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ABSTRACT Inverter-based power sources are increasingly being connected to the power system due to the
global drive towards renewable generation. This paper investigates the voltage stability of a power system
where a load center is supplied by the grid through a transmission system along with an inverter-based
generation located close to the load center. It is also assumed that there is no additional reactive power
compensation at the load center and voltage control at Point of Common Coupling (PCC) is done by the
inverter. This is challenging as the inverter has an added duty. If the inverter controllers are not designed
properly, the inverter could reach its current limit following to contingencies rendering it unable to support the
voltage at the PCC. This is due to the fact that once the current limit is reached, the inverter ceases to function
as a voltage source. When the voltage at the PCC is not supported, the active power transfer capability of both
the inverter and the grid will be reduced. An effective control method is required under such circumstances
to handle the active and reactive components of the inverter current. Various strategies exist for controlling
the active and reactive components of the inverter current while preserving the current magnitude at the rated
value. The necessity of an adequate control strategy to sustain long-term voltage stability following a system
contingency is emphasized in this research. This paper further discusses three candidate control strategies
and the effectiveness of the reactive current prioritizing approach as a solution for operation upon system
contingencies.

INDEX TERMS  Contingencies, inverter-based generation, inverter control, reactive current prioritizing,
voltage stability.

. INTRODUCTION

NSURING power system stability has become a chal-

lenging task with the increase of inverter-based renew-
able sources in the conventional grid [1]-[3]. This paper
investigates the voltage stability of a power system where a
load center is supplied through a transmission system with
an Inverter-based generation (IBG) located close to the load
center. It is also assumed that there is no additional reactive
power support at the load center. The inverter is expected to
be equipped with controllers to support the voltage at the con-
trolled bus. There are three main regimes of voltage stability,

namely, transient recovery period, Short-Term Voltage Sta-
bility (STVS) and Long-Term Voltage Stability (LTVS) as
discussed in [4]-[6]. This research assumed that the inverter
already consists controllers to give adequate transient volt-
age recovery performance, including fault-ride through. The
problem addressed in this paper is managing the voltage
stability under contingencies (i.e. post fault) and thus, this
paper’s interest is in LTVS.

Following a contingency, the IBG may need to increase
the reactive power support in order to control the voltage at
the load center. As a result, the inverter will reach its current
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limit and begin to operate as a current source [7], losing its
ability to support the voltage at the controlled bus. Therefore,
enforcing proper control strategies is necessary to preserve
the voltage stability of the power system upon contingencies.
Contingencies lead to the increased impedance of the system
as seen from the load center. A thorough understanding of the
steady-state performance when the inverter reaches its current
limit simultaneously with the increase of system impedance
is thus required to develop an effective control strategy. This
paper explores various options for controlling the active and
reactive current under the circumstances described above.
Based on this investigation, recommendations will be made
to preserve the stability of the power system under such
challenging situations.

Il. RELATED PREVIOUS WORK

The power system is moving towards high penetration of
renewable energy generation which, will offer plenty of envi-
ronmental and sustainability benefits. They do, however, pose
concerns to the power system stability. With the rising num-
ber of RE sources, the new grid codes establish additional
requirements for RE. Mostly, IBGs are expected to provide
the same grid support as conventional thermal and nuclear
power plants. A substantial amount of research on RE integra-
tion, challenges, and solutions is published in the literature.
This study focuses on one challenging issue that arise as a
result of high penetration of IBG.

An analysis of power transfer capability limitation due to
the maximum controllable current in the inverter is presented
in [7]. Their conclusion implies that the power transfer capa-
bility depends on the active to reactive current ratios. Stability
limitations of HVDC systems when the inverter operates with
AC voltage (Vac) control mode or Reactive power (Q) control
mode are discussed in [8]. The paper concludes that the
current limit and over/under voltage limits of the inverter
are the two main operation limitations in terms of active and
reactive power transfer capability. If the inverter is intended
to support the AC system voltage with the reactive power
supply, the authors in [8] recommend limiting the active
power to retain the inverter current within the limits. Authors
in [9] highlighted active/reactive control combination to be
the best support for most of the grid configurations.

Active and reactive power control methods are discussed
in [10]-[12], particularly in IBG connected as distributed
generation. Most of the research found in the literature
focuses on issues related to transient voltage recovery
especially, fault Ride-Through(FTR) or Low Voltage Ride-
Through (LVRT) upon clearance of a fault [13]-[15]. Reac-
tive power priority can inject more active and reactive power
during the voltage recovery period compared to active pri-
ority control, resulting in improved frequency nadir [14].
According to the literature, most researchers suggest reactive
power prioritization offers the best performance in terms of
voltage stability throughout the transient voltage recovery
period. This research, on the other hand, explores approaches
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for sustaining long-term voltage stability following system
contingencies.

A method to achieve LTVS using active and reactive
current prioritization is proposed in [16]. The authors have
explored the phenomena of LTVS with large-scale solar pho-
tovoltaic (PV) generation. They have employed an active
power limiting feature to render I; to zero during the fault
and active current (/) prioritization to maintain a constant
active power supply during LTVS. However, this approach
does not work when the voltage of the load center decreases
due to the system contingencies as shown in section III-B.

Effective control strategies for inverter systems based on
the system strength have been analyzed in [17]. According to
their conclusions, the inverter is recommended to be operated
as a voltage source. However, this paper presents that it is
challenging to operate the inverter as a voltage source when
the system is weak because the inverter reaches its current
limit sooner due to the high reactive current (/) requirement.
Thus, either active current or reactive current or both have to
be curtailed to maintain the inverter current at the rated value.

The literature has highlighted crucial challenges related to
weak power systems, and several studies recommend differ-
ent control strategies to ensure voltage stability. However,
there is a lack of a comprehensive mathematical analysis
demonstrating the possibilities of the inverter reaching its
current limit are increased during contingencies, as well as
a thorough evaluation of possible current control strategies to
ensure long-term voltage stability.

The goal of this study is to preserve long-term voltage
stability following system contingencies. A mathematical
analysis is presented in this paper to demonstrate, the inverter
tends to reach its current limit upon a contingency. As a
result, the load bus voltage will be more sensitive to the load
impedance. Therefore, this paper emphasizes the necessity of
a proper control strategy under such circumstances. Further,
three current control strategies are discussed in this paper
and presented that I, prioritizing controls provide the best
performance when the inverter operates as a current source.

lll. STEADY STATE ANALYSIS
This section presents a steady-state analysis that forms the
basis for the recommendations of this research.

A. IMPORTANCE OF ADDITIONAL INVERTER CONTROLS
FOLLOWING A CONTINGENCY

Under normal operation, inverters operate as voltage sources
and have the capability to regulate the voltage at the con-
trolled bus. However, once the inverter reaches its current
limit, it can no longer control the voltage at the controlled
bus. Following mathematical derivation proves that there is
a higher risk of inverter reaching its current limit during
contingencies.

The system diagram used for the derivation is given in
Fig. 1. This derivation treats the impedance of the transmis-
sion lines that connects the IBG to the load center (Z;) as
a constant. Z; is the impedance of the transmission system
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FIGURE 1. System diagram.

seen from the load bus (BUS 2). This impedance (Z;)
increases when contingencies (tripping off of lines) occur in
the network.

The parameter r is the ratio of Z, and Z; as given
in (1). This derivation looks for the total range of the sys-
tem impedance (Z;). In other words, it considers from the
infinitely strong system (when Z; = 0 thus r — 00) to an
infinitely weak system (when Z; — oo and thus r = 0).

V4]
= — 1
r=7z ey
The voltage at the load bus (V) is given by
Z1LolrVils1 + Vals
T dlrViLér + Valés] @)

A+rZplp+2,/6

Therefore,

Zu\Jr2V} 4 V3 4 2V1 V) cos (5 - 81)
Vil =

\/ (1 + r2Z2 + Z2 + 2(1 + 1227y, cos (6 — )
3)

where; Z; /¢ is the magnitude and angle of load impedance,
V1438, is the magnitude and angle of the voltage of remote
grid bus (Bus 1), V, /8, is the magnitude and angle of voltage
of the inverter bus (Bus 3) and 6 is the angle of the transmis-
sion line impedance.

Let S be the sensitivity of |V | with respects to Z ;

v, AC
s = el _ \ﬁ.— 4
aZr B B
where;
A = [r2V2 + Vi 4 2rViVycos (82 — 81)] (5)
B = [(14r)?Z} + 273 +2(1 +r)ZaZ cos (0 — $)]  (6)
C = [Z5 +2(1 + r)ZaZy. cos (0 — ¢)] ™

The sensitivity S is a two-variable function (of r and Zp).
The partial derivatives of S with respect to r and Z; are given
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in (8) and (9).
8S_ ! {Z4V[V + V; (6 1)1
—_— = r cos (02 —
or aprJap 2t MR A

+Z371, cos (0 — §)r(4 +3r)Vi— V3
+22 4 r)ViVacos (82 — 81)]
+2(1 + 1) ZaZ} cos (0 — ¢)
x[(1 —3r)V1V,cos (8, — 81)
—2Vi +r(1 = r)VE]
+(1+ NZZZHrVE22 + r)cos® (0 — ¢) + 1 — 2r]
—V3[2cos? (6 — ¢) + 3]
+V1Vacos (8 — §1)[4cos? (0 — @)+ 1 — 5r]}}
(®)

85 —(+n) ﬁ 2 20 _
7= S+ NZ 714 cos” 6 — 9) + 3]
427 cos (0 — $)[4(1 + 1ZE + 721} ©)

We consider only the practical range of operation. There-
fore for this derivation |Vy| > 0.85pu is used. With the
condition of |V | > 0.85pu, it can be shown that;

7} > 2.673 (10)
Z1 min = 1.61225 = kZ, (11)

where k = 1.612.

With the substitution of r = 0 and Z;, = Zj uin = kZ»
in (8) to consider the worst-case scenarios, it can be proven
that .S /dr is negative for all feasible values of r and Z;, even
during the worst-case scenario. According to (9), d5/9Zy, is
negative regardless of the value of r or Z . Since both 85 /07,
and 0S/0dr are negative, the function S does not have any
local optimum points, hence the function S is monotonically
decreasing function with respect to r and Z; . Fig. 2 shows the
surface plot of S and it confirms this conclusion.

System contingencies will result in decreasing r. Accord-
ing to this analysis, decreasing r (increasing Z;) will result in
the load bus voltage being more sensitive to load impedance
(Z1). Moreover, the analysis demonstrates that this is valid
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FIGURE 3. Inverter control system.

throughout the entire operating region that meets |Vy| >
0.85pu. Consequently, any network contingency will demand
more reactive power from the IBG, increasing the chances of
inverter reaches its current limit.

This derivation highlights the need for adequate inverter
control strategies to maintain the overall system voltage sta-
bility following contingencies. Thus, the following section
analyzes the steady-state behaviour of the system when the
inverter approaches its current limit and reviews suitable
controllers for the system to function under these conditions.

B. CURRENT CONTROL STRATEGIES

There are mainly two steps in the inverter controls; outer-
loop controls and inner-loop controls as shown in Fig. 3. The
outer loop controllers compare the reference values of active
power and the ac side voltage magnitude with their actual
values. The error goes to the corresponding PI controllers
which then adjust the desired active and reactive components
of the current (I; and /). Then, current limiting is enforced
on the current references at the inner loop controls to protect
the inverter from overcurrents. If the current demanded by
the outer loop is less than the rated current, the inner loop
controller generates the desired magnitude and phase of the
reference ac waveform for the switching controller. In this
case, the inverter acts as a voltage source.

If the demanded current is greater than the rated current,
the current reference is adjusted and the inner loop controllers
synthesize a voltage waveform to maintain a constant current,
hence, the inverter acts as a current source with a constant
current magnitude. The magnitude of the inverter current
(1) 1s the rated current of the inverter (/,4:.4) as shown in
(12). Consequently, the inverter must limit its active current,
reactive current, or both to maintain the inverter current at the
limit, hence the phase angle depends on the control strategy
used to control the inverter current.

il = /17 + 12 = Latea (12)

When the inverter begins to operate as a current source,
it loses the ability to control the voltage at the controlled
bus (PCC), causing the load bus voltage to decline rapidly.
As a result, effective current control methods are necessary
throughout the inverter’s current source operation to regulate
the voltage at the PCC and thus preserve the load bus voltage
within acceptable limits. In other words, try to make the load
bus voltage least sensitive to the load active power. Three
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candidate current control strategies are considered in this
paper, and the most suitable current control method will have
the lowest sensitivity of load bus voltage to load active power.

This section discusses three candidate control strategies,
and the procedure of obtaining the sensitivity of load bus
voltage to load active power, to ascertain the most promis-
ing current control approach. The following derivation is to
obtain the sensitivity of the load bus voltage to the load active
power (AVy/APr). This sensitivity depends on the current
control strategy. An expression for the sensitivity can be
obtained by combining the linearized network equations, and
the linearized equations corresponding to the current control
strategy.

The network equations (13)-(19) are written considering
the system described in Fig. 1 and they are common for all
three current control strategies.

v,
Pc =P — Z—L(Vlcos((SL +0) — Vicos®) (13)
1

QOc = Prtan(¢) — ;—I;(Vlsin(& + 0) — Visin(0))

(14)

Pc = LVicos(dy — ap) (15)

Oc = hLVysin(dr — a2) (16)
Vacos(87) = Vicos(8r) + IyZrcos(ay + 6) (17
Vasin(§2) = Visin(dr) + hZssin(ag + 6) (18)
o =38 —w (19)

Pc and Q¢ are the active and reactive power at the load bus
coming from the inverter side. Py, is the load active power,
Vi /& is the magnitude and angle of the load bus voltage
(Bus 2), IoZay is the magnitude and angle of the inverter
current and « is the power factor angle of the inverter.

Equations (13)-(19) are linearized around an operating
point and given in (20)-(26).

[2V£cos(9) -V cos(eSg + O))AV, + Z1 APy,
+V1V2sin(8Y 4+ 0)AS;, — ZiAPc =0 (20)

2V 2sin(0) — Visin(8) + 0)]AVy, + Zitan(¢p) APy
—V1V2cos(8? + 0)ASL — Z1AQc =0 Q1)

heos(@) — DAV + LV sin(ad — 82)Asy,

—APc — LV sin(@d — 8))Aay =0 (22)
—Dsin(ed — 8))AV,, + LV cos(@d — 8)) A8,

—AQc — hVcos(@d — 80)Aay =0 (23)
cos8) AV, — Visind) Asy, — hZasin(al) + 0)Aaz

+V3s5ind) A8y — cosdIAV, = 0 (24)
sinSEAVL + VLCOS(SEA(SL + Izzzcos(ozg + 0)Aay

—V9coss) A8y — sindIAV2 =0 (25)
A8y — Aoz — Aa =0 (26)

The equations (20)-(26) are common for all the three
candidate control strategies. Since these 7 equations have
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9 variables, one more equation is essential to determine
(AVL/APL). The 8th equation can be obtained by consider-
ing the current control strategy as discussed in the following
section.

1) ID (ACTIVE POWER (P)) PRIORITIZING CONTROL

The outer loop control determines the amount of /; required
to deliver the desired active power and the amount of I,
required to hold the controlled bus voltage magnitude (or
reactive power) at the specified threshold. However, the I;
prioritization controller allows the system to supply the nec-
essary I; while decreasing I, to maintain the constant cur-
rent magnitude at the inner loop as illustrated Fig. 4. The
inverter power factor angle « for I; prioritizing control, can
be expressed as in (27).

P
cosq = 44 27
Srated
The linearized equation of (27), is given in (28)
Aa =0 (28)

By combining the equations (20)-(26) and (28), the magni-
tude of the sensitivity of load bus voltage to load active power
for the I, prioritizing control is given in (29).

AV K
o'y 2L (29)
APL P KZ
where;
—sec(¢) 0 0
K = DLZcos(ay + ¢ — 8;)
LS VIV Visin@l + 6) 22 O 0L
X[VPcos(8) — 89) — V31— ViVicos(83 + 6 — ¢)}
(30)
-1
K = 2L,V VOZ cos(ad + 6
2 IZVL()Vl V20Z1sin(a(2) +60) 2L 22100500t )
+hZ[2V) cos(@d + ¢ — 8Y) — hZ)]
x[Vgcos((Sg — S(L)) — V20]
+VEVY — 2V VRV coss?
—LViVPZicos(@d + 6 — 89 + 89)) 3D

2) MAINTAIN THE ID/IQ RATIO REQUESTED BY THE
OUTER LOOP

This controller limits both /; and I, while ensuring the I /1,
ratio is the same as demanded by the outer loop as illustrated
Fig. 4. The inverter power factor angle « for this control
strategy, can be expressed as in (32).

O _ Volhsina

tano = (32)
P rated P rated
The linearized equation of (32), is given in (33)
Praeaseca’tana’da = LAV, (33)

By combining (20)-(26) and (33), the magnitude of the
sensitivity of load bus voltage to load active power for the
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FIGURE 4. Comparison of real and reactive current behaviour for
different current control modes.

controller which maintains the same 1d/Iq ratio requested by
the outer loop is given in (34).

AV _ (1LK3 — K} PrggegsecaPtana®) (34)
APy " (K4 — K2Pgeqsecaltana®)
where;
—sec(9) 0 0\r1/0i 50 <0
Ky = ——{Zicos(ay +¢—6;)[Vy sin(65 —8;)
S W rsinted oy OOV LGy =0
+1Zpsin(8) — & — 0)] + V1 Zasin(89 — o — 6)
xcos(0 — ¢ + 80)) (35)
_ 1 2 A0 0,5 <0
Ky = AlLZ7 =2V Z cos(o; +6 —35;)]

VP Vi Zsin(ad+6)
X [VPsin(89 — 89) + L Zasin(89 — o) — 6)]
+[V1Zasin(89 — & — 0)1[21Z1cos(al + 6)
—2V£cos82 + Vil

+Vi VP Zysin(al 46 — 8Y 4+ 89)) (36)

3) 1Q (REACTIVE POWER (Q)) PRIORITIZING CONTROL
This control provides priority to the I, and, consequently, lim-
its Iz to maintain a constant current magnitude as illustrated
Fig. 4. The power factor angle « for I, prioritizing control,
can be expressed as in (37).

Volysi
singg = 22 Vahsina (37)
Srated Srated
The linearized equation of (37), is given in (38)
VvV, =0 (38)

By combining the equations (20)-(26) and (38), the magni-
tude of the sensitivity of load bus voltage with respect to load
active power for the I, prioritizing control is given in (39).

AV
APy,

o Ki

(39)
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FIGURE 5. Test system.

The sensitivity of load bus voltage to load active power
for three control strategies are given in (29),(34) and (39).
However, it is not possible to determine which equation
has the lowest gradient by solely examining the equations.
Accordingly, the graphical illustration of the gradient is given
in the result section.

IV. RESULTS

Three current control strategies were applied to the system
depicted in Fig. 5, and the performances of the current con-
trollers were evaluated.

A. SYSTEM DESCRIPTION

A remote strong grid and the nearby IBG supplying power to
the load center are shown in Fig. 5. The IBG is assumed to
be generating at its max capacity. The remaining amount of
the load power is supplied over the two transmission lines.
The grid is 100km away from the load and the IBG is located
20km away which is comparatively close to the load center.
When the both transmission lines are in service (‘N condi-
tion”’) the SCR is 4.1 and it represents a strong transmission
system. When one of the transmission lines is out of service
(N-1 contingency) the SCR decreases to 2.05 and the system
becomes weak. The rating of the inverter is SOOMVA and is
designed to operate on maximum active and reactive power
at rated voltage and current. Furthermore, when the load is
less than the generation of the IBG, the surplus power will be
transferred to the rest of the grid over the two transmission
lines.

The following conditions were used for the steady-state
analysis: (a) the voltage of the grid (Bus 1) is 1/ Opu,
(b) the rated active power of the inverter is 0.95pu (475MW),
(c) the AC bus voltage of the inverter (Bus 3) is 1.0pu, and
(d) the maximum allowable current of the inverter (Z,4zeq) 18
1.0pu. An inductive load with a power factor of 0.9 is used
to represent the total load at the load bus. It is assumed that
the voltage control at the PCC is done by the IBG during its
normal operation (until the current limit is reached).

1) ID (ACTIVE POWER (P)) PRIORITIZING CONTROL

The inverter’s active power vs. reactive power (PQ) curve, the
inverter’s voltage, current, active and reactive power variation
with load active power, and the PV relationships at the load
center for the N and N-1 scenarios are presented in Fig. 6,
Fig. 7, and Fig. 8 respectively. Points A and B shown in Fig. 6,
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Fig. 7, and Fig. 8 are the operating points where the inverter
reaches its current limit for the two considered systems. Until
then, the inverter delivers the necessary I; (hence necessary
reactive power) to hold the controlled bus voltage at the
desired level and delivers the required /; to hold the inverter
active power output at the desired level as shown in Fig. 6 and
Fig. 7 (a) and Fig. 7 (c).
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FIGURE 9. Active power vs. reactive power of the inverter when
maintaining same I /Iq ratio requested from outer loop control.

Since the [; is limited with I; priority controller, the
inverter cannot provide the required reactive power support to
the system as illustrated in Fig. 7 (d) to maintain the voltage
of the controlled bus (PCC) at the desired level and hence the
voltage at the load bus. As a result, the voltage of the load bus
starts to decline dramatically when the inverter approaches
the current limit as shown in Fig. 8. The voltage instability
issues are more prominent for the N-1 condition. This is
evident in Fig. 8 as the inverter reaches the maximum current
(Point B) in the N-1 contingency system before it reaches the
maximum current in the original system (point A).

2) MAINTAIN THE 1D/IQ RATIO REQUESTED BY THE
OUTER LOOP

This controller limits both /; and I, while ensuring the I /1,
ratio is the same as demanded by the outer loop. Restricting
I, makes the inverter unable to control the voltage at the
PCC, whereas limiting I; reduces the inverter’s active power
supply. However, reduction of the active power supply of the
inverter will allow more room for the inverter reactive power
supply (P%nv + Ql-znv =S iznv). Hence, the reactive power supply
of the inverter will increase while the active power supply
decreases as seen in Fig. 9.

The Fig. 10 (c) and (d) confirm that the inverter continues
to supply reactive power requirements at the expense of active
power supply once the inverter reaches its current limit at
point B. The inverter bus voltage starts to drop once the
inverter reaches its current limit as shown in Fig. 10 (a).

3) 1Q (REACTIVE POWER (Q)) PRIORITIZING CONTROL
This controller prioritizes I, consequently, limits /; to main-
tain a constant current magnitude. As such, the inverter’s
active power supply will be reduced and, a larger room is
provided for the inverter’s reactive power supply as seen
in Fig. 11. The theoretical maximum for the I, with this
controller would be when I; = I 4teq, Which leads to I; = 0.
This controller provides the reactive current demand hence
the necessary reactive power as illustrated in Fig. 12 (d) which
needs to hold the voltage at PCC at the desired level. Most of
all, the inverter with I, prioritizing controller can control the
voltage of PCC for a wider range as indicated in Fig. 12 (a).
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inverter is in Iy prioritising control.

The active power vs. reactive power curve of the inverter
with the controller to maintain the same I, /I, ratio requested
by the outer-loop is not on the ;4.4 circle as seen in Fig. 9.
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to 14(b), 14(c) and 14(d)).

This indicates that the inverter performs at its rated current
but not at its rated voltage (Syared = Vrated -Irated)- Whereas,
the inverter with I, prioritizing controller operates at its rated
voltage and current over a wider range of load. Hence, the
active power vs. reactive power curve of the inverter is on the
rated circles for a longer range of load, as shown in Fig. 11.
This implies that the PCC voltage can be regulated by an
inverter with [, prioritizing control over a wider range even
when the inverter functions as a current source. Therefore, the
effectiveness of the I, prioritizing controller is higher.

4) COMPARISON OF DIFFERENT INVERTER CONTROLS
The ideal inverter behaviour is attained when the inverter
functions as a voltage source (with no current limit) since,
it enables the inverter to sustain the voltage of PCC at the
desired level while providing the desired power as illustrated
in Fig. 14, Fig. 15, and Fig. 16. It was used as a reference to
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compare with the practical situation. The closest response to
the ideal behaviour is when the inverter operates with the I,
prioritization control. The Fig. 13 presents the magnitude of
the sensitivity of load bus voltage to the load active power for
three candidate control strategies which is plotted using (29),
(34) and (39). The sensitivity of load bus voltage to load active
power is lowest with /, prioritising control, and highest with
1, prioritising control according to Fig. 13. This leads to the
conclusion that, I, priority control has higher margins for
voltage stability compared to other two control methods when
the inverter operates as a current source.

Table 1 provides a comparison of different current con-
trollers for N-1 condition at the point of load bus voltage
(VL) = 0.95pu. With the I, prioritization controller, the active
power (Pr) and reactive power (Qr) of the load are main-
tained as similar to that of an inverter operating without any
current limit as given in Table 1. This is achieved by supplying
the required amount of reactive power from the inverter to the
system to control the voltage at the PCC, with the expense
of its active power supply as seen in Fig. 14 (c) and (d) and
Fig. 15. As shown in Table 1, the grid will then transmit the
required amount of active power (Pgiq) to the load when the
load bus voltage is supported. The load can therefore be kept
at the same level as the case where the inverter runs without
a current limit. Consequently, the drop of load bus voltage is
less with I, prioritizing controller compared to the other two
controllers as shown in Fig. 16.
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TABLE 1. Comparison of different controllers for N-1 condition at
the point of load bus voltage (V,) = 0.95pu.

parameter | Without Same as | Iq 14
current outer  loop | prioritizing | prioritizing
limit 14/1, ratio | control control
Zy, (pw) 0.8 0.91 1.11 0.8
P, (pw) 1.0155 0.8927 0.7319 1.015
Qr (pu) 04918 0.4344 0.3545 0.4916
Peon (pu) 0.95 0.9091 0.9345 0.8776
Qcon (pu) | 0.4798 0.3986 0.311 0.4795
Pgyriqa (pu) | 0.0806 -0.0056 -0.1896 0.1483
Qgrid (pu) | 0.0833 0.0901 0.1198 0.0793

Even though the 1; prioritization control attempts to retain
a constant active power supply from the inverter, both the
active power of the load and the load bus voltage decrease
more rapidly than other two types of controllers as demon-
strated in Fig. 16 and Table 1. This happens due to the
inadequate reactive power support of the inverter to maintain
the voltage of PCC, thus the grid must send the system a
higher reactive power. However, the PCC voltage cannot
be managed in the same way due to higher reactive power
loss in transmission lines as the grid is far from the load
center. Accordingly, the active and reactive power of the load
is lowest with I; prioritizing control. Therefore, from the
voltage stability point of view, the I; prioritization control is
the worst control method and the I, prioritization is the best.

The above study was repeated for various load power fac-
tors when the inverter operates with I prioritizing control and
I, prioritizing control. The results confirmed that the above
behaviour is true regardless of the power factor.

V. CONTROLLER IMPLEMENTATION

The preceding part offered a steady-state study with three
candidate control strategies. In this section, the test system
with candidate control techniques was implemented in the
Real-Time Digital Simulator (RTDS), and dynamic perfor-
mance was observed.

A. TEST SYSTEM

The renewable power source in the test system described in
the section III was modelled as a +500kV, S00MW half-
bridge MMC VSC HVDC system. A 10GVA high inertia syn-
chronous generator and a 6GW load were used to represent
the AC grid network. An inductive load was used to represent
the total local load. The load was modelled as a step-wise
increment with a step size of 2SMVA. The step duration was
chosen to be 1.0s to allow the system to settle to a steady-state
before applying the next step load increase. The active power
reference of the inverter was maintained at 475MW and
the voltage reference was Ipu (230kV). DC voltage of the
inverter was maintained at 500kV. The dynamic system was
verified against the steady-state analysis.

B. IMPLEMENTATION
As previously explained, proper controls are required for the
inverter to maintain the voltage stability of the system when
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FIGURE 17. Flow chart of the supplementary inverter control.

the inverter reaches its current limit. The three controllers
were implemented for the dynamic analysis, and the results
were compared. During the normal operation, the inverter
preserves the same ratio of 1, /1, that the outer loop demands.
Once the inverter reaches its current limit due to a system con-
tingency, the control of the inverter is switched to one of these
three controllers above. An additional activation controller
was included to activate the required control strategy. The
inverter current and the load apparent power were monitored
and activation logic was created as given in Fig. 17.

C. RESULTS

The response of the power system to increasing load was
studied with N-1 contingency. With the /,; prioritizing control,
the inverter is able to supply required reactive power with
less degradation of its active power supply to maintain the
voltage at the load bus as seen in Fig. 18 and Fig. 19. With
1 priority control, the grid must transfer extra reactive power
to the load center since the inverter cannot provide sufficient
reactive power. However, the inverter readily loses the voltage
control ability of the PCC with the I, priority control, and
consequently, the voltage at the load center plummets sub-
stantially, according to Fig. 20 (b) and Fig. 19. In contrast, the
1, prioritizing controller provides the required reactive power
to control the voltage at the PCC, and hence has a greater
capacity to maintain the voltage at the load center.

These results confirm that /,; prioritizing controller is the
superior current controller out of the considered types of con-
trollers when the inverter reaches its current limit. Therefore,
this dynamic study confirms the conclusions reached with the
steady-state analysis.

The effect of this I, prioritizing controller is more signifi-
cant following a contingency. Table 2 presents the maximum
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permissible active power supplied to the load (assuming
Vieaa < 0.95pu is not acceptable) for the system with
contingency for the three types of controllers. It shows the
highest load power is supplied by I, prioritizing controller
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TABLE 2. Comparison of allowable maximum active power for
the three types of controllers for the system with N-1
contingency.

Controllers P (pu)

14 prioritizing controller 0.701 pu
Same as outer loop I,;/I, ratio || 0.82 pu
14 prioritizing controller 0.98 pu

compared to the other two controllers. That’s because the I,
priority controller supports the load bus voltage better than
the two other controllers, thus the grid can transfer the active
power requirement to the load.

VI. CONCLUSION

This paper focused on ensuring long-term voltage stability,
following a system contingency when the load centre is
predominantly controlled by a neighbouring IBG. A math-
ematical analysis is provided to demonstrate that inverters
tend to reach their current limit upon a system contingency,
emphasizing the importance of adequate controls measures.
Different control options have been analyzed to preserve
long-term voltage stability following a system contingency
and the I, prioritizing controller has been selected due to its
superior voltage stability performance. Dynamic simulations
are presented to demonstrate the applications and conclusions
obtained using the steady-state analysis. The inverter will
be able to deliver more reactive power to assist the voltage
at PCC by reducing its active power supply, as it acts as a
current source augmented by the I, priority controller during
system contingencies. With voltage at the load bus being
assisted, the grid transfers the necessary amount of active
power to the load. Accordingly, the system will provide the
same load, without any voltage stability concerns. Therefore
the 1, prioritizing controller is an attractive option to delay
investments for additional infrastructure.
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