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ABSTRACT
With rising global energy demand, transmission lines are operated at their limits, causing electrical grids to operate
under extreme voltage instability conditions. To meet the increased load-demand and the forced tendency across the
globe of tilting towards even more renewable generation, solar and wind farms are integrated with increased size and
capacity. These uncontrolled natural power injection again may affect the system’s voltage stability. To avoid blackouts
and to achieve the maximum voltage stability of power systems, operators need to do effective real-time grid monitoring
and control at load terminals. Load models are important in the analysis of voltage stability, and accurate load models
are useful in analysing the voltage stability conditions. Phasor-measurement-unit (PMU) based wide-area monitoring
and smart-automation is an innovative technology for measuring load voltage magnitude, phase angle, and frequency
variations in a DFIG integrated large wind power system. This research paper focuses on estimating the real-time voltage
stability through the use of linear, nonlinear, and dynamic load models in presence of a DFIG based wind-farm in
WSCC three-machine nine-bus power network using PMU data. This study is carried out using MATLAB-Simulink
software.
Keywords: WAMS; PMU; Voltage stability monitoring; Load modeling; DFIG integration.

INTRODUCTION
The voltage stability monitoring and analysis is the most signiﬁcant function of a smart-grid operator to avoid
the grid stress. The principal reasons for voltage instability are commonly, intermittent nature of power injection from
a source of stochastic in nature, a sudden change or loss-of-load (LOL) in a particular location; or line tripping (LT)
in a transmission system or some protective devices failure, etc. During a contingency, the network will experience
voltage deviation, which may lead to total voltage collapse. The issue of voltage stabilization becomes critical with
variation in different types of loads. Over the last few years, load modelling has become the most imperative aspect of
power grid performance to withstand static and dynamic voltage ﬂuctuations. Most commonly connected power
system loads are linear, nonlinear, and dynamic in nature. It is essential to detect the vulnerable bus to take corrective
action, empower the operator, and improve situational awareness (Biswas and Srivastava 2013).
Global positioning system (GPS) communication-based architecture is used for online tracking and regulation
of a smart grid (Mahmoud and Barzegaran 2015). These measurements are more precise, synchronized with a positive
sequence of voltage and current, phase angle, frequency, and rate-of-change of frequency (ROC-OF) with one microsecond
accuracy (Goh et al. 2014). It can assess online voltage stability and provide alarms to grid operators, and thereby
allowing them to take corrective action such as load shedding or automated restoration functions. The wide-area
monitoring system is connected to power-generating units, substations and power grid control centers through a highly
secure communication network. Using this new communication network, the grid operator can receive early indications
of voltage error, or loss, and see the output waveform to look for whether the voltage limit is exceeded or not (Li,
Bose, and Venkatasubramanian 2016).

258

WAMS Based Real-time Voltage Stability Monitoring for Various Load Models in the presence of a DFIG Integrated Wind Farm

The primary goal of this study is to create a novel measurement environment with time stamping measurements
by using Synchrophasor aided technology; and assessing the effect of voltage ﬂuctuations on static and dynamic load
models for a power network incorporated with DFIG integrated wind-farm. Result shows the path through various load
models to identify the weak buses and healthy buses. A new 'measurement-based approach' has used on the real-time
PMU data samples to evaluate voltage stability condition. This article's novelty is that it introduces a technique for
evaluating critical loads, weak buses, and load parameter values focused on their inﬂuence on the voltage-stability of
the power systems. These simulation ﬁndings are very useful for the deployment of real-time wide-area monitoring
and smart automation technology with renewable energy sources integration. We have divided this research into four
major sections for simple demonstration. Section I discusses the functionality and communication network overview
of the real time Wide Area Monitoring System (WAMS). Section II discusses the modelling and connection of a
DFIG-integrated wind-farm (DFIG-WF) to the 230kV utility bus via a transformer. Section III discusses the load
modeling and execution approach, as well as the ﬂowchart of the measurement-based load modeling (MBLM) technique
and the identiﬁed approach for dynamic-load model (DLM) processing. Section IV discusses WAMS based real-time
voltage stability monitoring on linear, nonlinear and dynamic load models in the presence of DFIG integrated wind
farm.

REAL-TIME WIDE AREA MONITORING SYSTEM USING PMU TECHNOLOGY
Power engineers are now prioritizing the use of measurement instruments with advanced detection and protection
technology. Consequently, the practice of wide-area monitoring technology in today's electrical grid is becoming
increasingly important. WAMS combines the roles of both traditional and new metering instruments with the functionality
of communication networks to track, monitor, and regulate power networks across a large geographical area. A receiver
circuit and an antenna generate 1PPS synchronized waveform in the GPS device.
Figure 1. shows the location of PMUs in speciﬁed load areas, such as industry, farming, and residential areas, in real
time using the Synchrophasor based WAMS Technology.

Figure 1. Synchrophasor technology-based
online wide-area tracking system
(Chintakindi and Mitra 2020).
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Figure 2. The multi-machine electricity
network was being integrated with the 100
MW DFIG rated wind farm.

DOUBLY FED INDUCTION GENERATOR BASED WIND FARM
In recent years, the amount of wind-power-penetration (WPP) has increased signiﬁcantly. DFIGs have been
used as a wind generator in most of the wind farms. A number of methods in relation to the DFIG reactive-power
functionality curve have been developed in (Engelhardt, S., Erlich, I., Feltes 2011), making it crucial as one of the major
factor in relation to voltage stability lies with the amount of reactive-power exchange with the power grid. The DFIG
reactive power capability using rotor-side-converters (RSC) and grid-side-converters (GSC) was examined in (Kayikci,
M., Milanovic 2007). A dual-circuit line and a transformer are used to connect a DFIG to the system load bus (Kling,
n.d. 2004). The DFIG-connected grid is depicted in detail in Figure 2. It shows how a transformer is used to link a
DFIG-WF to a 230kV utility bus. The wind-turbine (WT) is coupled to the DFIG via a gearbox with a gearbox ratio
ns. Here, Ps and Qs denote the active and reactive-power ﬂows through the machine stator winding and Pr and Qr are
transmitted through the rotor. The drive train model of the wind farm along with the mathematical representation of
the DFIG can be found in (Mitra and Chatterjee 2016).
The total actual and reactive-power exchanged by DFIG with the power network can be calculated as follows:
Ptot=Ps+Pr=Vds ids+Vqs iqs+Vdr idr+Vqr iqr

(1)

Qtot=Qs+QGSC=Vqs ids-Vds iqs

(2)

Where Vqs, Vds & Vqr,Vdr stand for q-axis, and d-axis voltage levels of the stator and rotor, respectively. iqs,
ids & iqr,idr stand for q-axis, and d-axis current levels of the stator and rotor circuit respectively. QGSC stands for reactive
power through GSC. The DFIG's stator is coupled to the power-grid directly, whereas the rotor is coupled to the
power-grid through an AC/DC/AC converter. The wind-speed is kept at 15 m/s, which is the rated speed. The rotor rated
speed for 1 p.u. active power generation is 1.2 p.u. The reactive-power generated by the DFIG is considered as zero.

EXECUTION OF LOAD MODELING CONCEPT
PMU-assisted load modeling (LM) has recently been recognized as an signiﬁcant aspect of power systems
modeling (Price W, Chiang H-D, Clark-H, Concordia C, Lee-D, Hsu J, Ihara S, King-C, Lin-C and Y. 1993). Adequate
speciﬁc load-models (LMs) are critical to avoid the grid collapsing and fragmenting during ﬂuctuations. To accurately
test the behaviour of the transmission system and provide directions for post-fault operations, a detailed implementation
of LMs in the modern power-system is required (Milanovic JV, Gaikwad-A, Borghetti A, Djokic-SZ, Dong-ZY, Andrew-
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Halley, Villanueva SN, Ma J, Pourbeik P, Resende F, Sterpu S, Villella F, Yamashita K, Auer O, and K,
Kosterev D, Leung SK, Mtolo D, Zali SM, Collin A 2014). Load modelling has many advantages, such as, voltage-dependent energy consumption; active and reactive-power demand estimation for individual buses; controlling the
magnitude of the load bus, reducing losses, and improving the voltage proﬁle are all things that can be done. Load
models show that the load characteristics are the algebraic functions of the magnitude of voltage, frequency of the
bus, and the power consumed; as shown in (3).

Here, V0, f0, P0, Q0, are the primary state voltage, frequency, active and reactive power.
A static model displays the features of the load at a certain moment as algebraic-functions of both the frequency
and voltage magnitude of the bus. Its parameters are deﬁned in (4) (Arif et al. 2017).

The voltage and frequency sensitivity variables of the model are kpv, kqv, kpf, kqf. The power varies
explicitly with its voltage magnitude in constant current load models.

Changes in voltage magnitude have no effect on the output power of a constant-power load.

The polynomial load pattern deﬁnes the polynomial association of the power and voltage spectrum as a static
load conﬁguration. The ZIP model, comprises constant-impedance component (Z), constant-current component (I), and
constant-power component (P). The voltage-based form of the polynomial-load model can be found in (Yue Zhu 2020)(C W Taylor; Electric Power Research Institute - EPRI. (1993). As shown in (8) and (9), the power of a constant-impedance load is proportional to square of a bus voltage level, whereas the power of a constant-current load is directly
proportional to the amount of bus voltage.

Where, V0 and P0 are the initial or nominal values of voltage and power for the system. The polynomial
coefﬁcients of load must satisfy the conditions as shown in (10) and (11).
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The variables q1, and p1 represent the percentage of Z; q2, and p2 denote the percentage of I; and q3 and p3
denote the P percentage of the total load combination. The sum of these parameters (p1, p2, p3, and q1, q2, q3) must
be individually equal to 1. Figure 3 shows the role of reducing the two-bus network for ZIP loads for the network with
̅
̅
a 2 bus constant-power load elements. Here, E=E
00 and V=V
θ. The (I̅L ) and (Z̅ L ) load elements are speciﬁed, in
a ZIP load concept (Borka Milˇosevic 2003). The static-exponential-load (SEL) pattern is among the most widely
used load conﬁgurations in recent times (Yue Zhu 2020). This loading pattern is an exponential function, as shown in
(12), which deﬁnes the power relation to voltage.

Here, P is the load point active power, and Q is the reactive power, np and nq are model's variables. The dynamic
load model illustrates how the load operates, in which real and reactive-power rely on frequency, voltage, which are
vary with time. The dynamic-load conﬁgurations include the composite loading pattern, exponential-dynamic, and
dynamic induction-motor. An exponential dynamic-load approach is suggested in (S. S. Biswas, C. B. Vellaithurai 2013),
which shows it as a collection of non-linear equations, as in (13).

Where, Tp is the time constant for real-power recovery, Pr is the restoration of actual power, P0 is the primary
actual-power ﬂow before the voltage-change, V0 is the primary voltage level, αs is the steady state active-power
voltage exponent. αt is the transitory active-power voltage exponent, and PL is utilization of active-power.

Tq the time constant for reactive-power recovery; Qr is restoration of reactive-power; Q0 is primary power reactiveﬂow before voltage change; βs is a steady state reactive-power voltage exponent; βt is transitory reactive-power
voltage exponent; and QL is utilization of reactive-power. Figure 4 shows the exponential dynamic-load conﬁguration
performance. It shows the structure of the reaction after a voltage condition and the physical signiﬁcance of the
variables. In (Tomiyama-K, Ueoka S, Takano-T, Iyoda I, Matsuno-K, Temma K. 2003), it is shown that after a small
voltage variation in the induction motor operation, the model accurately describes the long-term load impacts. Figure 5
shows the measurement-based load modeling technique in a ﬂowchart form. It is useful for determining the load
module's voltage deviation, active, and reactive-power streams in the grid. This method can be used to test and evaluate
the real loads. The power grid is looking into new options or better load models to counteract the vulnerabilities. Figure 6
shows the processing schematic diagram for the dynamical load model in a ﬂowchart form. The load shift will lead
to a change in the power source frequency, with the induction motor and frequency-dependent power electronic circuits.
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Dynamic-load conﬁguration has been used for risk reduction, reliability, and quality enhancement (Rahman 2013).

VOLTAGE STABILITY MONITORING IN THE PRESECE OF A DFIG INTEGRATED
WIND FARM
Voltage instability will occur if any one of the load unexpectedly rises in the highly loaded network, which
results in the abrupt decrease of grid voltage. To avoid this, smart grid engineers and service providers must always
operate the grid in a sufﬁcient distance away from the voltage-stability boundary. PMUs are used t measure real-time
voltage deviations on various load and generator terminals (Goh et al. 2014). Figure 7 displays a three-machine
nine-bus power-grid diagram (Chatterjee, n.d. 2012). Wind farm is normally located in an area with plenty of wind
speed. In the 9-bus system, it could be integrated into one of the three load buses. In the ﬁgure, bus 7 has considered
as the point of connection of windfarm. Here, a 100 MW wind power plant is considered, involving of sixty-seven
1.5 MW wind-turbines (WTs). To meet the additional load demand, we integrated the DFIG based wind farm with
the existing system. The wind farm's output was adjusted to match the additional load connected to the network.
Because both the additional load and the wind farm are connected to the same bus, there was no change in the power
network's steady-state load-ﬂow after the wind farm was integrated (Mitra and Chatterjee 2016). Figure 8 and 9 show
the output voltage and power waveforms of the 100 MW DFIG when connected to bus 8. PMUs monitor online voltage
phasors. The per unit value of the voltage at bus 8 is almost unity (as it was after the integration of wind-farm), and
the real power generation by the wind-farm was recorded at 100 MW, as can be seen from the Figures 8 and 9.

Figure 7. Proposed online diagram for a nine-bus power grid with DFIG-based wind farm integration at bus 8.

Figure 8. Waveforms of 100 MW DFIG output voltage which were integrated at bus 8
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Figure 9. Waveforms of 100 MW DFIG output power which were integrated at bus 8.
Real-time Voltage Stability Monitoring on Linear Load Model with DFIG Integration
Normally in power transmission system, steady state voltage limit is considered between 0.95 – 1.05 pu. There
is no recommendations required, if the magnitude of the voltage is between 0.95 and 1.05 pu. There will be an
indication through an alarm whenever the voltage of the monitored bus exceeds the speciﬁed limit. Tables 1, 2, and
3 show the measured voltage, current magnitudes, and phase angles for a linear load model at bus 5, 6, and 8.
Table 1. Identiﬁed voltage, current magnitudes, and phase angles for a
Linear load model at bus 5
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Table 2. Identiﬁed voltage, current magnitudes, and phase angles for a
Linear load model at bus 6

Table 3. Identiﬁed voltage, current magnitudes, and phase angles for a
Linear load model at bus 8

By using time stamping technology on linear load model, PMU identiﬁed that, 125 MW, 50 MVar rated load bus
5 has less voltage magnitude than that of the load buses 6 and 8. Correspondingly, Figure 10 depicts the magnitude of
the identiﬁed low voltage at bus 5.
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Figure 10. The voltage magnitude of a PMU data on the linear load at bus 5.
Real-time Voltage Stability Monitoring on Non-Linear Load Model with DFIG Integration
The Universal-Bridge is the basic building block of a dual-level voltage-source-converters (VSC) (Sadamoto et
al., 2018), which is used as a nonlinear load model. The Universal Bridge block simulates converters can use both
line-commutated (and naturally commutated) and forced-commutated semi-conductor devices (GTO, IGBT, MOSFET).
Tables 4, 5, and 6 show the measured voltage, current magnitudes, and phase angles for a nonlinear load model on
bus 5, 6, and 8.
Table 4. Identiﬁed voltage, current magnitudes, and phase angles for a
Nonlinear load model at bus 5
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Table 5. Identiﬁed voltage, current magnitudes, and phase angles for a
Nonlinear load model at bus 6

Table 6. Identiﬁed voltage, current magnitudes, and phase angles for a
Nonlinear load model at bus 8
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By using time stamping technology on nonlinear load model, PMU identiﬁed that, 90 MW, 30 MVar rated load
bus 8 has less voltage magnitude than that of the load buses 5 and 6. Correspondingly, Figure 11 depicts the magnitude
of the identiﬁed low voltage at bus 8. The key cause of voltage degradation is the poor reactive-power supply. It is
because of rapid change in the network components to divert power streams and/or the increasing rise in energy demand
in a way where certain buses' VAR needs cannot fulﬁlled locally. Although the steady-state voltage volatility, primarily
for progressive VAR deﬁciency, can control by the network operators' and utilities' timely operation.

Real-time Voltage Stability Monitoring on Dynamic Load Model with DFIG Integration
The three-phase dynamic-load-block executes 3-Φ, 3-wire dynamical load, whose P and Q change in relation
with positive-sequence voltage. Zero and negative-sequence currents need not to be simulated. As a result, the three
load currents are equally distributed. The load-impedance is kept constant if the terminal voltage (Vt) of the load is
less than the minimum rated value (Vmin). This section explores the effect on the voltage stability cases of a 3-phase
induction motor based on load modeling. All these dynamic-load models being integrated on base-power (VA 3 phase)
are 100 MVA and the rated voltage level is 230 kV. Tables 7, 8, and 9 show the measured voltage, current magnitudes,
and phase angles for a dynamic load model at bus 5, 6, and 8.
Table 7. Identiﬁed voltage, current magnitudes, and phase angles for a
Dynamic load model at bus 5
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Table 8. Identiﬁed voltage, current magnitudes, and phase angles for a
Dynamic load model at bus 6

Table 9. Identiﬁed voltage, current magnitudes, and phase angles for a
Dynamic load model at bus 8

Figure. 12. The voltage magnitude of a PMU data on the dynamic load at bus 5.
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Figure 12 represents the magnitude of identiﬁed low voltage on the bus 5. By using time stamping technology
on dynamic load model, Synchophasor identiﬁed that, 125 MW, 50 MVar rated load bus 5 has less voltage magnitude
than other load buses 6 and 8. Similarly, Figure 14 depicts the magnitude of the identiﬁed low voltage at bus 8.
Bus Ranking for Weak Bus Identiﬁcation
Operators always maintain the voltage within deﬁned levels (Kundur-P, Paserba-J, Ajjarapu-V, Andersson
G, Bose-A, Canizares C, Hatziargyriou-N and Stankovic-A, Taylor-C, Van Cutsem-T 2004). The power system's inability
to meet reactive-power demand in the overloaded network while keeping the voltage within the allowable range causes
voltage instability. Figure 13 illustrates the magnitude of voltage variation on a linear load model for load buses 5, 6,
and 8. On a linear load model, Synchrophasor time stampings technology was used to test 5 series of samples of different
voltage magnitudes. According to PMU data, bus 6 has a voltage magnitude of nearly 0.985 pu, bus 8 has a voltage
magnitude of less than 0.98 pu, and bus 5 has magnitude of voltage less than 0.965 pu. The bus 5 is most critical, and
bus 6 is the most stable according to the PMU’s recordings. As a result, additional incremental load on bus 5 is not
recommended, while bus 6 is recommended for additional load or a distributed power generation alternative.
Figure 14 illustrates the magnitude of voltage variation on a nonlinear load model for load buses 5, 6, and 8.
On a nonlinear load model, we also tested 5 series of samples of different voltage magnitudes. According to Synchrophasor
data, bus 6 has a voltage magnitude of approximately 0.96 pu, bus 5 has a voltage magnitude of less than 0.94 pu, and
bus 8 has a voltage magnitude nearly 0.9 pu. So, bus 8 is most critical, and bus 6 is the most stable, according to the
Synchrophasor recordings. As a result, additional incremental load on bus 8 is not recommended, while bus 6 is
recommended for additional load or a distributed power generation alternative.
Figure 15 illustrates the magnitude of voltage variation on a dynamic load model for load buses 5, 6, and 8.
On a dynamic load model, Synchrophasor time stampings technology was used similarly to test 5 series of samples.
According to PMU data, bus 6 has a voltage magnitude of nearly 0.97 pu, bus 8 has a voltage magnitude of less than
0.97 pu, and bus 5 is having a voltage magnitude which is found to be less than 0.95 pu. Therefore, bus 5 can be
considered as most critical, and bus 6 is the most stable and healthy, according to the PMU’s recordings. As a result,
additional incremental load on bus 5 is not recommended, while bus 6 is recommended for additional load or a
distributed power generation alternative.

Figure. 13. Voltage magnitude variation on linear load-model on load buses 5, 6, 8.
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Figure. 14. Voltage magnitude variation on non-linear load-model on load buses 5, 6, 8.

Figure. 15. Voltage magnitude variation on dynamic load-model on load buses 5, 6, 8.
In addition, when testing linear and dynamic load models, load bus 5 is more vulnerable than load bus 8. But
the DFIG-based wind farm is integrated at bus 8, though it is observed that bus 8 is more critical than load buses 5 and
6 in nonlinear load model testing. It requires more situational awareness on bus 5 for the operator under real-time
wide-area monitoring. The load positions away from the generators seem more signiﬁcant. The transmission lines are
responsible for some losses and the power can be consumed through the other interlinked load terminals. This loss of
power on such generator buses would contribute to voltage declines on those buses, reducing the voltage stability of
the system. This study gives the ﬁrst way to detect vulnerable buses in a power system network. With each load variation
used in the study, an alternative method is presented and examined for measuring the voltage stability using PMUs. This
similarity analysis has identiﬁed the strained state of the transmission lines and established the vulnerable areas
susceptible to failure according to the voltage-stability.

CONCLUSION

In the presence of a DFIG-based wind farm, steady-state voltage stability analysis on linear, non-linear, and
dynamic load models using a PMU-based real-time WAMS technology is performed. In real-time loading scenarios,
the voltage magnitude, phase angle, and frequency proﬁles were recorded. A novel measurement-based approach has
demonstrated with the help of ﬂowcharts for load modeling and voltage stability analysis. In the electrical power grid
monitoring, this comparative analysis can forecast voltage failure, from the steady state condition of the transmission
lines. It is determining the vulnerable bus areas susceptible to voltage collapse based on the ranking of load buses on
various load models. These results are highly accurate because of the use of PMU data analytics. This investigation
is useful for determining the most effective countermeasures to voltage instability, and proper planning can be organised
based on system capacity to prevent voltage collapse.
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This study also enables the network operators to schedule production re-dispatch instructions in order to avoid
load curtailments. Recommendations for FACTS, or other reactive power compensating devices can mount in the
weakest regions of the system. In the long-run, the ﬁndings of this study could be useful for a variety of other stabilityrelated issues, such as verifying real-time voltage stability, reactive power injection, and voltage restoration.
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