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Abstract: The global climate protection policy aimed at achieving a zero greenhouse gas emissions
target has led to the fast incorporation of large-scale photovoltaics into the power network. The
conventional AC grid was not modeled to be incorporated with large-scale non-synchronous inverter-
based energy resources (IBR). Incorporating inertia-free IBR into the grid leads to technical issues
such as the degradation of system strength and inertia, therefore affecting the safety and reliability of
the electrical power system. This research introduced a new solution to incorporate a flywheel in the
rotor of a synchronous machine to improve the dynamic inertia control during a system disruption
and to maintain the constancy of the system. The objective of this work is to enhance large-scale
photovoltaic systems in such a way that they can avoid failures during a fault. A model of transient
constancy with two synchronous generators and a LSPV is established in PowerWorld modeling
software. A line-to-ground and three-phase fault are simulated in a system with up to 50% IBR
penetration. The outcomes showed that the power network was able to ride through faults (RTFs)
and that the stability of frequency and voltage are enhanced because of a flywheel that improved
grid inertia and strength.

Keywords: flywheel; inertia; inverter-based energy resources; PV; synchronous machine

1. Introduction

Climate variation has become a focus of scientific debate, and researchers have verified
beyond appropriate doubt that greenhouse gasses like CO2 released from coal power plants
and further industrial practices cause climate revolution. The “Paris Contract” put forward
a number of strategies, including the decommissioning of thermal power plants and their
replacement with renewable energy sources (RES), e.g., photovoltaics and wind. Renewable
energies (RE) have the benefit of being non-polluting and clean. The large-scale growth of
renewable energy is increasingly appreciated for environmental reasons, but the increasing
penetration of RES causes instability in power systems because of their unreliability [1–8].
In particular, the total amount of inertia reduces once the inverter-based resources (IBRs)
replace huge amounts of energy generation from synchronous generators. Hence, the
incorporation of inverter-based energy resources into the conventional power structure
is a favorable technology for environmental de-carbonization [9–12]. There is a rising
global demand for renewable energy, with countries like Japan and India expecting a
“green grid” in the near future, while no timeline has been set [10]. Australia is also a
leader in integrating renewables into the grid. Statistics indicate that Australia has a net
renewable grid penetration of 32.5%. Japan, China, and Australia are considering a goal
of zero emissions by 2050 or 2060 [13–15]. The enhanced integration of IBR substitutes
conventional synchronous machines [16,17], but, in contrast, it brings with it operational
and technical challenges.

Electrical system stability includes maintaining inertia and strength of the electri-
cal system, hence stabilizing the voltage, frequency, and rotor angle to keep the ma-
chine in synchronism. Before the advent of large scale IBR, system inertia was never
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a technical issue, as the power grid was dominated by synchronous generators all the
time [9,18–21]. The increasing inclusion of IBRs, for example, PV and wind farms, is
degrading system inertia and strength. PV assets require minimum system inertia for
frequency control, and further auxiliary tools, such as synchronous condensers, etc., are
essential to provide inertia in a system with large penetration of PV [9]. An LSPV closer
linked to synchronous machines damages system strength more than an IBR remotely
connected from synchronous machines [12]. The AC grid network was not ever modeled
to be linked to the non-synchronous generator by virtual inertia. The practical performance
of an electrical network with a generation fusion is not completely understood. Investiga-
tions are ongoing in the academic world and in industry to establish schemes by which
to enhance the operation of a power grid led by inverter-based power sources [10]. The
aim of this study is to propose a way that allows the large-scale integration of photovoltaic
energy into the grid without sacrificing the strength and inertia of the system.

During a power network disturbance, e.g., a 3-φ or a L-G fault, the characteristic
that assesses the stability, i.e., dynamics of the system frequency, is the frequency change
rate (RoCoF) [22]. IBRs have virtual inertia and, therefore, poorer frequency control than
conventional synchronous machines. During abrupt photovoltaic generation connections,
when the proportion of constant power to impedance load is greater, rotor uncertainty has
been detected, which too affected the constancy of frequency [23,24]. Grid disturbances
are characterized by voltage dips in the system. The generators maintain synchronism,
and are capable of riding through low voltage situations (LVRT) [25–28]. Conventional
synchronous generators attain voltage stabilization, either by injecting reactive power
through the excitation control system or by absorbing it. In contrast, LSPV functions either
in P mode, in which the inverter works at unity PF to deliver active power to the grid, or
switches to Q mode, to supply or absorb reactive power (MVAR) for voltage stabilization
in the event of system instabilities. In both modes, there is a deficit of MW or MVAR,
depending on the mode of operation [17]. Therefore, it is necessary to integrate other active
and reactive energy sources to supplement PV energy resources to retain system stability.
Several researchers have studied hybrid technologies integrating LSPV with STATCOMS,
synchronous condensers, SVCs, and super-capacitors to improve voltage in both transient
and steady-state situations.

E Yan et al. presented a PV frequency control scheme built on the exterior features of
PV production [22]. Although this research is effective for steady state situations, it does
not account for the ability of PV to attain frequency constancy during system disruption,
and thus, has limitations. The ability of BESS to enhance the inertia of the system and
lessen the RoCoF has been discussed in [29]. Most authors recognize that PV may cause
system instability with increased PV penetration. The article does not cover a case study
to compute at what fraction infiltration instability occurs [30]. He et al. simulated a
photovoltaic inverter in transient situations in MATLAB [17], and clearly showed that a
PV inverter, unlike a synchronous generator, does not have the ability to independently
control active and reactive power during a fault [17]. Based on the mathematical model
and control system utilized in [31], integrating STACOM into a grid will enhance the
stability of voltage in a power system led by photovoltaic energy resources. STATCOM
moderately helps to dampen frequency oscillations in the course of a disturbance; however,
it cannot diminish RoCoF to attain stability of frequency, as it depends on virtual inertia
for the control of frequency. Synchronous condenser integration into an electrical grid that
is using renewable energy mix sources or the generation units of an AC system, which
are not strong enough, can be a communal choice. This idea is extensively utilized via
transmission corporations to deliver inertia and quick reactions to voltage constancy during
a system disruption [21]. There have been studies related to the viability of the effects of
a synchronous condenser, which can be equipped with a quick reply control system to
improve power system quality in transmission lines. Scientists have utilized the technique
created via synchronization and damping torques [32]. However, it has limits of low
efficiency, capacity, and thermal performance, as discussed in [21,22]. The literature is
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lacking in the sense that no solution has been given that may deal with the two major
fundamental parameters of system stability; i.e., inertia and the strength of the system. In
this research, a new technique is proposed by which to optimize the operation and stability
of electrical systems in a network led by inverter-controlled renewable energy resources,
such as wind and photovoltaic farms.

The proposed method is the integration of a flywheel on the shaft of a coal-excited
decommissioned synchronous generator. The proposed method is considerably greater
compared to synchronous condensers [22], as it delivers transient and steady-state support
of voltage; high and low voltage value adjustment through capability; and dynamic inertia
reimbursement. Table 1 presents a summary of techniques recognized in the literature
review to increase grid optimization.

Table 1. Main features comparison for existing techniques available in the literature and this paper.

Ref. Techniques
Parameters to be Controlled

Comments
Inertia Increase Inertia Range System Strength Voltage Frequency

[17] Synchronous
Condenser Yes Fixed Yes Yes Yes

Extensive,
narrow,
control

range-Rotor
Only

[19] SVC No No No Yes No

[19] STATCOM No No No Yes No

[25] Batteries No No Yes Yes Limited
Capability

[26] Inverters Virtual
Inertia No Yes (Limited) Yes No

This
Paper

Synchronous
Machine

With
Flywheel

Yes Yes-Wide Range Yes Yes Yes

Cheap Use
existing in-
frastructure

dynamic
range: Rotor
+ Flywheel

The following are the main contributions of the research:

• Retrofit current synchronous generators to be decommissioned with a flywheel to
enhance system inertia and strength using a prevailing excitation control circuit for
voltage regulation. The device works as an unloaded synchronous motor deprived
of the governor and load detached. In transient situations, the synchronous motor
operates like a generator to supply a fault current, using the kinetic energy kept in the
flywheel.

• Modeling of the synchronous-type machine with the integration of flywheel for a
power grid led by photovoltaic energy at a large scale, and thus, to improve the fault
riding through the system.

• Enhance power grid security and the dependability of supply.
• Software simulation is performed in PowerWorld software to attain the results of a

flywheel integration into a synchronous machine to increase system fault ride and
inertia through of the system. Then the results are compared to the IEE1547 standard
to validate network code compliance.

This paper is presented as follows. Section 2 defines the proposed methodology, PV
Inverter Grid Code Compliance (IEE1547), flywheel shaft torque analysis, model data
input, as well as the software model configuration and validation. Section 3 describes the
simulation results and analysis of case studies included at changeable levels of photovoltaic
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infiltration and control of PV inverters in the grid fault noted with no flywheel and with
aflywheel. Finally, Section 4 presents the conclusion.

2. Methodology and Research Design

This section describes the design of the current research used to attain the proposed
goals and objectives. It also explains in detail how the conversation of energy among
the synchronous motor equipped by the flywheel and the power system improves the
constancy of the system. The following are the model assumptions adopted in this study:

• The load impedances have an insignificant influence on fault impedance as they are
short-circuited in a fault.

• The impedance of the source is not accessible, and, in the worst scenarios, entire
generators, lines, and transformers are supposed to be operational to produce extreme
fault levels.

• A driving voltage of 1.1 per unit behind an impedance of sub-transient is expected to
produce an extreme fault level to provide adequate system strength.

Figure 1 summarizes the methodology that is utilized in the research:
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2.1. PV Inverter Grid Code Compliance (IEE1547)

The high penetration of RES into the conventional power grid is a major task, and
utility companies prefer PV inverters to RTFs according to the relevant grid codes for the
area where they operate [33]. In this research analysis, inverter RTF performance is in
accordance with IEEE 1547 standard [34].

Grid-tied PV systems must be capable of riding through low voltage contingency
events, such as when the voltage of a system drops under 50% of the nominal and the
protection trips in less than 0.16 s to recover from the fault. For under-voltage situations in
a range of 0.5 per unit and 0.88 per unit, the security must be activated within 2 s to ride
through the fault. This is not a problem, as high speed protection of transmission lines, e.g.,
line differential protection and communication-assisted distance protection, can operate
within 100 ms. For frequency stability situations, protection relay operating times must be
less than 0.16 s for both over and under frequency events, as illustrated in Table 2.

Table 2. Disconnection time for voltage and frequency violation.

IEEE 1547

Range of Voltage (%) Disconnection Time
(s)

Range of Frequency
(Hz)

Disconnection Time
(s)

V < 50 0.16 59.3 < V < 60.5 0.16

50 ≤ V < 88 2.00

110 < V < 120 1.00

V ≥ 120 0.16
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2.2. Analysis of Synchronous Machine and Flywheel Shaft Torque

A synchronous machine, in which shaft rotation is synchronized with the frequency
of the supply current, is one of the critical components of electrical power systems. The
modeling of synchronous machines is essential for the analysis of electrical systems. As a
generator, it determines the electrical properties of the power grid, including system safety
and resistance to sudden disturbances, such as disturbances, switching, and load changes.

As more inverter-based RES are integrated into the power network, the inertia of the
system will remain degraded [35]. A new method has been considered to incorporate a
flywheel, similar to that presented in Figure 2. The flywheel keeps kinetic energy and
sustains stability in a system. This is achieved by accelerating the rotor and supplying
kinetic energy to the power grid. When the protection clears the fault, the flywheel slows
down and absorbs energy from the power grid. This exchange of energy between the
flywheel-equipped rotor enhances inertia and regulates the RoCoF to maintain stability,
and the flywheel dynamically improves the inertia of the system.
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Mathematical Modeling of Flywheel Shaft

To < Ti Output torque is less than input torque; the rotor and flywheel speed up to
supply energy to the network.

Ti < To Once input torque is less than output torque, the flywheel slows down,
involving the rotor, and captivates the surplus energy from the system; this happens once
the protection has removed the fault.

2.3. Data Input Model

For the system to function in both dynamic and steady condition simulations, a
generator, transformer, and line data are necessary. Generator information was created
using actual information from an energy plant in Queensland, Australia, and its database
and line information is consulted using the overhead Cable Catalog provided by the Olex
Cable Manufacturing Company, as listed in Table 3. Figure 3 demonstrates the input
statistics and configuration of the generator and line.

Table 3. Parameter of Generator Impedance and Time Contact.

Generator 1 and 2 Parameters

Ra (pu) 2.7153 × 10−2 Xd ” (pu) 0.250

X1 (pu) 0.171 Xq ” (pu) 0.240

Xd (pu) 1.204 Td
′ 1.01

Xq (pu) 0.437 Td ” (s) 0.052

Xd
′ (pu) 0.294 Tq ” (s) 0.13
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2.4. Software Model Configuration and Validation

Figure 4 illustrates the 9 bus systems utilized in the investigation for the studies of
transient modeling. Generator 1 is represented as an infinite or slack bus to allude to the
model on a system voltage of 1.0 pu and a frequency of 50 Hz. The aim of the slack bus
is to provide MVAR or MW in the system with a deficiency in generation. A load flow
simulation was performed to initialize the model and demonstrate that the model has a
solution through convergence (Newton Raphson’s procedure and Euler’s technique). After
five iterations, the model converged and was validated; the steady condition values of
the power network are displayed as presented in Figure 4. To conduct a simulation of
transient stability in the study, a reliable power flow design, as shown in Figure 4, was
transformed into a stability design. It was achieved by adding a dynamic generator 2
design and a photovoltaic panel on bus#3. Adding a dynamic design ensures that the
generators contribute a fault current and Megavolt amperes during a disturbance. From
the load flow studies, the following dynamic models were configured:

(a) Generator;
(b) Exciter;
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(c) Governor (not applicable to PV).
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Newton-Raphson Algorithm

The Newton-Raphson method for charge flow analysis is a powerful method for
solving nonlinear algebraic equations. It works faster and reliably converges in most cases
compared to the Gauss-Seidel method. It is a practical method for the load flow solution of
large power grids. Its only shortcoming is the high memory requirement of the computer,
which is overcome with a compact memory scheme. A flowchart is shown in Figure 6 for
the Newton-Raphson method utilizing polar coordinates for load flow solutions.
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3. Simulation Results and Analysis

The results of the power system modeling discussed in this paper were derived from
the PowerWorld simulator. The PowerWorld simulator was selected for the modeling
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of transient stability as it is a versatile software which can investigate and replicate the
original results. It can help in investigations and analysis in a similar way to other accessible
software packages at the commercial level, such as PSCAD and PSSE, etc. PowerWorld has
the following advantages:

• The available software for carrying out dynamic model mapping is helpful and can
save time when creating a practical model, as well as validation and analysis.

• The successful creation of expected failure schedules and running them in
simulation times.

• Ease in terms of plotting and graphically displaying the attained results.

Case studies were performed at different levels of PV penetration and PV inverter
responses under different grid faults. In this research, symmetrical 3-φ faults and L-G faults
were performed to investigate the stability of the system at various system contingencies.
Although 3-φ faults are not usual and have merely positive sequence currents and voltages,
they represent the poorest situation of fault levels. A line-to-ground fault represented
the poorest situation of unsymmetrical faults, and provided zero, negative, and positive
sequence components; the stability of the system was assessed under these scenarios. The
incorporation of a flywheel into the synchronous generator dynamically enhanced the
inertia of the system.

For the investigation of transient stability, the PowerWorld model in Figure 4 was
utilized. The model was explained in detail in Section 2.

3.1. Case Study 1: 3-φ Fault Simulation without Flywheel at 30% PV

The outcomes of Case Study 1 displayed in Figure 7 illustrates the voltage and fre-
quency characteristics when a 3-φ fault is performed on the transmission line from bus 5 to
bus 7, with a PV active power contribution of 30%. In steady-state situations, the voltage at
the synchronous machine bus 1, slack bus 2, and PV bus 3 is between 1 and 1.05 pu, with
a network load of 350 MW. After 1 s, a 3-φ fault is applied, causing the drop in voltage
on all three busses to 0.92 per unit on bus 1; 0.68 per unit on photovoltaic bus#3; and
0.35 per unit on bus#2. The bus#2 experienced the worst voltage dip because of its proxim-
ity to the fault. The fault was removed in 0.16 s and voltage recovered to the before-fault
stage, as per IEEE:1547. As can be seen in Figure 7a, the voltage of the system recovered
to around pre-fault states, excluding slight fluctuations. This situation is supported in the
literature review; when the system has enough inertia and strength, the LSPV is capable
of RTF. The system frequency before the fault was maintained at 50 Hz. Figure 7b dis-
plays the frequency of the system after fault clearance, with the least swing being between
49.9 Hz and 50.45 Hz. The fault was cleared by the X- and Y-line differential and high-speed
communication-assisted distance protection, and the frequency of the system settled to
50.2 Hz. The fault clearance period was less than 0.16, according to IEEE 1547 standard.
The stability of the frequency illustrates that the system had sufficient inertia to lessen the
RoCoF to sustain the stability of the system.

3.2. Case Study 2: 3-φ Fault Simulation without Flywheel at 50% PV

Case Study 2 had a similar setup to Case Study 1, except that the penetration of the
photovoltaic was amplified to 50% from 30%. Figure 8 displays the instability of voltage
and frequency after clearance of the fault. At 50% penetration, PV had degraded system
strength and machines on bus 1 and 2 lost synchronism and disconnected due to low
frequency and failed to ride through the low voltage event. Figure 8a,b demonstrates that
PV infiltration increased to 50% without inertia and system strength support. The fault
was cleared in 1 s. Voltage restoration after the clearance of fault was slow, causing the
voltage of the system to collapse after 1.4 s, as illustrated in Figure 8a. The frequency above
70 Hz on PV bus 3 produced a cascading system frequency effect. The unstable frequency
of bus 1, which fell to lower than 46 Hz, was unable to return to pre-fault stages.
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The PV may work in P mode at the unity Pf and provide the active power or Q mode,
providing the reactive power only. However, in this case, it is evident from the results that
the PV is not capable of independently controlling active and reactive power, and caused
the voltage instability of virtual inertia; therefore, it could not control the fast RoCoF and
resulted in frequency instability.

3.3. Case Study 3: 3-φ Fault Simulation at 50%-with Flywheel

In Case Study 3, a suggested method was analyzed to incorporate a flywheel in
a synchronous machine to dynamically enhance the inertia of the system. The results
illustrated the reaction of the power system to the stability of the generator speed, rotor
angle, voltage, and frequency before and after the 3-φ fault simulation. Figure 9a displays
the speed response of the generator in steady-state and transient situations. At t = 1 s, a
3-φ fault was simulated and the speed of generator increased to 1.012 per unit from 1 pu.
The increase in speed was because of the flywheel accelerating the rotor of the machine to
supply the kinetic energy into the network. The generator could control the speed between
0.94 and 1.012 pu in a fault, and eventually stabilized at the pre-fault speed with slight
fluctuation. This is accredited to the conversation of kinetic energy between the power grid
and the rotor-mounted flywheel, which can speed up or slow down the power demands



Energies 2023, 16, 689 11 of 18

of the rotor. Speed does not apply to PV bus 3, as it used solid state electronics for its
control system.
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The stability of the generator rotor is a critical parameter in order to make sure that the
generators on the grid stay synchronized under all plausible system contingencies. Rotor
angle and the speed of the generator are closely related. The change in speed influences
the magnitude of the rotor angle. Figure 9b illustrates that the machine on bus 2 sustained
stability of the rotor angle between 0–90◦ in transient and steady-state situations, which is a
safety margin for operation under 3-φ faults. The infinite/slack bus kept the angle of rotor
as near to zero as possible, a good sign of the stability of the rotor angle. Once the fault is
removed, the flywheel offers enough inertia to control speed and permits the photovoltaic
to run in P mode to aid frequency retrieval.

Figure 9c illustrates the steady state voltages of the system and the voltage portfolio of
the generator busses during a fault. With a grid load of about 350 MW, the voltage on the
three PQ busses is around 1 pu and 1.05 per unit, within constitutional limits in accordance
with IEE1547 standard. Voltage regulation is accomplished via inverter volt-var regulation
and generator excitation according to the AS/NZS 4771.1. When t = 1 s, at the start of a



Energies 2023, 16, 689 12 of 18

3-φ fault, the voltage of busses 1, 2, and 3 drop to 0.85, 0.6, and 0.3 per unit, respectively.
Once the error is cleared, after 0.1 s, the voltage of the system is retrieved within 1.0 per
unit on all busses because of the contribution of the reactive power from the generator
sets and flywheel-equipped synchronous machines. Voltage retrieval after a system failure
conforms to IEEE 1547 standard.

Figure 9d illustrates the way in which the system provides voltage support during a
system fault. The PV before the fault on bus 3 draws reactive power to reduce the steady-
state voltage; Generator 1 and 2 supply the reactive power requirements of the grid before
the fault. During a disturbance at time t = 1 s, the three machines on busses 1, 2, and 3
contributed reactive power to increase the voltages of the system.

The slack bus supplies 500 Mvar; the flywheel-equipped synchronous machine on the
bus supplies 250 Mvar; and the LSPV on bus 3 supplies 60 Mvar. The results reveal the
limits of PV var control and the superiority of a synchronous machine equipped with a
flywheel that may provide both inertia and voltage support.

Figure 9e demonstrates the stability of the frequency during a 3-φ fault in the system.
The flywheel comprises the machine rotor providing enough inertia to regulate the rapid
RoCoF. The accurate frequency control is because of the speed control of the generator
in Figure 9a, and the stability of rotor angle in Figure 9b. At 1 s, a 3-φ fault resulted in
125 MW load rejection and an over-frequency event. At the time of the fault, the frequency
fluctuated between 50.9 and 59.1, eventually stabilizing at the pre-fault setting after the
fault was cleared.
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Figure 9. 3-φ fault simulation at 50% PV Penetration with flywheel: (a) generator rotor speed;
(b) generator rotor angle stability graph; (c) system voltage recovery after a 3-φ fault; (d) reactive
power contribution from considered power system; (e) response of considered system frequency after
occurrence of 3-φ fault.

3.4. Case Study 4: Asymmetrical Fault L-G Fault with Consideration of 50% PV

L-G faults are normal in the grid and represent the poorest unbalanced faults; they
contain negative, positive, and zero-sequence constituents. A case scenario was carried
out to illustrate the FRT ability of the system with a synchronous machine equipped by a
flywheel. Line-to-ground caused a frequency drop (51 Hz frequency reference software
scaling problem). Figure 10a demonstrates that the system frequency changed after the
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line-to-ground fault. The frequency fluctuated between 49 and 51.15 Hz. Once the fault was
isolated, the frequency stabilized at the pre-fault setting. The system successfully stabilized
the frequency during the line-to-ground fault. Figure 10b demonstrates that the system
rode through high and low voltages during the line-to-ground fault. The abnormally
high voltage of 1.23 p.u was because of the large impedance earthing on the generator
transformer on busses 1, 2, and 3, and caused an overvoltage on two healthy phases during
the L-G fault. The voltage across the generator slightly increased and stabilized once the
fault was isolated.
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Table 4 shows a summary of the simulation outcomes of the four case studies. Based on
the simulation results, the synchronous machine with a rotor flywheel design dynamically
improved the inertia of the system and enhanced PV fault recovery capability. Case Study 2
showed that, at 50% PV infiltration with no system inertia, the inertia and strength of
the support system decreased. Case Studies 3 and 4, carried out using synchronous
machines equipped with a flywheel, illustrated the constancy of the system for balanced
and unbalanced faults.

Table 4. Summary of Simulation Results.

Parameters

Bus#1 (Slack/Infinite) Bus#2 Bus#3 (Photovoltaic)

Initialisation of Model
Load Flow (Steady State Value)

Voltage (p.u) 1 1.05 1.05

Frequency (Hz) 50 50 50

Voltage angle (degree) 0 0.6 0.85
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Table 4. Cont.

Parameters

Bus#1 (Slack/Infinite) Bus#2 Bus#3 (Photovoltaic)

Initialisation of Model
Load Flow (Steady State Value)

Case Study 1 and 2 Values of before-fault with no flywheel

Voltage p.u (case#1)
Voltage p.u (case#2)

1.04
1.03

1.02
1.03

1.02
1.02

Frequency Hz (case#1)
Frequency Hz (case#2)

50
50

50
50

50
50

Case Study 1 and 2 Worst situation values in disturbance with no flywheel

Voltage p.u (case#1)
Voltage p.u (case#2)

0.91
0.85

0.2
0.32

0.65
0.25

Frequency Hz (case#1)
Frequency Hz (case#2)

49.9
47

50.45
53

50.15
70

Case Study 1 and 2 Values of after-fault with no flywheel

Voltage p.u (case#2) 1.03 1.02 0.98

Frequency Hz (case#2) 50.1 50.1 50.1

Case Study 3 Parameter values for before fault condition using flywheel

Rotor Speed (p.u) 1 1 Not valid for PV

Angle of rotor (degree) 3.0 62.1 Not valid

Voltage attained (p.u) 1.02 1.03 1.02

Frequency (Hz) 50 50 50

Reactive power (MVAR) 100.0 48.0 0

Case Study 3 Parameter values in worst condition with disturbance using flywheel

Speed of rotor (p.u) 0.99 1.012 Not valid for PV

Angle of rotor (degree) 15 85 Not valid for PV

Voltage (p.u) 0.89 0.3 0.59

Frequency (Hz) 50.3 50.9 50.35

Reactive power (MVAR) 560 250 55

Case Study 3 Values of after-fault using a flywheel

Speed of rotor (p.u) 1 1.01 Not valid

Angle of rotor (degree) 1 63.1 Not valid

Voltage (p.u) 1 1.03 1.01

Frequency (Hz) 50.1 50.1 50.1

Reactive power (MVAR) 20 45 0

Case study 4 Values of before-Fault using Flywheel

Voltage (p.u) 1.04 1.04 1.03

Frequency (Hz) 50 50 50

Case study 4 Worst Condition Values in Disturbance Using a Flywheel

Voltage (p.u) 1.1 1.23 1.15

Frequency (Hz) 49.85 49 49.25

Case study 4 Values of after Fault using a Flywheel

Frequency (Hz) 50.04 50.04 50.4

Voltage (p.u) 1.04 1.02 0.95
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4. Conclusions

Analysis of dynamic designs for inverters used on large-scale has been broadly studied
in both the industrial and educational sectors. Literature analysis shows that the virtual
inertia of photovoltaic inverters may bring stability to the system. It must be realized that
virtual inertia may not be relied upon to provide network support in a large system led via
inverter-based renewable resources. Virtual inertia does not have the ability to regulate the
RoCoF and may cause an instability of frequency. Case Study 2 results showed that the
inertia and strength of the system significantly decreased at 50% PV penetration. Modeling
demonstrated that PV inverters either work in the P mode, in which they function at unity
power factor (PF) and merely produce real power, or in a Q mode, where it supplies only
reactive power, unlike a synchronous machine which simultaneously provides reactive
and real power, and provides inertia and system support under disturbance. To enhance
the stability of a system in a grid dominated by PV, inertia alleviation approaches using
flywheel technology may be a choice. PowerWorld modeling, creating a power system
with a synchronous machine fitted with a flywheell improves system stability by:

• Enhanced LVRT for power grids with high photovoltaic penetration.
• Provides quick, dynamic reactive support to aid voltage retrieval.
• Provides stability of frequency by regulating the rapid RoCoF during a disturbance.

Therefore, it is credible to conclude that the proposed modification of the synchronous
machine rotor coupled with a flywheel will dynamically improve system inertia and
strength, and help improve system stability in large power networks dominated by re-
newable energy of varying sizes. This study was based on conventional PV systems, but
research is always progressing in this field. Hence, in future work, modern concepts such
as droop-control-based PV inverters can be used for both real and reactive power supply
depending on the grid voltage and frequency deviation. Furthermore, one proposal is to
conduct field tests by designing hardware, which includes a synchronous machine and
flywheel for the purpose of validating the simulation results.
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Nomenclature

BESS Battery Energy Storage Systems
Hz Hertz (cycles per seconds)
IBR Inverter-based energy resources
L-G Line to Ground
LSPV Large Scale Photovoltaic
LVRT Lower Voltage Ride Through
MVAR Mega volt amps reactive
MW Megawatts
pu Per unit
PV Photovoltaic
RoCOF Rate of Change of system frequency
sec Seconds
STATCOMs Static Compensators
SVCs Static Var Compensators
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