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ABSTRACT In this work, a reactive power-voltage (QV)-based framework to evaluate the voltage instability
sensitivities of power system buses to increase in renewable energy (RE) penetration has been developed
using two sensitivity indices, namely, Critical Voltage Sensitivity Index (CVSI) and Critical Reactive Power
Sensitivity Index (CQSI). The rise or fall in the critical voltage level is measured by CVSI and the reactive
power loss intolerance of each bus is evaluated by the CQSI as the RE penetration level increases. The
bus sensitivity analysis obtained from the CVSI and CQSI provides information on the voltage instability
sensitivity of each power system bus to increase in RE penetration level. The proposed methodology has
been evaluated using IEEE 14-bus system and New England 39-bus system. DIgSILENT PowerFactory
was used to perform the simulations and Matrix Laboratory (MATLAB) used to analyse the results. The
sensitivity analysis of the buses can provide insights on the most suitable placement for large reactive loads
or devices such as Flexible Alternating Current Transmission Systems (FACTS) as the RE penetration level

(PL) increases.

INDEX TERMS DFIG-based wind energy conversion system, QV curve analysis, reactive power loss
intolerance, renewable energy integration, solar photovoltaic system, voltage instability sensitivity indices.

I. INTRODUCTION
Renewable energy (RE) systems are rapidly being devel-
oped and employed as viable alternatives for the traditional
fossil-fuel based generation systems [1]. This has particu-
larly been necessitated as part of the global efforts towards
mitigation of climate change effects. The need to meet the
rising global energy demand has also informed intensified
efforts toward renewable and sustainable energy investments
world-wide. Wind Energy Conversion Systems (WECS) and
Large-scale Solar Photovoltaic (SPV) systems are the leading
renewable energy generation systems [2].

Meanwhile, the subject of 100% renewable energy grid
as attracted much attention in recent times [3]-[6]. The
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authors in [3] presented a burden of proofs doubting the
feasibility of 100% renewable-electricity systems, consider-
ing the enormous technical and economic constraints asso-
ciated with it. However, the authors in [4] have presented
convincing arguments in response to the evidence provided
in [3], indicating that renewable penetration of 100% is
achievable. The supportive evidence to this possibility is that
some nations have already achieved significantly very high
renewable generation. For instance, Iceland, Paraguay, Nor-
way, Uruguay, Costa Rica, Brazil and Canada have attained
100%, 99%, 97%, 95%, 93%, 76% and 62% RE penetration
respectively [6].

One of the major constraints for increasing renew-
able energy integration into the power grid is voltage
stability [7], [8]. Voltage stability can limit the extent
of renewable energy integration in power systems [9].
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Therefore, this paper has explored scenarios of increasing
RE penetration level (PL) up to 100% and the attendant
voltage instability sensitivities of this increase in RE PL
within the power system using Critical Voltage Sensitiv-
ity Index (CVSI) and Critical Reactive Power Sensitivity
Index (CQSI). The CVSI evaluates the impact of increasing
RE penetration on the rise in critical voltage level of the power
system buses and the CQSI measures the reactive power loss
intolerance of each bus within the power system.

Finding the critical bus in a power system is important
because it gives insight on which area of the system is weakest
and most prone to voltage instability. In addition, identifying
the critical buses will enable the system operator to determine
the appropriate location for additional voltage support or
reactive power compensation in order to ensure continued
stability of the system [10]-[12]. Different voltage stability
indices have been developed by several authors [13]-[22].
A Simplified Voltage Stability Index (SVSI) has been pro-
posed in [15]. The index utilizes voltage phasor measure-
ments and topology of power system to estimate the voltage
stability margin. Voltage collapse occurs when the SVSI
value reaches 1 in a bus. In [21], Voltage Stability Index (VSI)
based on power flow equations has been developed. This
VSI has been formulated using the magnitudes of bus voltage
and current in order to calculate the distance between the
current operating point and point of voltage collapse. At no
load condition, VSI value is 1, and at the point of voltage
collapse, its value is 0. Moreover, the authors in [22] pro-
posed a Voltage Collapse Prediction Index (VCPI) to predict
voltage collapse in a power system. The VCPI formulation
is based on system variables such as the bus voltage angle,
voltage magnitude and admittance matrix of the system. The
VCPI value varies from 0 to 1. Buses with VCPI value near
zero indicates stable bus voltage. Detailed reviews of various
voltage stability indices have been presented in [23], [24]

Furthermore, various studies have been carried out to
assess the impact of renewable energy integration on power
system stability [25]-[35]. Studies concerning the impact of
wind energy integration on system stability are carried out
in [28], [30], [31]. In particular, the authors in [31] evaluated
the impact of integrating variable speed wind farms on the
transient stability of power system using a sensitivity index
based on the terminal voltage of the connected variable speed
wind generator.

Moreover, the effect of utility-scale grid-tied solar PV sys-
tem on voltage stability was investigated in [33]. The results
of the investigation indicate that high solar PV penetration
can enhance the bus voltage profiles, thereby reducing system
instability. In [34], the analysis relating to the prospect of
employing optimally-sized and optimally-dispatched solar
PV with battery energy storage to improve voltage stability
and minimize energy loss was also carried out.

None of the studies above considered scenarios of increas-
ing RE penetration with the associated voltage instability
sensitivities of the power grid buses. In addition, the bus
sensitivity analysis carried out in this work is not limited to

85402

load buses only, but includes all buses except the slack bus.
This gives a better insight on the overall voltage instability
sensitivity of the power system buses with increase in RE
penetration level (PL). Practical considerations such as the
reactive power limits and the reactive power capability of
the conventional generators and the RE conversion systems
have been taken into account in this study. Both Doubly-Fed
Induction Generator (DFIG)-based WECS and Large-scale
solar photovoltaic (SPV) system have been considered in
this work. In this study, the effect of increased renewable
energy PL on the reactive power capability of power system
buses has been evaluated using the Critical Reactive Power
Sensitivity Index (CQSI). Moreover, the effect of increased
RE PL on the critical voltage profile of the power system
buses has been evaluated using Critical Voltage Sensitivity
Index (CVSI). These indices have been developed using
QV curve analysis. Renewable energy PL has been defined in
this study as the proportion of the real power dispatched from
renewable energy conversion systems (DFIG-based WECS
and Solar PV system) to the overall real power dispatched
from all generators within the system. Similar definition was
adopted in [36].

The main contributions of this paper can be summarised as
follows:

o The concept of QV curve analysis has been explored
to develop two voltage instability sensitivity indices,
namely CVSI and CQSI.

o These indices have been used to evaluate the sensitiv-
ity of each power system bus to increase in renewable
energy penetration. The rise or fall in the critical voltage
level is measured by CVSI and the reactive power loss
intolerance of each bus is evaluated by the CQSI as the
RE penetration level increases.

o The bus sensitivity analysis obtained from the CVSI
and CQSI provides information on the voltage insta-
bility sensitivity of each power system bus to increase
in RE PL. This can give insights on the appropriate
location of large inductive loads or reactive power com-
pensation devices as the RE penetration level increases.

o As an illustration of the application of these indices,
IEEE 14-bus test system and IEEE 39-bus New England
system, modelled in DIgSILENT PowerFactory, have
been used as case studies. Different scenarios of RE mix
and locations have been considered.

The rest of the paper is arranged as follows: Section II
presents the modelling of DFIG-based WECS and solar PV
system. Section III provides an overview of QV analysis
and the development of the proposed sensitivity indices. The
application of the proposed indices is presented and discussed
in Section IV and V. Conclusion is provided in Section VI.

Il. MODELLING OF RENEWABLE ENERGY CONVERSION
SYSTEMS

This section presents the modelling of the DFIG-based
WECS and solar PV system, which are considered in this
work.
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A. DFIG-BASED WECS MODELLING

The generic model of wind turbine and DFIG are provided
in this subsection. The mechanical output power of a wind
turbine can be expressed as [37]:

P, =0.5C, (A, B) pAV; 1)

where C, is the coefficient of performance, which is the
aerodynamic efficiency of the turbine. The A and 8 are the tip
speed ratio and pitch angle of the turbine blade respectively,
p is the air density in kg/m?, A is the area of turbine swept
in m? and V,, is the wind speed in m/s.

The coefficient of performance indicates the proportion of
the wind’s kinetic energy converted to mechanical energy and
can be expressed in terms of tip speed ratio (1) and blade pitch
angle (B) as [38]:

116 =21
Cp (X, B)=0.5176 (}\——0.45 — 5> e* 4+0.00681 (2)
1
where
1 1 0.035
— = - 3)
A A+0088  BP+1
The tip speed ratio, A is expressed as:
A= tht/Vw )

where w; is the rotor blade tip speed in rad/s, and R; is the
radius of the turbine blade.

The synchronously rotating reference frame model of
DFIG is expressed as:

Vgs = —Fsigs + WeAds + PAgs

Vds = —Tslds — Wehgs + PAds

v;, = —rri;r + (we — wp) Ay, —}—p)»;r

Vi = —Trig, — (@ — @) Ay, + phy, 5)

The flux linkage equations can be expressed as:
hgs = — [Llsiqs Ly (z‘qs + i;r)]
Mds = — [Lisias + Lt (ias + i) ]
M = = [Liviy + Lut (igs + 10 )|
Mir = = (L + Los (s + 1)) ©

The active and reactive power expression for the stator (P,
Qy) and rotor (P,, Q,) circuits is given as [39]:

Py = 1.5 (vasias + Vgsigs)

Oy L.5 (Vqsids - Vdsiqs)

P, =15 (v;,,id, + v/q,i’qr)

0, =15 (v/q,i;l, - v;,i;,) @

where Vgs Vas) i§ the g-axis (d-axis) stato.r voltage, v; -V )‘ is
the g-axis (d-axis) rotor voltage, iy (igs) is the g-axis (d-axis)
stator current, i;, (i;,) is the g-axis (d-axis) rotor current,
k;r (A;,) is the g-axis (d-axis) rotor flux linkage, ry (r})
is the stator (rotor) resistance, L (Ll/r) is the stator (rotor)
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FIGURE 1. Schematic diagram of grid-connected DFIG-based WECS [41].

leakage inductance, Ly, is the magnetising inductance, @, is
the synchronous speed, w, is the rotor speed and p is the
differential operator.

The DFIG is coupled to the wind turbine by a mechan-
ical shaft, and the complete DFIG-WECS is connected to
the power grid via both the stator and the rotor. The stator
windings of the DFIG are directly connected to the grid but
the rotor windings are fed through a back-to-back power
electronic converter [40], [41]. The converter comprises the
machine side converter and the grid side converter. The
machine side converter controls the rotor speed and the reac-
tive power while the grid side converter maintains the dc-link
capacitor voltage at a constant level [42]. The schematic dia-
gram of the grid-connected DFIG-based WECS is depicted
in Fig. 1.

B. SOLAR PV SYSTEM MODEL
Solar PV array is formed by large numbers of solar cells
grouped together in series and parallel. The single diode
equivalent circuit of a solar cell is shown in Fig. 2a. Fig. 2b
shows the corresponding circuit for a PV array made up of Ns
series and Np parallel PV cells. The photocurrent produced
by the solar cell is denoted as Ip;,. Ip represents the forward
current of the diode, D the cell photocurrent and I, is the
current drawn by the shunt resistor. Ry, and Ry, and are the
intrinsic series and shunt resistances of the cell respectively
and they account for the resistive losses of the cell.

The output current, 7, of a solar cell can be derived from
the Kirchoff’s Current Law applied to the circuit of Fig. 2a.

Lot = Lo — I |:exp (CI (Voutn‘i];;outRse)> _ 1i|
_ (VOM[ + IOMTRSE)
Rsp
For a PV array with Ns series and Np parallel cells, the out-
put current, /,,,; is expressed as:

®)

Tow = NPIph
NpV, NsRq.1,
— Npl, | exp L PVour + NsRselour _1
nkT NpNg
_ NpVour + NsRgelour (9)
NSRsh
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FIGURE 2. Equivalent circuit of a solar PV cell and PV module.

where V,,,,; is the output voltage of the solar PV cell, g is the
electron charge, n is the ideality factor of the diode, k is the
Boltzmann’s constant and 7T is the operating temperature.

The dark saturation current, I, is temperature-dependent
and can be expressed as:

o Jry gEc (1 1
fo=1k H X [W (? B T—)] (10

where T is the reference temperature of 25°C (298.15K) at
Standard Test Conditions (STC), I is the solar cell reverse
saturation current at STC, and E is the bandgap energy of
the solar cell semiconductor. The remaining four parameters,
Iph, n, Ry, and Ry, in Equation (9) also depends on the
operating temperature and incident solar radiation [43].

The models of DFIG-based WECS and large-scale solar
PV system in DIgSILENT PowerFactory has been used
in this work. DIgSILENT PowerFactory is a well-known
and proven simulation software for both industrial and aca-
demic purposes and the models are accurate for practical
applications.

Ill. DEVELOPMENT OF THE QV-BASED SENSITIVITY
INDICES: CVSI AND CQSI
This section provides a fundamental overview of QV curve
analysis and the development of the proposed indices.

The QV curve indicates the variation and sensitivity of
a bus voltage with respect to the injected/absorbed reactive
power at that bus. The minimum point of the curve, where
dQ/dV = 0, is the critical point (V¢, Q¢) of voltage stability
for any specified bus. The critical voltage V¢, is the minimum
voltage below which voltage instability will occur while the
critical reactive power Qc, is the minimum amount of reac-
tive power required to maintain this voltage for the stable
operation of the grid. If Q¢ is negative, it implies that to
maintain the stable operation of the grid, this critical amount
of reactive power Q¢ must not be lost or absorbed at the
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specified bus so that the bus voltage does not fall below V.
If Q¢ is positive, then this value is the minimum amount of
reactive power required to be injected at the bus in order to
restore the power system from voltage collapse. This critical
amount of reactive power is also known as the reactive power
margin at the specified bus.

The two sensitivity indices, CVSI and CQSI are derived
from the QV curve analysis for an N-bus system. The CVSI,
denoted as Vs, and the CQSI, denoted as Qc¢s; can be
derived as follows:

Increase the renewable energy PL in steps from O to maxi-
mum PL. Set PL counteri = 1 : L and bus counterj =2 : N,
where L is the number of penetration levels being considered
and N is the total number of buses.

For each PL, obtain the corresponding percentage variation
in critical voltage level for each bus, which is:

Vesi () = [(Veay = Veap)/[Veap|] x 100% (1)

where V(1 j) is the critical voltage at base case (0% PL) for
bus j and V() is the critical voltage at the i PL for bus j.

Obtain the corresponding variation in reactive power for
each bus, which is:

Qcsi(i.)) = [(Qcijy — Ccajy)/|Qcapl] x 100%  (12)

where Qc(1j is the critical reactive power at base case (0%
PL) for bus j and Q¢ ) is the critical reactive power at i’ PL
for bus j.

Vesr and Qcsy at each PL are respectively, the percentage
variations in critical voltage and critical reactive power from
the base case values (0% PL). The bus with the most negative
Vs is identified as the bus with the highest fall in critical
voltage level and thus the least affected bus. On the other
hand, the bus with the most positive Vg is the bus with the
highest rise in critical voltage level as the renewable energy
PL increases. A Vs value of zero at any bus(es) signifies
that there is no variation in the critical voltages at such buses.
Furthermore, the bus with the most negative Qc¢sy is identified
as the bus that is most tolerant to loss of reactive power as
the penetration level (PL) of RE increases. However, the bus
with the most positive Qcs; value is the bus, which is most
intolerant to loss of reactive power as the PL increases.

The voltage instability criterion is thus established as
follows:

If the Qcsy value of any bus becomes greater than or equal
to 100% (Qcs; = 100%) at any penetration level, then the
system has reached a condition of voltage collapse at that
RE penetration level.

These indices measure the voltage instability sensitivities
of each bus to increase in RE penetration level. The anal-
ysis thus provides insights on the most optimal location of
large inductive loads or reactive power compensation devices
in order to prevent voltage collapse of the system as the
RE PL increases significantly.

Equations (11) and (12), which defines the proposed
indices and the established voltage instability criterion are
newly derived in this paper.
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TABLE 1. Ranking of IEEE 14-bus system load buses: Comparison of CQSI
with L-index and BPF. GENERATORS 13
@ ¢
Rank | Bus RPM Bus L-index | Bus BPF 1
1 Bus 14 68.19 Bus 14 0.222 Bus 14  0.122 10 B
2 Bus12  70.52 | Bus 12 0.194 Bus12 0.118
3 Bus13  83.21 | Bus13 0.138 Bus13 0.114 g 97 C
4 Bus 11 84.13 Bus 11 0.099 Bus11 0.112 — 8
5 Bus 10  89.52 | Bus 10 0.079 Bus 10 0.108 1 C 6 @ 7
6 Bus 9 100.46 | Bus 9 0.066 Bus 9 0.098
7 Bus 7 115.66 | Bus 7 0.049 Bus 7 0.078 5 - 4
8 Bus 4 222.23 | Bus4 0.037 Bus 4 0.024
9 Bus 5 232.43 | Bus 5 0.031 Bus 5 0.020 2

A basic validation of the accuracy of these QV-based
derived indices has been made by comparing the CQSI rank-
ing at base case PL, which is essentially the reactive power
margin (RPM) obtained from QV analysis with L-index [44]
and bus participation factor (BPF) of the minimum eigen-
value [45]. Table 1 depicts the ranking comparison of the
IEEE 14-bus system load buses from the least voltage-stable
(weakest) to the most voltage-stable (strongest) bus.

The performance of the developed indices are evaluated
with two power systems, namely, the IEEE 14-bus sys-
tem and the IEEE 39-bus New England system. The next
section therefore discusses the impact of increase in renew-
able energy penetration levels on the voltage instability
sensitivities of each bus of the power system using CVSI
and CQSL

IV. IEEE 14-BUS TEST SYSTEM CASE STUDY

Four different cases of RE integration are investigated for
the IEEE 14-bus system. In the first case, only DFIG-based
WECS is considered and is located at bus 14, which is
the weakest bus. In the second case, DFIG-based WECS is
located at bus 14 and solar PV at bus 12. In the third case, only
DFIG-based WECS is considered and is located at bus 2, with
the synchronous generator at bus 2 removed. In the fourth
case, DFIG-based WECS is located at bus 2 and solar PV at
bus 5. The single line diagram of the IEEE 14-bus test system
is depicted in Fig. 3 and the system data are detailed in [46].

A. CASE 1: DFIG-WECS ONLY LOCATED AT BUS 14

In this case, only DFIG-based WECS is located at bus 14.
The PL is increased in steps of SOMW from OMW (0%) PL
to 350MW (95.27%) PL. The bar chart of critical voltage
sensitivity index is displayed in Fig. 4a and 4b. Fig. 4a
shows the Vgr plot with respect to the percentage PL while
Fig. 4b depicts Vs with respect to the bus numbers. Both
charts in the figure show that as far as the critical volt-
age level is concerned, bus 2 is negatively sensitive at all
penetration levels while buses 4, 5, 9, and 14 are posi-
tively sensitive at all penetration levels, with bus 14 having
the overall highest positive Vcs; value. Buses 3, 6, 7 and
13 are effectively positively sensitive while buses 8, 10, 11
and 12 are effectively negatively sensitive to increase
in DFIG-WECS penetration at bus 14. This practically
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FIGURE 3. IEEE 14-bus network diagram.
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FIGURE 4. CVSI of non-slack buses at different penetration level for
case 1.

implies that with increase in DFIG-WECS, bus 14 has the
highest rise in critical voltage as the PL increases. On the
other hand, bus 2 is the most negatively sensitive bus, which
indicates that the critical voltage level at the bus continues to
drop as the PL increases.

The corresponding bar chart for the critical reactive power
sensitivity index is shown in Fig. 5a and 5b. The practical
significance of Qcsy is that it measures the intolerance of
a bus to loss of reactive power as the RE penetration level
increases. The more positive (negative) the Qcsy value for a
bus at a particular PL, the more (less) intolerant the bus is
to loss of reactive power at that bus. It can be observed from
Fig. 5b that the Qcs; for bus 2 becomes more positive as the
DFIG-WECS PL increases. However, the reactive power loss
intolerance of all the other buses reduces at first, and then
eventually increases at higher penetration levels. In particular,
bus 14 becomes significantly intolerant to loss of reactive
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FIGURE 6. CVSI of non-slack buses at different penetration level for
Case 2.

power at 68.74% and above. At 81.06% PL, the Qcs; of
bus 14 is greater than 100%, which indicates that voltage
collapse has occurred.

B. CASE 2: DFIG-BASED WECS LOCATED AT BUS 14 AND
SOLAR PV LOCATED AT BUS 12
In this case, we consider the integration of DFIG-based
WECS and PV system located at bus 14 and bus 12 respec-
tively. In this case, the RE PL is increased from OMW (0%)
PL to 303.23MW (99.97%) PL. The MW value of the maxi-
mum PL is as determined by the load flow.

Fig. 6 shows the bar chart of the CVSI for all the buses
at the specified PL. Fig. 6a shows the Vg plot with respect
to the percentage PL while Fig. 6b depicts Vg with respect

85406

Bus Number

. s s )5 [Ce 7 [s|—
e 10 1 12 [ 13 [ 14

o
S

I3
S}

&
3

Critical Reactive Power
Sensitivity Index (%)
o

. | |
55.09 71.65 86.69 99.19 99.97
Penetration Level (%)

(a)

I I
18.56 37.15

o
S

Penetration Level

I 18.56% [N 37.15% [155.09% [N 71.65%
[ 86.69% [99.19% [N 99.97%

I3
=)

&
IS}

Critical Reactive Power
Sensitivity Index (%)
o

5}
S

Bus Number

(b)

FIGURE 7. CQSlI of non-slack buses at different penetration level for
case 2.

to the bus numbers. The charts indicate that bus 2 is nega-
tively sensitive at all penetration levels in regard to critical
voltage level. Buses 6, 12, 13, and 14 are positively sensi-
tive at all penetration levels, with bus 12 having the overall
highest positive V¢g; value. Buses 3, 4, 7, 9 and 10 are
effectively positively sensitive while buses 5, 8, and 11 are
effectively negatively sensitive to increase in DFIG-WECS
and PV system penetration. This shows that with increase in
DFIG-WECS at bus 14 and PV system at bus 12, bus 12 has
the highest cumulative rise in critical voltage level as the RE
PL increases. On the other hand, bus 2 is the most negatively
sensitive bus, which indicates that it has the highest fall in
critical voltage level as the PL increases.

Fig. 7 shows the corresponding bar chart for the CQSI
of the buses at the specified PL. As observed from the fig-
ure, buses 6 and 13 have significantly negative Qcss at all
specified PLs, and this implies that the two buses are most
tolerant to loss of reactive power. Buses 12 and 14 have the
highest reactive power loss intolerance as indicated by their
Qcsr values. However, unlike in Case 1, Qc¢s;y of all buses is
less than 100% at all PL. This shows that the system does
not experience voltage collapse at any PL of the combined
DFIG-WECS and PV system.

C. CASE 3: ONLY DFIG-BASED WECS LOCATED AT BUS 2
This section presents the analysis of the third case when
DFIG-WECS is located at bus 2, which is the strongest bus
within the system. In this case, the RE PL is increased from
OMW (0%) PL to 270MW (99.86%) PL. The MW value of
this maximum PL is as determined by the load flow. The
following DFIG-WECS PL has been considered:

« No RE integration = 0% PL

o 50MW DFIG-WECS = 18.36% PL

o 100MW DFIG-WECS = 36.98% PL

VOLUME 8, 2020
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FIGURE 8. CVSI of non-slack buses at different penetration level for
case 3.

o 150MW DFIG-WECS = 55.67% PL
o 200MW DFIG-WECS = 74.28% PL
e 230MW DFIG-WECS = 85.33% PL
e 250MW DFIG-WECS = 92.63% PL
e 270MW DFIG-WECS = 99.86% PL

Fig. 8 shows the bar chart of the CVSI for all the buses
at the specified PL. Fig. 8a shows the Vg plot with respect
to the percentage PL while Fig. 8b depicts Vg; with respect
to the bus numbers. In this case, bus 3 has the highest rise
in critical voltage with increasing DFIG-WECS PL followed
by bus 2, which is the point of penetration and then bus 4.
All other buses are effectively negatively sensitive to increase
in DFIG-WECS PL at bus 2. This indicates that their critical
voltage levels fall with increasing PL and bus 8 has the highest
cumulative fall in critical voltage.

Fig. 9 shows the corresponding bar chart for the CQSI of
the buses at the specified PL. Although buses 3 and 2 have
the highest rise in critical voltage, however, their CQSI values
depicted in Fig. 9 indicate that they are most tolerant to loss
of reactive power. On the other hand, the figure shows that
buses 14 and 12 have the highest cumulative positive Qcsy,
which indicates that they are most intolerant to loss of reactive
power. For this case, the power system does not experience
voltage collapse at any DFIG-WECS PL since the Q¢sy of all
buses is less than 100% at all PL.

D. CASE 4: DFIG-BASED WECS LOCATED AT BUS 2 AND
SOLAR PV LOCATED AT BUS 5

This section presents the analysis of the fourth case when
DFIG-WECS is located at bus 2 and PV system at bus 5,
which are the strongest buses within the system. In this case,
the RE PL is increased from OMW (0%) PL to 265.61MW
(100%) PL. The MW value of this maximum PL is as deter-
mined by the load flow.
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FIGURE 10. CVSI of non-slack buses at different penetration level for
case 4.

Fig. 10 shows the bar chart of the CVSI for all the buses at
the specified PL. Fig. 10a shows the Vgy plot with respect to
the percentage PL while Fig. 10b depicts Vs with respect
to the bus numbers. In this case also, bus 3 has the highest rise
in critical voltage as the RE penetration increases followed
by bus 5, which is the point of PV system penetration and
then bus 4. Buses 6, 7, 9 and 10 are critical voltage-invariant
at most of the specified PLs. In general, the CVSI of the
buses in this case are relatively insignificant compared to
cases 1, 2 and 3. The highest rise in critical voltage in this
case i8 6.22% recorded for bus 3 at 18.26%, 86.62%, 94.10%,
and 100% penetration levels, while the highest fall in critical
voltage is —5.85% recorded for bus 12 at 100% PL. These
show that the critical voltage levels of the buses are relatively
more stable than in the first three cases.

85407



IEEE Access

B. B. Adetokun et al.: Reactive Power-Voltage-Based Voltage Instability Sensitivity Indices for Power Grid

Bus Number

20 N N B [ 5 e 7 sl
5 —~ o 10 B [ 12 (s 14
S
g
3
[0
Z 2
® >
&=
T 2.
S5
= w
(&)

.60 I L I L L I L
18.36 37.23 56.11 75.31 86.62 94.1 100

Penetration Level (%)

(a)

20 T T T

s
23

=
3
o ox 0
[0
Z 2
S 2 20
=
D_: = Penetration Level
S 2 -40 I 18.36% [ 37.23% [156.11%
E=2] I 75.31% [ 86.62% [ 94.10%
Sl ot | 0%

2 3 4 5 6 7 8 9 10 " 12 13 14
Bus Number
(b)

FIGURE 11. CQSI of non-slack buses at different penetration level for
case 4.

Fig. 11 shows the corresponding bar chart for the CQSI
of the non-slack buses at the specified PL. In this case, the
figure reveals that the CQSI values of all buses are nega-
tive from 37.23% PL onward. This shows that all the buses
become increasingly tolerant to loss of reactive power as the
renewable energy PL increases. As observed from the figure,
buses 5, 4, 3 and 2 are most tolerant to loss of reactive power
as indicated by their CQSI values. Thus, these buses can
accommodate larger reactive loads compared to other buses.
It can also be noted that in this case the power system is far
from experiencing voltage collapse at any PL since the Qcsy
of all buses is significantly less than 100% at all PL.

V. IEEE 39-BUS NEW ENGLAND SYSTEM CASE STUDY

In this section, IEEE 39-bus New England Test System is the
case study system. IEEE 39-bus New England Test System
comprises 10 generators, 19 loads, 12 tie-line buses (inter-
connecting buses), 34 transmission lines and 12 transformers.
The single line diagram of the system is shown in Fig. 12.
Detailed data of the system are specified in [47]. In this
case, the conventional generator sources are replaced with
DFIG-based WECS and PV system in succession.

Fig. 13 shows the bar chart of the CVSI for all the non-slack
buses at the specified PL. Buses 1, 2, 9, 18 and 25 have the
highest cumulative rise in critical voltage as the PL increases.
However, the critical voltage levels of buses 28 and 29 are
least affected by increase in RE penetration level.

The corresponding bar chart of the CQSI for the non-slack
buses of the IEEE 39-bus system at the specified PL is
depicted in Fig. 14. The figure shows that the CQSI values
of all the buses are below 100% until at 89.27% PL when
the CQSI of bus 32 increased to about 118%. This indicates
that the system experiences voltage collapse at 89.27% and
bus 32 is the most intolerant bus to loss of reactive power
followed by buses 34 and 33. It can also be observed from
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FIGURE 14. CQSI of non-slack buses at different penetration level for
IEEE 39-bus New England system.

the figure that the CQSI values of all buses becomes more
positive as the PL increases. This indicates that all the buses
become increasingly intolerant to loss of reactive power as
the renewable energy PL increases.

VI. CONCLUSION

A QV-based approach to determine the voltage instability
sensitivities of power system buses to increase in renewable
energy penetration level has been developed and discussed in
this paper. This paper can be summarised as follows:
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