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Abstract— The penetration of the distributed generation-based wind turbine on the distribution system affects the fault
clearing time of the protective relay and mal-operation of the protective relay coordination. This paper presented a new
voltage-based nonstandard time current characteristic. The development of the nonstandard characteristic was based
on the electromechanical induction disc relay equation. The proposed nonstandard characteristic relay model was
implemented on the radial distribution system connected to DFIG-based wind turbines. The fulfillment of this research
is the reduced total clearing time of the protection scheme by using the proposed voltage-based nonstandard
characteristic relay. The fast tripping of the proposed nonstandard characteristic relay maintained the connection of
the wind turbine generators with the distribution system during a fault. This is the achievement of the low voltage ride
through capability enhancement to the wind turbine generation by the modified protective relay characteristic.

Keywords— DFIG-based wind turbine, nonstandard characteristic, time coordination, overcurrent relay, fast tripping, low

voltage ride through.

1. INTRODUCTION

The number of wind turbine generations (WTG)
connected to the distribution system (DS) is increasing
every year. WTG connections reduce the distribution
system impedance. This leads to the high short circuit
current [1]-[2]. According to the grid code, the wind
turbine generation must remain on the grid connection
during a fault on the grid side [3]-[5]. This condition
changes the short circuit current magnitude and direction
due to the current feed from WTG. The alteration of
short circuit current characteristic creates mal-operation
on the overcurrent relay. Fig. 1 shows an example of this
problem. When a fault occurs at point F1, the operation
of relay R3 is tripping for the fault clearing and R2 is
tripping according to R3 due to the fault current through
R2 increased by the feeding current from WTG, while
the tripping time of R1 increases because the current
through R1 decreases. This is incoordination between
R1, R2 and R3. Sympathetic tripping can occur on R1
because the fault current supplying through R1 from
WTG and R1 is a bidirectional overcurrent relay [6]-
[11].

Improvement of the incoordination and sympathy
tripping for protective relay uses the nonstandard
characteristic. The nonstandard characteristics are
created by considering the conventional relay
characteristic, electrical magnitudes, fault characteristics,
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admittance of transmission line and coordination
between protective devices[12]-[18]. In [12], the
methodology of nonstandard characteristic creation is
classified as:

e Including electrical quantity

e Standard characteristic combination

o Arithmetical function approach

Distribution
System
(DS)

‘Wind Turbine Farm

Fig. 1. Example of the mal-operation problem of the
protection relay.

The entire methodology generated the complex
equation form. Some parameters of the equation are
difficult  for  determination. The  nonstandard
characteristic can be applied on the protection scheme by
programming the nonstandard equation to the
microprocessor based on a protective device such as a
protective relay and re-closer [19]-[20]. The coordination
of nonstandard characteristics based on a protective
device in the distribution system is a challenging
problem for researchers. The optimal tripping time
solution such as nonlinear programing (NLP), genetic
algorithm (GA), particle swarm optimization (PSO) is
the popular method for the time coordinate determination
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of the nonstandard characteristic relay [20]-[24].

The voltage-based nonstandard inverse time-current
characteristic is a nonstandard characteristic considering
voltage magnitude. This characteristic is constantly
evolving for application on the microprocessor-based
overcurrent relay. The voltage-based nonstandard
characteristic equation generally includes the logarithm
function. This results in the complexity of the equation
and challenge for the application [12]. This paper
presents a new voltage-based nonstandard time current
characteristic for the microprocessor-based relay. The
development of nonstandard characteristic is based on
the electromechanical induction disc relay equation. The
nonstandard characteristic equation combines the voltage
magnitude with current magnitude for the operating time
determination. The aims of the proposed characteristic
include fault clearing by the minimum tripping time and
the improvement of the relay tripping time fluctuation
due to the effect of fault current feeding for the
distribution system connected with the DFIG based wind
turbine generation. In this paper, a new voltage-based
nonstandard characteristic relay is applied on the free
communication protection scheme for the radial system
connected with wind turbine generator protection. The
simulation changes the fault point, the location and the
sizing of WTG. The result of the simulation is a
comparison of three operating time characteristics
comprising the proposed nonstandard characteristic, the
voltage nonstandard characteristic and the standard
characteristic. The discussion and conclusion present the
advantages of the proposed nonstandard characteristic
considering the low voltage ride-through capability of
the WTG.

2. STANDARD AND VOLTAGE-BASED
NONSTANDARD CHARACTERISTICS

The standard inverse time-current characteristic as the
IEC60255-3 standard [25] is produced based on the
induction disc motion characteristic. The ratio of input
current to the pickup current is related to the disc driving
torque. It is represented in terms of current multiplier
(M). The influence of the damper and the spring torque is
represented as A constant and the exponent value (B) is
dependent on the inverse time-current curve shape. The
operating time of the standard equation varies by the
changing of the time multiplier setting (TMS). The
standard equation is shown as Eq.1.

A

M® -1

t:

xTMS 1)

The saturation flux of the induction disc is due to the
multiple of current magnitude produed the operating time
constant. For this result, the time-current equation of
IEEE C37.112-1996 standard [26] includes the C
parameter. Equation 2 shows the inverse-time current
according to IEEE standard.

A

Operating time according to Eg.l1 and Eqg.2 is
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dependent on the current magnitude and TMS. The
changing of TMS in Eq.1 and Eq.2 affects the time
coordination of both characteristic equations.

Currently, the penetration of distributed generation on
the distribution system is influenced by the fault current
magnitude and voltage magnitude. This affects the
protective device coordination. The protection system
engineer proved the problem of coordination by using
the voltage-based nonstandard characteristics relay. The
first voltage-based nonstandard time-current equation as
Eq.3 introduced by [22]-[23]. The characteristic of Eq.3
is applied to the directional overcurrent relay for the
distribution system with the wind turbine farm
connection. This application proposed fast tripping by
voltage controlled for the fault clearing considering the
low voltage ride-through capability time. The
determination of the optimum factor K and TMS is the
coordination problem solution of the characteristic
equation 3.

1Y( A
t:(el—v'j (—M - _JXTMS ©)

In [19]-[20], the combination between the voltage-
based nonstandard current-time characteristic with the
standard inverse time-current characteristic as equation 4
and equation 5 applied to the re-closer characteristic for
the prevention of the fuse blowing due to the transient
current. Equation 4 is a combination between the
voltage-based nonstandard characteristic with the
IEC60255-3 standard inverse time-current characteristic
and a combination between the voltage-based
nonstandard current-time characteristic with the IEEE
extremely inverse time standard characteristic, as shown
in equation 5. Parameter K of Eq.4 and Eq.5 depends on
the voltage magnitude according to the fault type. The
coordination problem of the characteristic in equation 4
and equation 5 is the determination of the optimal
parameter K and TMS.

A Vi
t=| 282 0127 [x@-V, )V, xTMs  (5)
2 elfvf

Equation 6 is an example of the natural logarithm
function based on the nonstandard characteristic
equation. This nonstandard characteristic equation
applied to the microprocessor is based on the relay for
non-communication protection scheme of the distribution
system connected with the synchronous based distributed
generation [27]. The optimal time coordination problem
of equation 6 is the computation of the optimal parameter
K and TMS.
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During a fault on the distribution system connected
inverter-based distribution generator, the high fault
current suddenly fed to the fault location. The logarithm
function based nonstandard equation (as Eq.7) was
applied to the microprocessor based relay for
instantaneously tripping to the fault clearing. The
determination of the optimum TMS solved the time
coordination problem for Eq.7 [28].

t:[%}(%] «TMS )
M® -1 ]{ 1-log,

The creation of a nonstandard characteristic by the
logarithm curve fitting method [29] obtained the
logarithm based nonstandard characteristic equation, as
Equation 8. This equation applied to the protective relay
for the distribution system connected the synchronous
based distributed generation [30].

lo +A
M® -1

The fault on the loop based connection system of the
wind farm caused the different voltage magnitude on the
connecting point of the wind turbine and the fault current
feeding in two directions. This led to all wind turbines
being disconnected from the loop system. In [31], the
voltage-based nonstandard overcurrent relay applied for
the fault clearing on the loop system. The characteristic
equation of the relay is shown in Eqg.9. This equation
reduced the operating time of Eq.9 that can be reduced
by multiplying the saturate time constants (C) with the
fault voltage ratio.

A \
t= — +C — xTMS (9)
M*-1 Vrate

The application of the voltage-based nonstandard time
current characteristics on the protection scheme for the
minimized fault clearing time is the solution for the
protection problem of the distribution system connecting
the distributed generation. The time coordination
problem of the voltage-based nonstandard characteristic
equation is the determination of the optimal parameter
for the characteristic equation. The optimal solution as
nonlinear programming (NLP), genetic algorithm (GA)
and particle swarm optimization (PSO) is the general
method for finding a solution to the time coordination
problem. The complex form of the nonstandard
characteristic equation was challenging for the protection
system researcher.

®)

3. NEW VOLTAGE-BASED NONSTANDARD
TIME-CURRENT CHARACTERISTIC

The new voltage-based, nonstandard time current

characteristic is a development based on the induction
disc relay equation. In [26][32], the induction disc
rotating equation can be presented as:

K|I2=Kdd—9+rs 9)

dt
where, | is the measuring current; 0 is the disc rotating
angle; z is the spring torque; K, is a relating current to

torque constant; K, is a damping constant.

The driving torque of an induction disc in Eq. (9) is
related to the voltage magnitude and current magnitude.
Therefore, the disc rotating equation can be presented as:

KK 12 =K, 3% 4 o, (10)
dt

The KyV is the driving torque of voltage magnitude.
The torque of voltage magnitude is related to the ratio of
input voltage to the pickup voltage and the torque of
current is related to the ratio of input fault current to the
pickup current. Then, equation (10) can be solved by
replacing V =V,M, and | =1,M, . The solution for Eq.

(11) is obtained as:

A

t=———
MOME -1

xTMS (11)

where, M, is the pickup current multiplier; M, is the

pickup voltage multiplier; D is the exponent constant
dependent on the input voltage magnitude; B is the
exponent constant dependent on the conventional
standard characteristic; A is the ratio of damping factor to
the initial spring torque.

The influence of voltage magnitude to the new
nonstandard characteristic is shown as a graph in Fig 2.
The equation (12) sets the constant A=13.5 and B=1 as
the very inverse time standard characteristic IEC60255-
3. The voltage multiplier (My) is (1-V)/(1-Vp). V is the
per/unit input voltage and the pickup voltage (V) is
setting between 0.05-0.95. The magnitude voltage factor
D equals 1. The graph shows the relation for the
operating time of the relay with the current multiplier by
changing the input voltage. The decreasing of voltage
magnitude reduced the tripping time.

Parameter D is the exponent factor of the voltage
multiplier. The changing value of D affects the slope of
the characteristic curve. This influences the coordination
of the relay. The value of D can be varied between 0 and
1. If D=0, the input voltage does not affect the
characteristic curve. The influence of D factor on the
characteristic curve is shown in Fig. 3.

The selection value of D factor must be considered for
the principle of relay coordination. In this paper, it is
defined that the D factor depends on the per-unit input
voltage magnitude by setting the D factor as D= Vpom-V.
The effect of parameter D to the time-voltage is shown in
Fig.4. The operating time constants at the D=0. When
D=Vnm-V, the operating time is decreased to the
minimum value at V=1. The slope of the curve is
nonlinear at D=1.
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Fig. 2. Influence of the voltage magnitude on time-current
characteristic.
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Fig. 3. Influence of parameter D on the time-current
characteristic.
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Fig.4. Effect of parameter D on operating time.

4. SIMULATION DETAILS AND SETUP

The simulation is classified into two parts: the
characteristic equation testing and the operation testing.
The characteristic testing determines the relationship
between the multiplier current with the operating time of
the proposed nonstandard characteristic and compared
with the conventional standard characteristic (Eq.1) and
the voltage-based nonstandard characteristic (Eq.2).
Three characteristic equations set the parameters of time-
current function as the very inverse time characteristic.
Parameter K of Eq.2 equals 2 and the input voltage
constant at 0.05pu. The pickup voltage (Vp) of the
proposed equation sets 0.05per unit.

The operation testing tests three relay models: model 1
is the conventional standard relay, model 2 is the
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voltage-based nonstandard relay, and model 3 is the
proposed nonstandard relay. All models are simulated by
using the MATLAB program. The 33kV radial
distribution system consists of three bus and the 10MW
load connection at bus 3 as Fig.5. The simulation is
classified into five scenarios. The first scenario is the
radial distribution system without the wind turbine
generator. The scenario 2 is the installation of 10MW
DFIG-based wind turbine generator with the radial
system on bus 2. The scenario 3 is the replacement of the
10MW wind turbine generator by the 20MW wind
turbine generator on bus 2. The location of wind turbine
generator changed from bus2 into bus 3 in the scenario 4,
and the sizing of the wind turbine generator at bus 3 is
increased to 20MW in Scenario 5. All scenarios applied
the three phase fault and changed the fault location in
order to busl, bus2 and bus3. The setting parameters of
three relay are shown in Table 1. Three relay models
operate in the instantaneous mode when the tripping time
is less than 0.01 sec.

Busl Bus2 Bus3

5km line length = 5km line Ienglhl = 5km line length 10MW

E % sl % 12 % Load
F1 F2 F3
WTG

Fig.5. The 3-bus radial system of the operation testing.

Distribution |
System
DS;

5. SIMULATION RESULTS AND DISCUSSION
5.1 Characteristic equation testing

The results of three characteristics equation relay testing
are shown in Fig. 6. The graph compared three
characteristics of relays. The conventional standard relay
is the operating time higher than two nonstandard relay.
The proposed nonstandard relay is the lowest tripping
time compared to the voltage-based nonstandard relay.
Three characteristic testing is based on the TMS=1.

Table 1. Setting parameters of the relay model

Pickup T™MS
Location | Current Model 1 | Model2 | Model 3
QY relay relay relay
Bus 1 700 0.111 0.096 0.059
Bus 2 500 0.095 0.33 0.394
Bus 3 500 0.05 0.05 0.088

5.2 The operation testing

The results of simulations are classified according to 5
scenarios. Each result for the simulations discusses the
operation of the proposed nonstandard overcurrent relay
in each scenario. The operation of the proposed
overcurrent relay is compared with the conventional
standard overcurrent relay and the voltage-based
overcurrent relay.

Scenario 1: The result according Table 1, the fault
applied on busl causes the instantaneous tripping of the
primary relay due to the fault location being nearest to
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the distribution system. The proposed nonstandard
overcurrent relay in three fault location is faster tripping
than the conventional characteristic relay and the
nonstandard characteristic relay. The total clearing time
of proposed nonstandard overcurrent relay is decreased
by 42.17% of the voltage-based nonstandard relay and
54.65% of the conventional standard relay.

100

10

Conventional standard relay

=
g <~
3
3 1
12
) .
2 Voltage based nonstandard relay
E 7

0.1

Purposed nonstandard relay
0.01
0 5 10 15 20 25
Current Multiplier

Fig. 6. Comparison of three characteristic based on TMS=1.

Table 2. Result of three relay operations for scenario 1

Fault Operating Time (s)
Location pModel 1 relay Model 2 relay  Model 3 relay
Busl  Rp:0.01 Rp1:0.01 Rp1:0.01
Rp2:0.356  Rp0.169  Rp:0.169
Bus 2
Rp1:0.656 Rp1:0.591 Rp1:0.358
Rp::0.332  Ry:0.045 Rp3:0.02
Bus 3 Rp2:0.632 Rp2:0.592 Rp2:0.32
Rp1:1.290 Rp1:1.162 Rp1:0.709
Total 3.277 2,570 1.486
Time (s)

Rp: Primary relay Ryp: Primary relay

Table 3. Result of three relay operations for scenario 2

Operating Time (s)

Fault
Location Model 1 Model 2 Model 3
relay relay relay
Bus 1 Rp1:0.01 Rp1:0.01 Rp1:0.01
Rp2:0.259 Rp2:0.123 Rp2:0.045
Bus 2
Rp1:0.668 Ry1:0.602 Rp1:0.365
Rp3:0.268 Rp3:0.036 Rp3:0.0172
Bus 3 Rp2:0.510 Rp2:0.512 Ry2:0.310
Rp1:1.515 Rp1:1.366 R1:0.835
Total
Time (s) 3.233 2.651 1.583

Rp: Primary relay Ry: Primary relay

Scenario 2: The connection of 10MW wind turbine at
bus2 and fault applying on bus 1, 2 and 3, the primary
relay of the proposed nonstandard characteristic has
lower total operating time than 51.03% of the
conventional standard relay and 40.28% of the
nonstandard relay.

When the fault is on bus3, the backup relay of the
proposed nonstandard characteristic shows a slight
increase in the operating time compared to the voltage-
based nonstandard characteristic relay. This causes the
current feeding from the wind turbine generator. This
affects the voltage multiplier and current multiplier of
the proposed nonstandard relay. The result is shown in
Table 3.

Scenario 3: The increasing capacity of the wind
turbine generator up to 20MW connected with a radial
system at bus2 and fault simulation on busl, 2 and 3, the
fault current feeding from wind turbine during fault on
bus 3 causes voltage sag magnitude not related to the
short circuit current level on bus 2. This affects the
backup protection of the proposed nonstandard
characteristic relay. For this scenario, the total fault
clearing time for the proposed characteristic is reduced to
40.11% of the voltage-based nonstandard characteristic
and 50.55% of the standard characteristic.

Table 4. Result of three relay operations for scenario 3

Fault Operating Time (s)

Location \odel 1 relay Model 2 relay Model 3 relay

Bus1  Ry:0.01 Ry1:0.01 Ry1:0.01
R20310  Rp0.147  Ry0.052
Bus 2
Ro0.712  Ry0.641  Ry0.389
R0.288  Rp0.039  Ry:0.0181
Bus3  Rw0549  Ry0583  Ryp0.362
Ro1.616  Ru 1458  Ry0.786
Total 3.487 2.879 1.724
Time (s)

Rp: Primary relay Ryp: Primary relay

Scenario 4: The connection of the 10MW wind turbine
on the bus 3. For the fault applied on bus 1, the proposed
nonstandard relay on bus 3 is picked up due to the
current feeding from the wind turbine generation to the
fault location. For this scenario, the total operating time
of the proposed nonstandard relay is decreased by
53.14% of the conventional standard relay and 42.19%
of the voltage-based nonstandard relay.

Scenario 5: The changing of the wind turbine sizing
up to 20MW and the fault applied on bus 1 result in the
pickup on three types of relay on bus 2. This causes the
current feeding increasing according the increasing of
wind turbine generator capacity. The total operating time
of the proposed nonstandard relay is reduced to 43.27%
of the voltage-based nonstandard relay and 51.4% of the
conventional standard relay.
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Table 5. Result of three relay operations for scenario 4

Fault Operating Time (s)
Location nodel 1 relay Model 2 relay Model 3 relay
Busl  Rp:0.01 Rp1:0.01 Rp1:0.01
Rp2:0.296  Ry2:0.140 Rp2:0.05
Bus 2
Rp1:0.712 Rp1:0.641 Rp1:0.389
Rp::0.282  Ry50.038  Ry30.0178
Bus 3 Rb210.685 Rb2:0.649 Rb220.345
Rp1:1.426 Rp1:1.286 Ryp1:0.786
Total 5 413 2.766 1.599
Time ()

Rp: Primary relay Ry: Primary relay

Table 6. Result of three relay operations for scenario 5

Fault Operating Time (s)
Location njodel 1 relay Model 2 relay Model 3 relay
Bus 1 Rp1:0.01 Rp1:0.01 Rp1:0.01
Roz:0.296  Ry2:0.140 Rp2:0.05
Bus 2
Rp1:0.712 Rp1:0.641 Rp1:0.389
Ro3:0.147  Ru0.019  Rys0.010
Bus 3 Rp2:0.685 Rp2:0.650 Ry2:0.346
Rp1:1.426 Rp1:1.286 Rp1:0.786
Total 45 57g 2.739 1,593
Time ()

Rp: Primary relay Rp: Primary relay

For the case of low voltage ride through capability
enhancement is for the wind turbine generation. The
voltage profile of wind turbines bus after tripping event
of three models is shown in Fig. 7. The system setting as
scenario 5, time applied fault at 0.5 s. The three models
set the parameters of time-current function as the very
inverse time characteristic and the TMS = 0.1. For this
result, the tripping time of the conventional relay model
(Model 1) is 0.759 s. while the peak voltage recovery is
1.135pu or 11.27% of the normal voltage. The
nonstandard relay model (Model 2) trips the circuit
breaker for the fault clearing at 0.54 s. After fault
clearing, the peak recovery voltage is 1.134pu. and
11.17% of the normal voltage. For the operation of relay
model 3, the proposed nonstandard characteristic relay
clears the fault within 0.018 sec. The system voltage is
recovered at 0.568 s and the peak recovery voltage is
1.068 or 4.7% of the nominal voltage.

The results of simulation for scenarios 1 to 5 indicate
that the proposed voltage-based nonstandard
characteristic can reduce the total operating time of the
protection scheme. The fault clearing within the
minimum time of the proposed nonstandard
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characteristic relay before the tripping of under voltage
protection of the wind turbine farm is the increasing in
the low voltage ride through capability for the wind
turbine farm.

12 4 ., Vp=1134pu.

] Vp=1.06pu. — T Vp=1.135pu.
g
51
& 4
- 0.8 4
E Trip by Relay Model 1
g ] @T=0759 S.
2 06 7 “*= (Operating time =259 mS.)
2 ] Trip by Relay Model 2
£ 041 @T=0.54 5.
Zi H (Operating time =40 mS.)
£ 0.2 ] Trip by Relay Model 3

] @T=0518 §.

0 ] (Operating time =18 mS))

0 0.2 0.4 0.6 0.8 1 1.2
Time (S)

Fig.7. Wind turbine bus voltage profile after fault clearing.

The reducing of peak voltage recovery by the fast
tripping of the proposed nonstandard characteristic relay
can reduce the voltage oscillation and the effect of the
peak of transient voltage to the insulation of electric
device on the point common coupling. These are
advantages of the new voltage-based nonstandard time-
current characteristic.

6. CONCLUSION

This paper presents a new voltage-based nonstandard
inverse time-current characteristic. The characteristic
equation was created based on the dynamic equation of
the induction disc relay. The inclusion of voltage
magnitude means there is an increase in driving torque of
the induction disc relay. The volume of the voltage
multiplier varied according to voltage magnitude, pickup
voltage and the parameter D. Parameter D of the
characteristic can be set as a constant value between 0 to
1 or varying dependent on the voltage magnitude by
D=1-V. The changing of parameter D affects the time
coordination. The solution for the optimal time
coordination problem of the proposed nonstandard
equation is the determination of the optimum of TMS and
D. For the results of simulation, the operating time
characteristic was the lowest value at the minimum
voltage magnitude and the operating time could control
the voltage magnitude and parameter D. Achievement in
the operation of the proposed nonstandard characteristic
relay shows operation testing in five scenarios. The fast
tripping of the proposed nonstandard characteristic relay
reduces the total fault clearing time. Coordination
between the primary relay with the backup relay based
on the voltage magnitude was successful. The proposed
nonstandard characteristics relay can trip very fast to the
fault clearing on the distribution system connected the
wind turbines farm. This maintained the connection of
wind turbine farm with the distribution system during a
fault on the grid side. This study enhanced the low
voltage ride through capability to the wind turbine farm.
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