figure 2. LVRT/HVRT function-based tap changer type. (a) LVRT Concept. (b) HVRT Concept.

Under these concepts, to develop a 12 MW-scale LVRT /HVRT test facility, this paper
adopts the autotransformer type, which can output the desired voltage by changing the tap
according to the LVRT/HVRT test status, as shown in Figure 3 and Table 2.
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Figure 3. Circuit configuration of RLC and transformer types. (a) RLC type. (b) Transformer type.
Table 2. Comparison of RLC and transformer types.
Impedance (Existing) Transformer (Proposed)

- Large installation space

- Narrow installation space

- Narrow short-circuit capacity - Wide short-circuit capacity

- Requires many RLC elements and frequent maintenance

- Variable by applying an air-core transformer design and a
separate impedance core

- High maintenance cost due to damage of capacitance by - Less possibility of maintenance cost due to the allowable
high current during the test capacity of the transformer

2.2. Modeling of LVRT and HVRT Test Facility

The maximum voltage range of HVRT recommended by IEC-61400-21-1 is 130%, and
the minimum voltage range of LVRT is 0%. Therefore, For the LVRT/HVRT test facility with
a voltage adjustment range between 0-130%, the turns ratio for series/parallel windings
and the number of taps is determined by the total desired voltage level (step). As mentioned
above, the concept of an LVRT/HVRT test facility using an autotransformer is expressed
in Figure 4. Where, V/IVRT means HVRT range between 100-130% and VEVRT means an

Target Target
LVRT range between 0% and 100%.
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Figure 4. Concept for the tap connection method of LVRT/HVRT.

To implement the LVRT /HVRT test equipment, this paper proposes a method for
determining the turn ratio series/parallel windings and tap position according to the
desired voltage level. First, the turn ratio of the parallel winding, W;, and the series
winding, W, of LVRT and HVRT is determined by the ratio characteristic of the rated
voltage and the desired test voltage, as shown in Equations (1) and (2). From the calculation
equations for the turns ratio, the rated voltage is assumed to be a reference value in LVRT
expressed by Equation (1), and the desired test voltage is considered as a reference value
in HVRT, as shown in Equation (2). In calculating the turn ratio, the sum of the parallel
winding, W;, and the series winding, W5, always converges to one.

Varget Viarget
LVRT (Wi, : Way) = ‘”/’ge x Vy ‘”/’gg X |Vis = Viarget| M)
n n
Vn Vn
HVRT(Wlx : sz) = X Vy e X ‘Vn - VTarget‘ ()
VTarget VTarget

where, W is the turns ratio of parallel windings at x percent unit, W, is the turns ratio of
series winding at x percent and Vi, is the target test voltage.

3. The Two-Step Layer Impedance Determination Algorithm of the LVRT/HVRT
Test Facility

In general, the voltage becomes zero, and the current is determined by the grid
impedance when a short circuit fault occurs in the grid. In the case of simulating the
voltage of 0 PU in the LVRT characteristic test, the impedance of the series winding reaches
the maximum and the impedance of the parallel winding approaches zero. In this case,
damage or malfunction may occur in test devices and the main circuit breaker on the grid
side due to the fault current, which may exceed the allowable limit if the series-parallel
impedance of the transformer is determined without considering the capacity of the test
devices during the 0 PU voltage simulation. Therefore, this paper proposes a method of
calculating the impedance of the series-parallel winding by considering the turn ratio of the
transformer at each voltage level based on the calculated impedance of the series winding
that can be limited to three times the capacity of the test facility. It is also possible that
voltages of each test level cannot be satisfied as the occurrence of voltage drop by series
impedance, even if the current determined by the impedance (series-parallel) has a value
within the allowable range of the test facility (based on three times to the short-circuit ratio).
Therefore, this paper presents a successive approximation method, which calculates the
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optimal value by sequentially fixing the impedance parameters in order to obtain the series
and parallel impedances for each test voltage value that satisfies the allowable voltage
and current in the LVRT and HVRT ranges. Ultimately, this paper proposes a two-step
layer impedance determination algorithm which is determined by considering both the
fault characteristic-based LVRT/HVRT impedance determination method and successive
approximation method.

3.1. Impedance Determination Based on an Impedance Map

The positive phase-sequence % impedance map is designed by the distribution dia-
gram interconnected with a wind turbine, as shown in Figure 5. The distribution diagram
includes the impedance for the substation bus, main transformer, cable impedance, and
service transformer. Furthermore, the magnitude of transient reactance is minimized as it
is assumed that there is no instantaneous influence from the wind power generator.

LVRT/HVRT Facility

- ...

fault location

Figure 5. Impedance map.

Under this concept, the total impedance for analysis of the fault current can be calcu-
lated by Equation (3) based on the impedance map in Figure 5.

%Ziotal = (Zir + Z11 + Yy, (Z1i) + Z1™) )

where %Z;,, is the total impedance (positive phase sequence), Z; is the main transformer
impedance, Zj; is the bus impedance, Z;; the is it" line impedance, Z["** is the maximum
series impedance for the test facility, Zp is the wind turbine impedance (including service
transformer impedance), i is the section number and 7 is the number of total sections.

The three-phase short-circuit fault current is calculated based on the above-mentioned
impedance map. As shown in Equation (4), the fault current of the LVRT is determined
by considering the capacity of the test facility and the short-circuit ratio (a: three times),
according to the reference recommendation of IEC-61400-21. As a constraint, the fault
current should be determined within three times the rated capacity of the test facility, as
shown in Equation (5). Fault current means the sum of the incoming current at the grid
side and the incoming current at the wind turbine side.

Itm _ ( 100 % Base kVAtr) ( 100 % Base kVAWT> (4)
3s %Ztoml \/5 X Vi 0/oZD \/3 X Vi
. tar Pfacility
Subject to I3y < a-—————— 5)

\BXVn

where I{7" is the desired three-phase short-circuit current considering the facility capacity, a
is the weight factor of the current magnitude (referenced LVRT: three), Base kVAy, is the
reference capacity of the main transformer for fault current calculation, Base kVA is the
reference capacity of the wind turbine at the EUT (equipment underside) and V}, is the
line-to-line voltage (nominal voltage).
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From the three-phase short circuit calculation method in Equation (6) above, the total
impedance of the test facility is calculated as shown in Equation (7); here, %Z,;,x means the
maximum value of the series impedance when the voltage level is assumed to be 0 PU.

100 Base kVA;, n
%Z;m’x = X — Ztr — Z (ZLl + ZL) (6)
100 Base kVA i=1 !
(L) — (%ZD X W) V3xVy
Subject to %Z]"" = {maximum%Zserise, Viprt = 0PU} (7)

where %Zs yqx is the maximum percentage value of series impedance at 0 PU.
To calculate the series-parallel impedance value, %Zs 4y is converted to impedance

as follows:

_ %ZI X V2 x 10

~ 27tf x Base KVAy

capa H]

®)

where L7 [H] is the maximum impedance (reactance).

Based on the maximum value of the series impedance (Lgp; [H]) at OPU, which is
determined in Equation (9), the target series and parallel impedance according to the
voltage fluctuation range, as presented in Table 3, are calculated by Equation (9).

XPU(Lp : Ls) = Limax X Wix : Liax X Woy )

Vx =0,0.1,---,1.3[PU]

where L, and Ls are the series and parallel impedance at xPU (Voltage), w1, is parallel
impedance ratio in case xPU, wo, is the series impedance ratio in the case of xPU, and x is
the voltage percent unit value.

Table 3. Series and parallel impedance ratio according to the state of LVRT and HVRT impedance.

HVRT LVRT
Voltage ZxPU ZxPU Voltage ZPU Ratio ZxPU Ratio
(x PU) s Ld (x PU) s Ld

W1y Way W1x Way
0.9 0.1 0.9

1.3 0.23 0.77
0.8 0.2 0.8
0.7 0.3 0.7

1.25 0.2 0.8
0.6 0.4 0.6
1.2 1.67 0.83 0.5 0.5 0.5
0.4 0.6 0.4

1.15 1.3 0.87
0.3 0.7 0.3
0.2 0.8 0.2

1.11 0.9 0.91
0.1 0.9 0.1
1.05 0.5 0.95 0 0.99 0.01

As mentioned above, the impedance determination algorithm based on the impedance
map of a one-step layer is shown in Figure 6.
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Figure 6. Impedance calculation algorithm based on impedance map.

3.2. Successive Approximation Method Using a Two-Step Layer

The desired voltage levels in the LVRT/HVRT test can be possible that is not satisfied
due to a voltage drop by series impedance, even though the current, which is determined
by parallel impedance, is kept within the allowable range (Based on three times the short
circuit ratio). Therefore, this paper presents a successive approximation method that
calculates optimal value by successively fixing the impedance parameters in order to obtain
the series and parallel impedances for the voltage range of LVRT and HVRT [16].

First of all, this series/parallel impedance, calculated using the impedance estimation
method based on the fault current, is assumed as the initial value.

Then, the voltage drop considering the series impedance (ng ) and the line impedance
is calculated by using Equation (10) by constantly changing the parallel impedance of the
LVRT facility based on the initial value.

xPU

V,
AV = Vgyia = (L Zui+ Zia + Z37Y) x () x COS6 (10)
r

where Vi, is the grid voltage and Z¥PU is series impedance of target voltage dip.
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Meanwhile, if the magnitude of the voltage dip calculated from Equations (11) and (12)
is smaller than the ones of all voltage levels, it is considered that the adjusted series-parallel
impedance is applicable.

Viip(k,z) < AV VK = 0.01---13PU (11)

Z:{LVRTsz:0.01---0.9 (12)

HVRTif K=1.05---1.3

where V;,(k, z) is the target voltage for LVRT and HVRT, K is the facility voltage dip and
Z is the voltage dip based on the condition for LVRT and HVRT.

Even though the voltage conditions are satisfied, the series impedance is re-adjusted
using Equation (9) in order to match the parallel impedance if the proportion of the
turn ratio between the series and parallel impedance is not identical. In order words,
the series/parallel impedance that which are satisfied for voltage level is re-calculated
by repeating the above-mentioned process from Equation (9) to Equation (12). In order
words, in order to obtain the series and parallel impedances for the voltage range of
LVRT and HVRT, calculating the optimal value is repeatedly carried out by successively
fixing the impedance parameters, as mentioned earlier. The flowchart for the successive
approximation method is shown in Figure 7.

Initial series Impedance Zs(0), Series Impedance Zp(0)

L;

Calculation for Parallel Rector(L) based Series Reactor(L)

xPU(Lp:LS) = Ljax X Wix! Lipax X Way

Voltage drop calculation considering impedance
p ¥
AV = Voia = (Tles Zu+ 200 + 257 X

= ) x C0S6
'

[,;"U
Compared to Voltage drop value and TargetLVRT/HVRT Voltage
value
Vaip(k,2) < AV _ {LV}?T if K=001.-09
v K =001.13PU T |HVRT if K =1.05--13

Increase Zp value
Zs=Zs+0Zs B Vdm (k 12 ) <AV P

Yes I

No
—_ Winding rate of W1 and W2 =

Yes l

4 N

Finish j

Figure 7. Impedance determination algorithm using a successive approximation method.

Therefore, this paper proposes a detailed calculation method of series/parallel imped-
ance by each voltage level using the proposed fault characteristics-based LVRT/HVRT
impedance determination and successive approximation methods, as shown in Figure 8.
Furthermore, the procedure for the two-step layer impedance determination algorithm by
considering both of these methods can be expressed as follows.
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T V) <AV
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( Finish )

Figure 8. Two-step layer impedance determination algorithm.

4. Differential Operation Procedure of the LVRT/HVRT Test Facility-Based

Autotransformer

For the operation of an LVRT/HVRT test facility, the wiring method of the autotrans-
former should be changed according to the overvoltage (HVRT) test and undervoltage
(LVRT) tests. Under these concepts, this paper proposes a differential operation strategy
considering LVRT/HVRT wiring method to perform the stable test when the wind turbine
generates power normally. As shown in Figure 9, the test facility is composed of a bypass
(Bypass-MC1) circuit breaker that is directly connected to the grid and the wind turbine, a
selection circuit breaker and a control circuit breaker. Where, LVRT /HVRT characteristic
test is performed only when the wind turbine generates power normally.

Main-MC1

Em— o

Bypass-MC1 3

LVRT/HVRT Side

LVRT : Control - MC1
HVRT : Control - MC2

LVRT — MC2(a,b)

LVRT /c

o

© (¢,
WT Tr
¢
LVRT : Control - MC2
HVRT : Control - MC1
o

<

HVRT — MC3(a,b)

HVRT /o

LVRT/HVRT Tr tap

14

Figure 9. Concept for operation method of LVRT/HVRT test facility.
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4.1. Test Facility Operation Strategy in LVRT State

In order to carry out a characteristics test for LVRT, the total windings, including the
parallel windings, are connected to the grid side of the test facility, and the parallel windings
between the total windings are introduced at the wind turbine side. By considering the
proposed connection method, the operation procedure for the LVRT test under the condition
that the wind turbine generates normally is composed of a total of three steps, as shown in
Figure 10. And the operation strategy for each step can be expressed as follows.

Bypass-MC1
4 o—
Main-MC1 J Control — MC1 LVRT TR
o olo oy

A

_ STEP 1
Control —MC2 STEP 2
STEP 3

Wind Turbine

Grid

Wy

Parallel winding

LVRT - MC2
[
M L Y STEP 3

Interlock r——————3 §$Egi
v

.l _o— |

LVRT—MC2

Figure 10. Configuration of the operation method for the LVRT test.

(1) STEP 1: Normal operation

- Standby: power is not applied to the LVRT test facility (the normal state where
the voltage sag does not occur due to switches (bypass circuit breaker, selection
circuit breaker and control circuit breaker) is the open situation);

- Grid connection: the state in which only the grid and the wind turbine are directly
connected without the test facility according to the closed situation of main-MC1
(the main circuit breaker) and bypass-MC1 (the bypass circuit breaker).

(2) STEP 2: Tap operation

- WT-TR connection: the connection state between the shunt tap of the test facility
and the wind turbine according to the closed situation of control-MC2 (selection
circuit breaker of WT side).

- Parallel operation: the test facility is connected in parallel with the grid according
to the closed situation of control-MC1 (the selection circuit breaker of the grid),
which is located between the input of series winding in the test facility and grid.

- Series operation: the test facility is connected in series between the grid and
WT by bypass-MCl1 is open while control-MC2 remains closed (to be kept as a
rated voltage).

(3) STEP 3: LVRT operation

The target voltage sag for LVRT is achieved by closing the operation of LVRT-MC2 (a)
to be located on the outgoing side (neutral circuit) of the parallel winding during the set time.
By the inter-lock function of LVRT-MC2, LVRT-MC2 (b) has an open characteristic when
LVRT-MC2 (a) has been closed. Finally, LVRT operation is performed by instantaneously
voltage sag during the set time between 0.1 s and 180 s.
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4.2. Test Facility Operation Strategy in HVRT State

To perform the characteristics test of HVRT, the circuit is wired opposite to LVRT. In
order words, the windings, including the parallel windings, are connected to the wind
turbine side of the test facility and the parallel windings among the total windings are
introduced at the grid side. As mentioned earlier, the operation procedure of the HVRT
test occurs under the condition that the normal wind turbine generation is composed of
a total of three steps, as shown in Figure 11. The operation strategy for each step can be
expressed as follows.

Bypass-MC1

n/ni

Control — MC1

L STEP1
7'y

STEP 2
STEP 3

1%

A
w2
Main-MC1
amn Control —MC2

7/‘: /

Wind Turbine

wq
Grid

HVRT - MC3 _ o
v o lA oy v STEP 3
— Interlock STEP 2
v STEP 1
— HVRT-MC3

Figure 11. Configuration of the operation method for the HVRT test.

(1) STEP 1: Normal operation
Step 1, including the standby and grid connection, is the same as in the LVRT procedure.
(2) STEP 2: Tap operation

- WT-TR connection: the connection state between the shunt taps of the test facility and
the wind turbine according to the closed situation of control-MC1 (selection circuit
breaker of the WT side).

- Parallel operation: the test facility is connected in parallel with the grid according to
the closed situation of control-MC2 (selection circuit breaker of the grid), which is
located between the input of the series winding in the test facility and grid.

- Series operation: the test facility is connected in series between the grid and WT
by bypass-MC1 is open while control-MC1 remains closed situation (to be kept as
rated voltage.

(3) STEP 3: HVRT operation

The target voltage for HVRT is occurred by closing operation of LVRT-MC3 (a) to be
located on the outgoing side (neutral circuit) of parallel winding during the set time. Where,
by the inter-lock function of HVRT-MC3, HVRT-MC3 (b) has an open characteristic when
HVRT-MC3 (a) has been closed. Finally, HVRT operation is performed by instantaneously
voltage sag during the set time between 0.1 s and 600 s.

Therefore, in order to operate the LVRT and HVRT proposed above, the operation
procedure of the test considering the operation time is shown in Figure 12.
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Step A
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STEP 2 (Closed control-MC1) (Closed control-MC2)
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(Closed LVRT-MC2(a)) (Closed LVRT-MC3(a))
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Voltage level test finish
0to180s
No

Yes

Figure 12. Test procedure considering operation time.

5. Implementation of a 30 kW-Scale Hardware-in-Loop Test System for LVRT/HVRT
Performance Evaluation of WT

5.1. Evaluation System for a 30 kW-Scale Hardware-in-Loop Test System

This paper has implemented a 30 kW-scale hardware-in-loop test system composed of
a 30 kW-scale LVRT /HVRT facility, power hardware-in-loop system (power HIL-system)
and WT hardware-in-loop system (WT HIL system) adapting the data from a 5 MW-scale
baseline wind power system, which is provided for the purpose of public research in
the national renewable energy laboratory (NREL) [20], as shown in Figures 13 and 14.
The WT HIL system is composed of a 1:1 transformer installed at the point of common
coupling, a power converter that can demonstrate P-Q output characteristics according to
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the characteristics of the wind power generator, and a unidirectional power supply that
simulates the power source (a wind power generator).

)

Power- HILS

R BATTERY
SIMULATOR 30kW

LVRT/HVRT facility

"""" &

 od

S : ol w
: ; : tE T
T e R j - N
T swci )
| Artificial line | Artificial RLC load and
Start, Stop, Data ‘ impedance substation
Wit Start, Stop, Data
DEWETRON [-—-, T DEWETRON
| Synchronous signal ‘
mmmm AC Power Line(Three Phases) ——— EtherCAT - RJ45
== AC Power Line (Single Phase) —— EtherCAT - Fiber Optic
== DC Powerline  _____ Hardwire
WT- PHILS SCADA —— MosusTcp Q Meterng

N TCP/IP

Figure 13. Configuration of a 30 kW-scale hardware-in-loop system.

[P

WT - HILliignulator
(Output simulator) = d

Figure 14. Implementation of a 30 kW-scale hardware-in-loop system for the evaluation of WT.

5.2. Wind Turbine Hardware-in-Loop System

As a real-time processing-based WT HIL system that is capable of evaluating the
performance of the entire control system for wind power generators, the HIL system is
composed of a 30 kW-scale power conversion device and control system of the wind
turbine, as shown in Figure 15. The control system consists of a mathematical model, signal
processing technology and a commercialized control algorithm for the wind turbine. In this
paper, the WT HIL system is simulated as a 30 kW scale based on the output characteristics
of the actual wind power generator (baseline wind power system model provided for the
purpose of public research in NREL) [20].
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Figure 15. WT hardware-in-loop system.

Table 4 shows the specification of the NREL 5 MW baseline wind turbine, including
mechanical properties [20].

Table 4. Specification of NREL 5 MW baseline wind turbine.

Category Value Unit
Rated Power 5 MW
Rotor Orientation Upwind -
Number of Blades 3 -
Rotor Diameter 126 m
Hub Height 90 m
Cut-In, Rated Rotor Speed 6.9,12.1 rpm
Cut-In, Rated, Cut-Out Wind Speed 3,11.4,25 m/s
Gearbox Ratio 97:1 -
Generator Inertia 534,116 kg m?
Nacelle Mass 240,000 kg
Tower Mass 347,460 kg

5.3. A 30 kW-Scale LVRT/HVRT Facility

In order to verify the usefulness of the testbed using the tap-change method for site
evaluation of LVRT/HVRT in bulk wind power generator, this paper implemented a 30 kW-
scale LVRT /HVRT facility, as shown in Figure 16, based on the above-mentioned modeling
and operation strategy. This facility adopted multi-stage taps so that they could be divided
into series and parallel windings through an intermediate tap using an autotransformer.
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Figure 16. A 30 kW-scale LVRT/HVRT facility.

The autotransformer has the advantages of relatively small copper loss and leakage
flux because it shares the half-secondary winding in spite of having the same electri-
cal characteristics as the two-winding transformer. Therefore, this paper implemented
autotransformer-based equipment using the tap-change method, instead of using the ex-
isting RLC method, based on such advantages, and the configuration specification of this
equipment is shown in Table 5.

Table 5. Fundamental configuration specification of the facility.

Classification Detailed Configuration
type of transformer Air-core & iron-core reactors
rated specification Phase 60 Hz,
capacity of transformer 30 kVA
Coil AI2NC 2.8 x 10.5 x 1TH2W
current density 0.79 A/mm?
No. of turns 72T (12 Tx 6th floor =72 T)
cooling duct 10T x 5=50m

5.4. Power Hardware-in-Loop System

In order to analyze the operating characteristics of the distribution system intercon-
nected with a renewable energy source, an HIL power system was implemented by pro-
portionally reducing the 10 MW-scale distribution system to 30 kW, as shown in Figure 17.
Specifically, In order words, it system is composed of an artificial distribution line (a total
of three sections), artificial customer load and artificial sub-station. Specifically, an artifi-
cial distribution line was implemented with adjusting R + jX as a multi-tap method for
stimulating a maximum of 40 km of line length. It was designed as a substation with three
voltage regulators and a 1:1 transformer, and the customer load in each section (a total of
three sections) was simulated using the RLC load.
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Figure 17. A 30 kW-scale hardware-in-loop system.

6. Test Results and Analysis
6.1. Test Conditions

In order to verify the feasibility of the operation and design model of the proposed
LVRT/HVRT test facility based on the autotransformer, this paper adapts the 10 kW-scale
hardware-in-loop wind power system by interconnecting with a 30 kW-scale LVRT/HVRT
testbed, as shown in Figure 18, and HIL-Simulator, a wind power simulator by considering
the data from 5 MW-scale of a baseline wind power system, which is provided for the
purpose of public research in NREL.

LVRT/HVRT ,A’/
Section 1 Section 2 Section 3 %}g
Switch gear WT
(5.Tr) $ i i

Load 1 Load 2 Load 3

Figure 18. Artificial test grid configuration for LVRT/HVRT test.

On the other hand, the test feeder is considered by a 30 kW-scale power HIL-system
(380 V-y) for grid evaluation which is proportionally simulated in 1/100 of the distribution
system (22.9 kV-y). The feeder, assuming a total of 2 km, is divided into three sections, with
the LVRT facility and WT HIL system at the outgoing location of the end section (third). The
reference capacity of the percentage unit is assumed as 1 MW, so 100 MVA is abbreviated
to 1/100, and the service transformer is adapted to a value considering the percentage
impedance of the distribution molded transformer for switchgear. As aforementioned, the
test conditions are shown in Table 6.

In order to verify the effectiveness of the LVRT /HVRT test facility designed by the
autotransformer impedance determination method, this paper performed LVRT/HVRT
tests according to the reference guidelines of the IEC-61400-21-1 and transmission and
distribution facility operation regulations, as shown in Table 7. For the LVRT test, the
voltage dips (sag) were tested to four different levels at 0-0.9 PU, presented in IEC-61400-
21-1, and the duration time of LVRT was considered according to the relevant transmission
and distribution facility operation regulations (grid code of South Korea). Furthermore,
in the case of the HVRT test, two different levels should be tested, one maximum voltage
dip (swell) and one event dip (average value: 70%) at 50-80% of the overvoltage range
capability. And HVRT duration time at maximum voltage dip and one event dip is adapting
as 150 ms and 600 ms by considering IEC-61400-21-1 because the grid code of South Korea
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is not defined yet. The capability of the wind turbine to handle LVRT and HVRT tests
should be demonstrated for wind turbines operating at full load scale (90 to 100%).

Table 6. Artificial test grid data.

Rated

HOStlI'lg S.Tr Ratio S.Tr Line Capacity Current Line
Capacity Impedance Impedance of WT Length
of WT
0.38kV/ o o
30 kW 0.38 KV 6% 4% >10 kW 20 A 2km
. . Impedance
Section  Line length (%; 1 MVA) Load RES
1 0.4 km 0.8% 2kW 0
2 0.8 km 1.6% 2kW 0
o WT 10 kW
3 0.8 km 1.6% 1 kW (WT HILS)

Table 7. LVRT /HVRT test conditions.

Voltage Rate WT Operating Duration

Test (Percent Unit) Situation Phase Power Time
Test 1 0.0 PU LVRT 3 Phase Full load 150 ms
Test 2 0.5 PU LVRT 3 Phase Full load 900 ms
Test 3 0.9 PU LVRT 3 Phase Full load 1500 ms
Test 4 1.1 PU HVRT 3 Phase Full load 600 ms
Test 5 1.3 PU HVRT 3 Phase Full load 150 ms

6.2. Impedance Determination for LVRT/HVRT Test

Table 8 and Figure 19 show the test results for impedance (series and parallel) value
and operation characteristics of the LVRT/HVRT test facility. Meanwhile, based on the
proposed impedance calculation method and differential operation procedure of the LVRT
/HVRT test facility, as mentioned earlier, this paper is performed to test verification for
impedance determination and operation of the LVRT/HVRT test facility. The maximum
impedance (L}, [H]), according to the proposed method, was determined as 3.44 mH.

Table 8. Impedance value by 2the two-step layer impedance determination algorithm.

Z () Uint Max. Z (Q2) in Case 3 Phase Fault
. 5.064 Q) (13.44 mH),
0.129 O (0.344 mH) rate capacity (30 kVA) 4558 A
capacity considering three-phase fault (90 kVA) 1.296 (1/(3.44 mH), 136.8 A
Adapted Z Q) 3.44 mH %Z (1 MVA base) 846%
HVRT/LVRT
Voltage W1 parallel W2 Series Impedance (Determination)
rate rate Applied Method Parallel Series mH

130% 0.77 0.23 Two-step (HVRT) 2.65 mH 0.79 mH
110% 0.83 1.67 Two-step (HVRT) 2.86 mH 0.58 mH
90% 0.9 0.1 Two-step (LVRT) 3.10 mH 0.34 mH
50% 0.5 0.5 One-step (LVRT) 1.00 mH 1.72 mH
0 % 0 1 One-step (LVRT) 0.01 mH 3.44 mH
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Figure 19. Results for LVRT test without WT-HILS. (a) 0 PU test. (b) 0.5 PU test. (c) 0 PU test.

Specifically, from Table 7, it was confirmed that the voltage of the auto-transformer
was appropriately outputted from 0 to 0.5 PU by the proposed method (impedance deter-
mination method). However, the voltages from 0.5 to 1.3 PU not be outputted as accurate
values due to a voltage drop caused by series impedance, even though the current, which is
determined by parallel impedance, is kept within the allowable range (based on three times
the short circuit ratio). Therefore, the parallel and series impedance at voltage levels from
0.7 to 1.3 PU were adapted as re-calculated values by successive approximation methods,
as shown in Table 7.

Based on the impedance values mentioned earlier, Figure 19a—c show the voltage
characteristics of LVRT when the three-phase voltages were dropped to 0 PU, 0.5 PU,
and 0.9 PU for 150 ms, 900 ms, and 1500 ms, respectively. From the test results of LVRT
characteristics, as shown in Figure 19 and Table 9, it is clear that the required voltages and
operation times in the IEC-61400-21-1 guideline were satisfied in all LVRT tests.

Table 9. Characteristic of test results.

Test Condition Test Results
Test No. Voltage Duration Voltage Duration
(Percent Time (Percent Voltage Time Current
Unit) Unit)
Test 1 0.0 PU 150 ms 0.01 PU 0.003 kV 161 ms 84 A
Test 2 0.5 PU 900 ms 0.49 PU 0.118 kV 768 ms 62 A
Test 3 09 PU 1500 ms 0.94 PU 0.208 kV 1542 ms 20 A

Based on the impedance values mentioned earlier, Figure 20a,b show the voltage
characteristics of HVRT when the three-phase voltage is raised to 1.1 PU (operation time:
1350 ms) and 1.3 PU (operation time: 150 ms), respectively. From the test results of the HVRT
characteristics, as shown in Figure 20 and Table 10, it is clear that the required voltages and
operation times in the IEC-61400-21-1 guideline were satisfied in all HVRT tests.

1400 |
Voltage[kV]

1400 |
Voltage[kV]
R:0.25kV, , T 0.25kV R:0.3kV, , T 0.3kV

[v] o il I i \ e 0
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Current{A] 200

24A
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(b)
Figure 20. Results for the HVRT test without WI-HILS. (a) 1.1 PU test. (b) 1.3 PU test.
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Table 10. Characteristic of test results.

Test Condition Test Results
Test Voltage Duration Voltage Duration
(Percent Time (Percent Voltage Time Current
Unit) Unit)
Test 4 1.07 PU 1350 ms 1.09 PU 0.24 kV 1360 ms 24 A
Test 5 1.3PU 150 ms 1.3PU 0.28 kV 167 ms 43 A

6.3. Impedance Determination for LVRT/HVRT Test
(1) Performance verification

Output characteristic by WT HIL-system is shown in Figure 21 and Table 11. With
an output result of 10 kVA, WT hardware-in-loop was simulated based on the output
characteristics of the actual wind power generator for 10 min. From the test results for WT
output, it is confirmed that the WT HIL system is outputted to reasonable WT characteristics
and is a useful tool for performance verification of the LVRT/HVRT test facility.

7521

§
z
3
3

P[W]

=100

0.000 02:37.700 05:15.400 07:53.100 10:30.800

Figure 21. The output performance of WT HILS.

Table 11. WT output for 10 min.

(Average within 10 min) (Average within 10 min) (Average within 10 min)
Current 3 Phase Voltage Capacity
21 A 378V 7.57 kW/1.26 kWh

(2) LVRT Test results
- TheOPU test

Figure 22 and Table 12 show the low voltage characteristics when the-phase voltage
is dropped from 1 to 0 PU during the 150 ms by implemented test facility. As a test result
of the voltage characteristic at 0 PU (0.001 kV), it is confirmed that the voltage output
was maintained at 0 PU as 0.001 kV for 158 ms, and the WT-HILS of 10 kW was not
disconnected from the distribution system (380 V-y). Based on the test results, the data
summarized during all test periods are expressed in Table 11, where the voltage value
means the phase voltage.
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Figure 22. Results of the LVRT test at 0 PU.
Table 12. Analysis of LVRT characteristics at 0 PU.
Before the Test During the Test After the Test
(Steady State) (Transient) (Steady State)
WT Output Current Phase wg +t Grtid Test Duration OV\t’T . Phase
Stead Volt utpu Volt i wipu Volt
Inrush Statey oltage Current oltage Time Current oltage
0.219 kV 0.00 kV Within 1s: 32 A 0.218 kV
A 204 0.99 PU 834 0.0 PU 158 ms After 1s:22 A 0.99 PU
- The0.5PU test

Figure 23 and Table 13 show the result of the low voltage characteristics when the
three-phase voltage is dropped from 1 to 0.5 PU (0.11 kV) for 750 ms in the LVRT/HVRT
test facility. As a test result of the voltage characteristic, it is confirmed that the voltage
output was kept in the 0.5 PU range as 0.115 kV for 768 ms, and the 10 kW WT-HILS was

not disconnected from the distribution system

(380 V-y). Based on the test results, data

summarized during the entire test period are expressed in Table 13.
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Figure 23. Results of LVRT test at 0.5 PU.



Energies 2023, 16, 4194 22 of 25
Table 13. Analysis of LVRT characteristic at 0.5 PU.
Before the Test During the Test After the Test
(Steady State) (Transient) (Steady State)
WT Output Current Phase Wg +t Grtid Test Duration O“tIT . Phase
utpu . utpu
Inrush S;::t(ly Voltage Current Voltage Time Current Voltage
0.219 kV 0.115kV Withinl s: 33 A 0.216 kV
1A 204 0.99 PU 624 0.52 PU 768 ms After 1s: 16 A 0.98 PU
- The 0.9 PU test
When the three-phase voltage is controlled from 1 to 1.3 PU by LVRT/HVRT test
facility, it is confirmed that voltage output is kept at 0.9 PU as 0.204 kV (0.927 PU) for
0.163 s, as shown in Figure 24. It was also found that the 10 kW WT-HILS was not
disconnected from the distribution system (380 V-y) during the test period (0.163 s). Based
on the test result, the data summarized during all test periods are expressed in Table 14.
19 I s g g WY M e HLEEREET
MH}H‘ ) .““‘H“”H‘ il il il i W’HM”‘ 6|JH\M
‘\ \ U AT ‘ ‘ (Il
o H\ e JHMVU véanékww Mt grid il
| W\H *Hw«"* i N‘H\w Uil
w-H:jr;y 1 b _millmy e e i) — Re
. I Rk A A IR AR AT 1:,&::
346 2‘[A@ 11133 rTERR s e R A TR R A E e R R R R R NI e s e A a it s nihh i aan
b4 nrushi23 464
e WT Apparent current
= =
2340 \, Y4+ 1515ms J T phase
13.704 14.000 14.500 15.000 15.504 [s]
Figure 24. Results of LVRT test at 0.9 PU.
Table 14. Analysis of LVRT characteristic at 0.9 PU.
Before the Test During the Test After the Test
(Steady State) (Transient) (Steady State)
WT Output Current Phase wg +t Grtid Test Duration OV\t’T . Phase
utpu . utpu
Inrush SStf::ey Voltage Current Voltage Time Current Voltage
0.219 kV 0.204 kV Within 1s: 21 A 0.219 kV
2 A 2L A 0.99 PU 2LA 0.927 pu 1515 ms After 1s:21 A 0.99 PU

(3) HVRT Test Results
- The 1.1 PU test

Figure 25 and Table 15 show the high-voltage characteristics of the LVRT/HVRT test
facility when the three-phase voltage was raised from 1 PU (0 V) to 1.1 PU for 1500 ms in
the LVRT/HVRT test facility. From the test results of the voltage characteristic at 1.1 PU, it
is confirmed that the voltage was kept at 1.1 PU as 0.241 kV (1.09 PU) for 1517 ms, and the
10 kW scale WT-HILS was not disconnected from the distribution system (380 V-y).
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Figure 25. Results of the LVRT test at 1.1 PU.
Table 15. Analysis of HVRT characteristics at 1.1 PU.
Before the Test During the Test After the Test
(Steady State) (Transient) (Steady State)
WT Output Current Phase Wg +t Grtid Test Duration OV\t’T . Phase
Stead Volt wipu Volt i wpu Volt
Inrush Statey onage Current orage Time Current onage
0219V 0.241 kV Within 1s: 21 A 0219V
A 2LA 0.99 PU B A 1.09 PU 1517 ms After1s:21 A 0.99 PU
- The1.3 PU test

When the three-phase voltage is controlled between 1-1.3 PU in the LVRT/HVRT
test facility, it is confirmed that the voltage output was maintained at 1.3 PU as 0.281 kV
(1.27 PU) for 168 ms, as shown in Figure 26. It is also confirmed that the 10 kW WT-HILS
was not disconnected from the distribution system (380 V-y) during the test period (168
ms). Based on the test result, the data summarized during all test periods are expressed in
Table 16, where inrush current only occurred in phase A (82.09 A) due to the short-term

operation characteristics.
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Figure 26. Results of the LVRT test at 1.3 PU.
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Table 16. Analysis of HVRT characteristics at 1.3 PU.

Before the Test During the Test After the Test
(Steady State) (Transient) (Steady State)
WT Output Current Phase WT + Grid Test Duration WT Phase
Output . Output
Volt p Voltage p Volt
Inrush Steady State oltage Current 8 Time Current oltage
0219V 0.281 kV Within 1s: 22 A 0219V
824 2LA 0.99 PU A 1.27 PU 168 ms After 1s: 22 A 0.99 PU

From the voltage characteristic results of all test procedures, it was confirmed that the
error range of test voltage was satisfied within 5% of the test guideline of IEC-61400-21-1.
It was also found that the duration time of LVRT was exactly maintained as the value time
presented by the test guideline of IEC-61400-21-1. Therefore, it is clear that the proposed
test strategy and implementation method of the test facility is a useful tool for the dynamic
performance verification of WT.

7. Conclusions

This paper proposes an LVRT/HVRT test facility of the autotransformer type, which is
capable of outputting the desired voltage range by changing the wiring method and
tap position. Furthermore, this paper proposes a detailed calculation method of se-
ries/parallel impedance by each voltage level using the proposed fault characteristics-based
LVRT/HVRT impedance determination method and successive approximation method.
The main results are summarized as follows:

(1) For the operation of the LVRT/HVRT test facility, the wiring method of the autotrans-
former should be changed according to the overvoltage (HVRT) and undervoltage
(LVRT) tests. Under these concepts, this paper proposes a differential operation strat-
egy considering LVRT/HVRT wiring method to perform the stable test when the
wind turbine generates power normally;

(2)  Using the proposed method, it was confirmed that the voltage of the auto-transformer
was appropriately outputted from zero PU to 0.5 PU by the impedance determination
method. However, the voltages from 0.5 PU to 1.3 PU were not outputted as accurate
values due to a voltage drop caused by series impedance, even though the current
determined by parallel impedance was kept within the allowable range (based on
three times the short circuit ratio). Therefore, a parallel and series impedance at
voltage level from 0.7 PU to 1.3 PU was adapted as re-calculated values by successive
approximation method;

(8) From the voltage characteristic results of all test procedures, it was confirmed that the
error range of test voltage was satisfied within 5%, presented by the test guideline
of IEC-61400-21-1. It was also found that the duration time of LVRT was exactly
maintained as the value time presented by the test guideline of IEC-61400-21-1;

(4) Therefore, it is clear that the proposed test strategy and implementation method
of the test facility are useful tools for the dynamic performance verification of WT.
Furthermore, based on the test results using a 30 kW-scale facility, we plan to apply
the operation and tap decision method to a 12 MW facility in future work.
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