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Phasor-domain Dynamic Model of Asymmetric
Current Injection Controller for
Converter-interfaced Generator

Victor A. F. Almeida, Glauco N. Taranto, and José M. T. Marinho

Abstract—This paper presents a controller model of asymmet-
ric current injection for converter-interfaced generators suit-
able for root-mean-square (RMS) phasor-domain, fundamental-
frequency, three-phase, and dynamic simulation tools. The effec-
tiveness of the proposed controller is assessed with simulations
in test systems with high percentage of converter-interfaced gen-
eration. The simulations focus on the operation of protection re-
lays that use negative-sequence quantities in their directional el-
ements. This paper also presents and compares two strategies to
limit reactive negative-sequence currents, and active and reac-
tive positive-sequence currents. A tutorial test system and a re-
gional system part of the actual Brazilian Interconnected Power
System are used to assess the correctness of the proposed con-
troller in three-phase fundamental-frequency RMS dynamic
simulations.

Index Terms—Converter-interfaced generator, three-phase
model, power system protection, negative-sequence current in-
jection, negative-sequence current protection, unbalanced fault,
three-phase root-mean-square (RMS) dynamic simulation.

1. INTRODUCTION

ITH the increasing pressure on environmental con-
chrns, many countries are going through a process of
reducing the utilization of conventional fossil fuel genera-
tion. In addition to this trend, technological advances and
cost reduction in solar and wind sources have made a con-
ductive environment for a fast-paced penetration of convert-
er-interfaced generators (CIGs) in the bulk power system
(BPS).

Due to the specific electrical characteristics introduced by
the CIG, increasing challenges arise so that the BPS remains
functional. Besides important issues like the relative reduc-
tion of synchronous rotating inertia, an increasingly noticed
effect due to the presence of CIG is the reduction of short-
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circuit capacity in the system [1], [2]. Unlike CIGs, conven-
tional synchronous generators (SGs) can provide high induc-
tive short-circuit currents during a fault. This principle is of
paramount importance in setting protection relays, while dif-
ferentiating fault from normal operating conditions. CIGs do
not have the ability to inject high currents due to the limit-
ing overload capability of power electronics switches (nor-
mally, 10%-30% above the rated current). In addition, these
sources normally do not inject negative- or zero-sequence
currents during asymmetric faults. This fact can cause protec-
tion malfunctioning on the directional function of distance re-
lays relying on negative-sequence quantities.

Several works [3]-[6] in the area of power system dynam-
ics, protection, and control deal with the use of negative-se-
quence quantities for protections. The use of asymmetric se-
quences for protection in the BPS is very useful because the
negative and zero sequences are negligible in the normal op-
eration (unless small unbalances). Therefore, there is a large
headroom for setting the relay pickup values. Reference [7]
presents the electrical characteristics of a generating source
connected through a full-scale converter. The electrical im-
pacts of the decoupling of these systems due to the rectifier
and inverter bridges and how the control of these power elec-
tronics switches impacts the short-circuit currents are dis-
cussed. These are important fundamental concepts that help
obtain the full understanding of this paper. Reference [7] al-
so presents the inverter mode control that suppresses the neg-
ative-sequence current and its consequences. The suppres-
sion of negative-sequence current is the main factor that
changes the behavior of the CIG compared with the SGs in
the short-circuit contribution under unbalanced faults. It
causes a reduction in the magnitude of the negative-se-
quence current, as well as the problems for the directionality
of the relays that use negative sequence. The suppression of
negative-sequence current causes the impedance of the nega-
tive-sequence circuit of the inverter to be very high.

References [8]-[11] highlight the impact of CIGs on the
protection of electrical systems, especially on overcurrent
and distance relays, and their directional elements. Unlike
the behavior of SGs under asymmetrical faults, the CIG con-
trol mode of injecting only positive-sequence currents can
dramatically change the relationship between negative-se-
quence voltage and current, possibly causing the protection
to fail. This protection problem has been early identified,

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



1270

and [12]-[16] present strategies for injecting negative-se-
quence current under asymmetrical faults. The main differ-
ence presented by the previous works and this paper is that
the previous works focus on electromechanical dynamic
(EMT) simulations of small-scale equivalent systems, while
this paper focuses on three-phase root-mean-square (TP-
RMS) dynamic simulations of interconnection-wide systems
in fundamental frequency.

Currently, the German code VDE-AR-N 4130 [17] re-
quires the injection of negative-sequence current to avoid the
aforementioned protection problems. Reference [2] also com-
ments on the German code, stating that asymmetrical injec-
tions should occur when identifying negative-sequence volt-
ages at the converter terminal of CIG grid.

The asymmetric current injection controller of CIG pro-
posed in this paper is modeled in three-phase fundamental-
frequency phasor domain for EMT simulation [18]. The TP-
RMS dynamic simulation model has some advantages com-
pared with the more conventional positive-sequence RMS
(PS-RMS) dynamic simulation and the steady-state short-cir-
cuit models, as it can represent relays involved in neutral/
ground circuitry, while capturing the system dynamics. It
makes it possible to gauge the functioning of relays that use
negative- and zero-sequence quantities and design of equip-
ment control under load imbalances or asymmetric faults.
Despite being computationally heavier than PS-RMS simula-
tion, it is much faster than EMT tools for interconnection-
wide simulations. This paper goes along the line of [18],
which promotes the integration of relay models in TP-RMS
simulation and their applications in large-scale systems,
where the computational burden of EMT model is prohibi-
tive.

Like [12], this paper also presents and compares two pro-
posals to limit the reactive negative-sequence currents, and
active and reactive positive-sequence currents. A tutorial test
system and a regional system part of the actual Brazilian In-
terconnected Power System (BIPS) are considered to assess
the correctness of the proposed controller in TP-RMS dy-
namic simulations.

II. TP-RMS DYNAMIC MODEL OF GENERATOR CONNECTED
THROUGH FULL-SCALE CONVERTER

The CIG dynamic model used in this paper is based on
the generic Western Electricity Coordinating Council
(WECC) models presented in [19] and [20] for wind and
photovoltaic (PV) generation, respectively. The difference
lies in the three-phase representation of the models [21] uti-
lized in this paper.

The present dynamic model is aimed at analyzing electro-
mechanical problems in the electrical network, disregarding
the fast-switching converter dynamics. Despite being more
accurate, the EMT models still have a prohibitive computa-
tional burden for interconnection-wide simulation studies.

Figure 1 shows the simplified block diagram of the
WECC-based three-phase CIG dynamic model. A controlled
source, given by the modules Renewable Energy Generator/
Converter (REGC), Renewable Energy Electrical Control
(REEC), and Renewable Energy Plant-level Control (REPC),
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injects a positive-sequence current into the terminal bus.
Without negative- and zero-sequence current injections,
these two sequences have a zero-magnitude zero-angle con-
trolled source. The three-phase model can indirectly inject
asymmetrical currents by an uncontrolled impedance shunt
source coming from the Norton equivalent circuit.

The generating plant receives the voltage V,,, and frequen-
cy F,, signals to be controlled based on the voltage V,, and
frequency F',, or on the active and reactive power references
P, and Q,, respectively. The resulting power signals P,,
and Q,,, are processed into the auxiliary active and reactive
current signals /), and I/, respectively. These signals

pem

pass through a current limiter that generates /,,,, and 1 .
Finally, the generator control injects the positive-sequence

current /,.

Terminal bus

F, reg Vreg

Generator

1
: Positive-sequence | Y,
| current control |
| |

1 gemd I pemd

Current limiter ‘

T 1 q’cma’ II ;Jcma’ 3

Q/VIPF control

P control

Vmg V)ef P ref me F ref

Block diagram of three-phase model for concentrated PV generator.

F, reg

Fig. 1.

For the uncontrolled shunt impedance source, Y, is null
because the behavior of the generating source connected
through a full-scale converter in the positive sequence is giv-
en by an ideal controlled current source (infinite internal im-
pedance), with control regulation at the bus connected to
CIG terminal or at a remote bus. The zero-sequence admit-
tance Y, is null as the inverters are usually built in a 3-
legged bridge. Thus, there is no path to the zero-sequence
current. Finally, Y, depends on the manufacturer philosophy,
which may or may not have an ideal zero value.

III. NEGATIVE-SEQUENCE CURRENT CONTROL OF CIGS

The negative-sequence impedance of the CIG sources is
high, which is the major difference between the CIG and the
conventional generating sources that causes different angular
relationships between the negative-sequence current and volt-
age. In SGs, the negative-sequence impedance is predomi-
nantly inductive, causing the current supplied by this nega-
tive-sequence source to be approximately 90° ahead of the
negative-sequence voltage. In the case of CIG, the negative-
sequence current can be zero or have a resistive, inductive,
or capacitive behavior, depending on the inverter controls.
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Figure 2 shows the schematic diagram of a tutorial system
with two generators, one of which connected to bus 1 is a
CIG, and the other one connected to bus 5 is a conventional
SG. A single-phase-to-ground short circuit is applied to TL2
at a distance x from the terminal of bus 3. In the representa-
tion of positive, negative, and zero sequences, the negative
current /, .,; and the negative impedance Z, ,; are variables
depending on the inverter control. In general, /, ,,=0 and
Z, cig —>©, providing no negative-sequence current to the
fault. Transmission lines (TLs) are modeled as a PI model,
but for the sake of clarity, their shunt capacitances are omit-
ted in Fig. 2.

Do 2 3 L2 4 12 9
@o-ce] I |
I
(a)

ZI,T] ZI,TLI Z],Tsz Z],TLz(I’x) Z],n ZI,SG

Il,CIG@:DZl,CIG Zy ¢ Zip
Zyn Lo ZygaX|Zna(17X) Zy 2y 56
1} 1 {11+ T}

Lo (@:Dzz,ac 201 Zy11
Zoni Zom ZogaX|Zoma(17%) Zy Zysc
l—' —{hH

Zyc1 Zy 11

L [

(b)

Fig. 2. Single-phase short circuit on a TL connecting PV systems with SG.
(a) Topology. (b) Equivalent model.

The strategy of injecting negative-sequence currents fol-
lows some principles adopted in [12]-[16]. Reactive negative-
sequence currents are injected through the detection of a neg-
ative-sequence voltage at the converter’s terminal, which
may indicate the existence of an asymmetric fault in the net-
work. A dead band is required to avoid injecting negative-se-
quence current during normal system operation such as load
unbalances. The slope of the negative-sequence current injec-
tion line is defined by parameter K,,,. Figure 3 presents this
philosophy of injecting negative-sequence currents.

0.30
0.25
0.20
0.15
0.10
0.05

Additional negative-
sequence current A/, (p.u.)

0 0.04 0.08 0.12 0.16 0.20
Additional negative sequence voltage AV, (p.u.)

Fig. 3. Negative-sequence current injection strategy.

In the adopted three-phase RMS dynamic model, the injec-
tion of negative-sequence currents can be done by the Nor-
ton equivalent circuit either through the negative-sequence
current injection source, or through the change of the nega-
tive-sequence shunt admittance. In this paper, we choose to
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change the negative-sequence current source /,. Thus, the
shunt admittance Y, is equal to zero. The negative-sequence
reference current is given so that it is 90° ahead of the nega-
tive-sequence voltage, according to (1). Manipulating the ex-
ponential in (1), it is possible to obtain the expressions for
the real and imaginary parts of phasor /,, given by (2) and
(3), respectively. With the injection of negative-sequence cur-
rents, the block diagram of Fig. 1 is expanded into the block
diagram shown in Fig. 4.

L, :aneg(VZ - Va’dbd) €Xp (J¢2) (1)
Re {1y} ==K oo (V2 = Vina) I {12} /¥, )
1m {1, =K, . (V2 = Vaura) Re{ V2 [V, 3)

where V, is the magnitude of the negative-sequence voltage
phasor V, at the terminal bus of inverter; ¢, is the phase of
V,; and V,,, is the dead band shown in Fig. 3, having the
value of 0.05 p.u.. The negative-sequence control provides a
current signal 7, , from the negative-sequence voltage at the
converter terminal. This signal is limited due to the current-
carrying capability of the converter for a command current
1,,,..- This signal passes through the generator control, which
has the negative-sequence current /, as its output variable.

Terminal bus
Freg|[Vig (i 1 [ | VyZ,

' REGC 1,46, 520, Iy, Y1
3 Generator Generator 3 Y,

| Positive-sequence | [Negative-sequence } Y,
| current control current control | y
| | 0
[ e R E L
| REEC |/, gemd I pemd I 2cmd : =
| ’ Current limiter !
3 I]écmd xl;n’md x]écmd 11491 12492 :
3 Q/VIPF control |[Negative-sequence :
- reactive current !
! P control control !
REPC |Quy [Py | VrZ9,
3’ Plant-level controller ‘ 3

Vref P, ref Qref F, ref
Fig. 4. Block diagram of three-phase model for PV generator with nega-

tive-sequence current injection.

Figure 5 shows the block diagram of the negative-se-
quence reference current /,,, partially based on [12]. The
negative-sequence voltage signal /, must pass through a se-
quence filter block becoming V,;,. From there, it follows the
philosophy given in Fig. 3. The lead-lag block in Fig. 5, to-
gether with the proportional-integral (PI) blocks in Fig. 6,
has the control parameters to modulate the system response.
Figure 6 shows the block diagram of real and imaginary
parts of the negative-sequence current injection based on (2)
and (3), respectively. The reference signal 1, is separated
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into real part /,,,,, and imaginary part /,,,. These reference
signals are processed by non-windup PI blocks, which limits
the signals /.., and 1,,,...to I, .. and [ respectively.
The first-order blocks with time constant 7, models the in-
verter in the RMS framework, which generates /,,, and /,,,,

the real and imaginary parts of negative-sequence current /,,

respectively.

Block diagram of generating negative-sequence reference current.

2recm, 2imemd>

1 V2ﬂ1r
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Fig. 5.
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Fig. 6. Block diagram of generating real and imaginary parts of negative-
sequence current.

From the block diagram, some relationships can be ex-
plained through (4)-(9). They define the relationships of the
dynamic limits L. Loveomas Lonmema» a00d L, the maximum
and minimum limits of real and imaginary negative-se-
quence current command, respectively, in relation to the lim-

it ;0. These limiters restrict the auxiliary command current

1., to the command current Z,_,,,.
_ 2 2
I2cmd - IZrecmd + I2imcmd (4)
Li = L) + (Hend)” ()
2cmd — 2recmd 2imemd.
max __ ymax ! ’
12recmd - IZcmd cos (arCtan (IZimcmd/IZrecmd)) (6)
max  __ min
I 2recmd ~ -1 2recmd (7)
max ~ __ ymax | .: ’ !
]Zimcmd - IZL'md sin (aI'Ctan ([Zimcmd/IZrecmd)) ‘ (8)
max  __ min
2imemd ~ _]2imcmd (9)

The current limitation strategy is extremely important
when it comes to CIGs. The inverters are not capable of sup-
plying currents well above their nominal values, ranging nor-
mally from 1.1 p.u. to 1.3 p.u.. The injection of negative-se-
quence current /, constrains the ability of supplying positive-
sequence current /,. Because of that, it is important to define
the current injection priorities. In the same way that the ge-
neric WECC model is extended to its three-phase counter-
part model, the current priorities of the three-phase symmet-
rical injection model (PQ priority), can be further extended
to take into account the injection of negative-sequence cur-
rents (NQP priority). NQP priority gives the first priority to
the negative-sequence current (N), the second priority to the
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reactive positive-sequence current (Q), and the last priority
to the active positive-sequence current (P), and similarly, for
the other priorities. Two forms of current limitation are avail-
able in the literature. A simplified limitation strategy that re-
flects the most restrictive condition of the relationship be-
tween negative- and positive-sequence currents are defined
by (10) or (11).

1|+ [ 1] (10)
SO A+ L <™ (11)

where /, and /, are the active and reactive positive-sequence
currents, respectively. From this simplified expression, six
possible priorities (NQP, NPQ, QNP, QPN, PNQ and PQN)
can be defined with respect to /™, the negative-sequence
command current /,,, and the positive-sequence command
currents /,,,, and 7, defining their maximum values 7,
Lowe and 107, respectively. Three of these priorities, NQP,

QNP, and PQN, are presented in (12)-(14), respectively.

I =1
I =1 = | Ly 1)
= S =) -1
I =1
Ly =1™ = ‘[qcmd‘ (13)
2
Y ;?;21 = \/ (1 -1 2emd) -1 qzvmd
1=
1= Jm) =12, (14)
L= = 12+ 1,

The other current limitation strategy that uses the entire
current capacity of the inverter is based on [22], and will be
referred to as complete limitation strategy, which is ex-
pressed in (15) and (16).

a=0,-0, (15)

(16)

where k can be 0, 1, or —1, for phases a, b, and c, respective-
ly; 6, is the positive-sequence current angle; and 0, is the
negative-sequence current angle.

With this limitation, it is possible to obtain a gain of up to
15% if the difference between the angles of the injected neg-
ative- and positive-sequence currents are 60°, 180°, 300°,
etc. For each a value, a corresponding k is presented in (17).
Similar to the previous current limitation strategy, six priori-
ties can be constructed from (16).

-1 —rw<a<-n/3
k={0 -m/3<a<n/3
1 7w/3<a<m

JI+13 +21, Lcos (a+4mk/3) <I™

)

IV. RELAY MODEL

In this paper, a multifunction relay model containing
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ANSI 21 (distance function) and ANSI 67Q (negative-se-
quence directional overcurrent function) is used, as shown in
Fig. 7. In this relay, the measured quantities are obtained
through a current transformer (CT) and a potential transform-
er (PT). The CT measures the current phasors of each phase,
and the PT measures the voltage phasors of each phase,
from which we compute the negative-sequence current and
voltage phasors, respectively. For the relay operation, at least
one of the six fault loops (AG, BG, CG, AB, BC, and CA)
must be sensitized and the fault must be declared as a for-
ward fault by the 67Q element. Even if the impedance of
any of the loops is within the protection zone, the relay will
not operate, if the 67Q element (which supervises the 21 ele-
ment) declares the fault as a reverse fault.

Protection

ANSI 21

ANSI 67Q

Fig. 7. Multifunction relay containing ANSI 21 and ANSI 67Q.

V. SIMULATION RESULTS

A. Tutorial Test System

We perform the first TP-RMS simulations in the test sys-
tem depicted in Fig. 2. Cases are generated, in which the
generator at bus 1 is either an SG or a concentrated PV
plant with local voltage control and over-frequency plant-lev-
el control. In the steady state, the generator at bus 1 pro-
vides 50 MW at unity power factor. The nominal capacity of
this plant is assumed to be 55 MVA. Bus 3 has a load of
100 MW with an inductive power factor of 0.95, and a ca-
pacitor bank. The generator at bus 5 is a conventional SG.
In the case of a concentrated PV plant, the maximum current
of the inverter is assumed to be 1.2 p.u.. A single-phase-to-
ground fault (phase A) in the middle of TL2 is applied for
100 ms. This TL has multifunction relays, as shown in Fig.
7, at its two terminals with 50 ms of operation time. In the
TP-RMS simulations, the relay is configured in monitoring
mode, that is, it informs whether the relay would operate or
not, but does not trip the circuit breaker.

1) Sensitivity of Parameter K,

The first simulation compares the results of a convention-
al SG, a CIG with negative-sequence current (/,) suppres-
sion, and a CIG with negative-sequence current injection
control with NQP priority (simplified limitation strategy)
when K, =2, 4, 6.

Figure 8 shows the negative-sequence current of the gener-
ator at bus 1. It is observed that the SG has a current injec-
tion above 0.5 p.u., in contrast to the CIG with negative-se-
quence current suppression. As the parameter K, increases,
there is an increase in the negative-sequence current injected
by the CIG. Figure 9 shows the negative-sequence voltage at
bus 1. As the negative-sequence current of generator at bus

1273

1 increases, by augmenting K, there is a reduction in the

negative-sequence voltage.

eg?

06 —SG
= 0.5 — CIG (Z, suppression)
£ 04 — CIG (K= 2)
e 03 — CIG (Kneg: 4)
% 0.2 — CIG (K.~ 6)
© o1
0
0.9 1.0 1.1 1.2 1.3
Time (s)
Fig. 8. Negative-sequence current of generator at bus 1.
0.4
—SG
203 — CIG (/, suppression)
5 —CIG (K.~ 2)
8 02 — CIG (K., 4)
8 — CIG (K.~ 6)
2 0.1
0 y
0.9 1.0 1.1 1.2 1.3

Time (s)

Fig. 9. Negative-sequence voltage at bus 1.

Figure 10 shows the negative-sequence current of TL2 at
the terminal of bus 3. It is observed that, in this case, the
level of negative-sequence current with SG is higher than
that with CIG. As K, increases, there is first a reduction in
the current level due to the predominance of the negative-se-
quence voltage reduction dynamics, which reduces the cur-
rents through the load, the capacitor bank, and the TL PI-
model shunts. However, as K, increases further, the nega-
tive-sequence current of TL2 also increases.

0.6

—SG
5 0.5 — CIG (Z, suppression)
& 04 —CIG (K= 2)
Z 03 —CIG (K,,,;=4)
= _
2 02 — CIG (K,,,= 6)
0.1
0
0.9 1.0 1.1 12 13

Time (s)

Fig. 10. Negative-sequence current of TL2 at terminal of bus 3.

Finally, Fig. 11 shows the angular difference between the
negative-sequence current and voltage of TL2 at the terminal
of bus 3. It is observed that, in the case of SG, the current
leads the voltage by 120°. In the case of negative-sequence
current suppression, the current leads the voltage by 198°
(lag the voltage by 162°). As K, increases, the current re-
turns to lead the voltage, with a behavior similar to that of a
SG.

In this simulation, the relay on TL2 at the terminal of bus
4 would have been operated. However, the relay on TL2 at
the terminal of bus 3 would not operate in the case of nega-
tive-sequence current suppression, as shown in Table 1. In
the case of negative-sequence current suppression, the ANSI
67Q detects a reverse fault due to unfavorable angular rela-
tionship between negative-sequence quantities, thus causing
a protection misoperation.
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Fig. 11. Angular difference between negative-sequence current and voltage
of TL2 at terminal of bus 3.

TABLE I
RELAY OPERATION ON TL2 AT TERMINAL OF BUS 3

Case ANSI 21 Directionality of ANSI 67Q
SG Sensitized Forward
CIG (Z, suppression) Sensitized Reverse
CIG (K, =2) Sensitized Forward
CIG (K., =4) Sensitized Forward
CIG (K,,,=6) Sensitized Forward

neg

2) Current Priority Sensitivity

A second control sensitivity analysis refers to the current
limitation. The same event as in the previous case, with
K,.. =35, is tested on the six different priorities with the sim-
plified limitation strategy. The priorities NPQ, QPN, and
PNQ, not explicitly given in this paper, can be readily de-
duced.

Figure 12 shows the negative-sequence currents injected
from generator at bus 1 with different priorities. It is ob-
served that the NQP and NPQ priorities have the largest in-
jected negative-sequence currents. The QNP priority also in-
jects a significant amount of negative-sequence current. As
expected, the QPN, PQN, and PNQ priorities do not inject
significant amounts of negative-sequence currents.

0.5
. —NQP
3 0.4 —NPQ
£03 — QNP
= — QPN
© 0.1 —PQN
0 YA : :
0.9 1.0 1.1 1.2 1.3

Time (s)

Fig. 12. Negative-sequence current of generator at bus 1 with different pri-
orities.

Figure 13 shows the positive-sequence voltage at bus 1. It
is observed that, compared with the cases where the reactive
positive-sequence current has the highest priority (QNP and
QPN), the NPQ and NQP cases have a lower voltage sup-
port in positive sequence due to the converter current limita-
tion.

Finally, Fig. 14 shows the angular difference between the
negative-sequence current and voltage of TL2 at the terminal
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of bus 3 with six priorities. As summarized in Table II, it is
noted that the relay on TL2 at the terminal of bus 3 would
operate only with NQP, NPQ, and QNP priorities. The other
three priorities do not inject enough negative-sequence cur-
rents to adjust the angular difference in the current and volt-
age quantities, causing the ANSI 67Q to declare the fault as
reverse in these priorities, which causes the relay not to oper-

ate.
12¢ —NQP
5 Lt —NPQ e~
2 1.0F —Qne /
= —QPN
= 08¢ —PQN
> 0.7+
0.6 . - . .
0.9 1.0 1.1 1.2 1.3
Time (s)
Fig. 13. Positive-sequence voltage at bus 1 with different priorities.
> 200
o
g 180
=
3
£ 160
S
= 140
&n
S
< 120 - - - - g
1.00 1.02 1.04 1.06 1.08 1.10
Time (s)
— NQP; —NPQ; — QNP; --- QPN; — PNQ; — PQN

Fig. 14. Angular difference between negative-sequence current and voltage
of TL2 at terminal of bus 3 with different priorities.

TABLE 11
SIMULATION RELAY OPERATION ON TL2 AT TERMINAL OF BUS 3 WITH
DIFFERENT PRIORITIES

Priority ANSI 21 Directionality of ANSI 67Q
NQP Sensitized Forward
NPQ Sensitized Forward
QNP Sensitized Forward
QPN Sensitized Reverse
PQN Sensitized Reverse
PNQ Sensitized Reverse

3) Current Limitation Strategy

A third sensitivity analysis refers to the use of the simpli-
fied strategy ((10) and (11)) and complete current limitation
model (16). For the sake of brevity, only the NQP priority is
presented for comparison. Figure 15 shows the negative-se-
quence current injected from generator at bus 1 with the two
limitation strategies. Figure 16 shows the positive-sequence
voltage at bus 1, and Fig. 17 shows the active power output
of generator at bus 1. It is observed that the simplified limi-
tation, which is more restrictive, did not present significant
differences in relation to the complete limitation strategy
that uses the entire capacity of the converter. Being simpler
to implement and more restrictive, the simplified strategy
could be adopted without significant loss of accuracy.
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Fig. 15. Negative-sequence current output of generator at bus 1 with sim-
plified and complete current limitation strategies.

— Simplified limitation
— Complete limitation

1.1 1.2 1.3
Time (s)

1.0

Fig. 16. Positive-sequence voltage at bus 1 with simplified and complete
current limitation strategies.

— Simplified limitation
— Complete limitation

Active power output
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09 1.0 1.1

Fig. 17. Active power output of generator at bus 1 with simplified and
complete current limitation strategies.
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B. BIPS Area

The second test system represents a small area of the
BIPS, mostly composed by a 230 kV network, as shown in
Fig. 18, and also utilized in [18]. At the interface buses
(SE4, SES, and SE6) of the studied area with the rest of the
BIPS, we build the dynamic equivalent model represented
by three-phase classical SG models [23], [24]. The studied
area contains a thermal power plant connected at SE7 with
five generating units, called Willian Arjona (WA). Three cas-
es are created, where the first considers WA with its original
SG data, the second considers WA as a CIG PV plant with
the same capacity of the thermal plant considered in the first
case, with the negative-sequence current suppression, and
the third considers the same PV plant as in the second case,
but with injection of negative-sequence currents with K, =
2.5. The current priority is NQP with the simplified limita-
tion strategy. We remark that in order to clearly evaluate and
compare the negative-sequence quantities in the three cases,
we increase the negative-sequence impedances of the inter-
face equivalent machines.

The distance protection of TL SE2-SE3 employs a three-
zone scheme with a quadrilateral characteristic, using the
ANSI 67Q function to supervise the ANSI 21 function, as
shown in Fig. 7.

1) Single-phase-to-ground Short Circuit

In the first simulation, a 100 ms single-phase-to-ground
fault is applied in phase A in the middle of TL SE2-SE3, as
shown in Fig. 18. Figure 19 shows the negative-sequence
current of WA. We remark that, in the case of CIG with
negative-sequence current suppression, there is no negative-
sequence currents.

230kV 440 kV

138 kV | 138 kV

440kV

Tt

i ¢
SE6

SES5

138kV (138 kV
2 oh
SE4
138 kV
. Lot}
Lot} o}

138 kV

138 kV

- %é;
oo
z

Lo}
Ei?; SE2

Fig. 18. One-line diagram of part of BIPS.

Figure 20 shows the negative-sequence voltage at the ter-
minal bus of WA. Without the injection of negative-sequence
currents, large values of negative-sequence voltages occur
during the fault. Figure 21 shows the angular difference be-
tween negative-sequence currents and voltages of the TL
SE2-SE3 at the SE2 side. It is observed that, with the nega-

SE7

=

SE1

tive-sequence current suppression, the angular difference of
current and voltage at the SE2 side is about 197°, which
means that the voltage is leading the current and the relay
would not operate because the ANSI 67Q function declares
a reverse fault.

At the SE3 side, the relay operates in all three cases, as
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shown in Fig. 22. However, at the SE2 side, as observed in
Fig. 21, when the ANSI 67Q function is blocked due to the
unfavorable angular relationship between negative-sequence
quantities, the relay would not operate with the negative-se-
quence current suppression, but would operate with the injec-
tion of reactive negative-sequence currents during the TL
fault, as summarized in Table III.

0.5 —SG

—~ 04 — CIG ({, suppression)
5 —CIG (K, 2.5)
£03
502
=
O 0.1

0

0.9 1.0 1.1 1.2 1.3

Time (s)

Fig. 19. Negative-sequence current of WA under single-phase-to-ground
short circuit.

o
o0

— SG
— CIG (/, suppression)
— CIG (K,,.,=2.5)

eg

o
o

Voltage (p.u.)
(=)
~

e
o

1.1
Time (s)

0.9 1.0 1.2 1.3

Fig. 20. Negative-sequence voltage at terminal bus of WA under single-
phase-to-ground short circuit.
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Fig. 21. Angular difference between negative-sequence current and voltage
on TL SE2-SE3 (SE2 side) under single-phase-to-ground short circuit.
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Fig. 22. Angular difference between negative-sequence current and voltage
on TL SE2-SE3 (SE3 side) under single-phase-to-ground short circuit.

2) Two-phase-to-ground Short Circuit

In the second simulation with the BIPS system, a 100 ms
two-phase-to-ground fault is applied in phase BC of TL SE2-
SE3, also in the middle of the TL as shown in Fig. 18. Fig-
ure 23 shows the negative-sequence current of WA.

Fig. 25.
of TL SE2-SE3 (SE2 side) under two-phase-to-ground fault.
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TABLE III
RELAY OPERATION OF TL SE2-SE3 AT SE2 SIDE UNDER
SINGLE-PHASE-TO-GROUND SHORT CIRCUIT

Case ANSI 21 Directionality of ANSI 67Q
SG Sensitized Forward
CIG (/, suppression) Sensitized Reverse
CIG (K, =2.5) Sensitized Forward
0.5 —SG
—~ 04 — CIG (I, suppression)
3 — CIG (K= 2.5)
203
]
% 0.2
O 0.1
0 L L
0.9 1.0 1.1 1.2 1.3
Time (s)

Fig. 23. Negative-sequence current of WA under two-phase-to-ground fault.

In this case, the injected negative-sequence current is
smaller than that in the single-phase-to-ground short-circuit
case, because the negative-sequence voltages are smaller
than the previous case, as shown in Fig. 24.

0.5
= 0.4 — CIG (/, suppression)
£03 — CIG (K= 2.5)
[
g02
c
> 0.1
0 . n
0.9 1.0 1.1 1.2 1.3
Time (s)
Fig. 24. Negative-sequence voltage of WA under two-phase-to-ground
fault.

Figures 25 and 26 show the angular difference between
negative-sequence current and voltage of TL SE2-SE3 at
SE2 side and at SE3 side, respectively. The injected nega-
tive-sequence reactive currents reduce the discrepancy in the
angular difference of the negative-sequence quantities. With-
out the negative-sequence current injection, ANSI 67Q
blocks relay operation at SE2 due to unfavorable angular re-
lationship (about 195° of angular difference). With negative-
sequence current injection, the relay would operate, as
shown in Table IV. Similar to the single-phase-to-ground
short-circuit case, the relay located at SE3 is less sensitive
to the injected negative-sequence of the CIG at WA.

~ 200
3 180 — _
5 — CIG (I, suppression)
£ 160 — CIG (K, ;= 2.5)
; 140
=, 120
=
< 100 k k ‘ ‘
1.00 1.02 1.04 1.06 1.08 1.10
Time (s)

Angular difference between negative-sequence current and voltage
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Fig. 26. Angular difference between negative-sequence current and voltage
of TL SE2-SE3 (SE3 side) under two-phase-to-ground fault.

TABLE IV
RELAY OPERATION OF TL SE2-SE3 AT SE2 SIDE UNDER
TWO-PHASE-TO-GROUND SHORT CIRCUIT

Case ANSI 21 Directionality of ANSI 67Q
SG Sensitized Forward
CIG (Z, suppression) Sensitized Reverse
CIG (K,,,=2.5) Sensitized Forward

neg

VI. CONCLUSION

This paper presents an asymmetric current injection con-
troller model for CIGs to be used in fundamental-frequency
three-phase RMS dynamic simulation tools.

The system representation in the three-phase RMS dynam-
ic framework allows: (D) an adequate approximate representa-
tion of asymmetric current injection controller for CIG; 2
an interconnection-wide representation of the protection in
stability simulations; (3) a more realistic representation of un-
balanced faults; @) the integration of protecting relays in-
volved in phase and ground circuitry; (5 a much faster simu-
lation than EMT simulation, particularly considering large-
to medium-size systems.

This paper also presents a simplified current limitation
strategy and a complete current limitation strategy with vari-
ous priority sequences of the negative-, active positive-, and
reactive positive-sequence currents.

Simulation results in two test systems show the effective-
ness of the proposed controller in the assertiveness of nega-
tive-sequence directional elements in distance relays.
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