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ABSTRACT Modular multilevel converter (MMC)-based high voltage direct current (HVDC) transmission
networks integrate remotely located distributed renewable energy resources (RER). The intermittent nature
of RER and symmetrical and asymmetrical AC-side low-voltage faults produce operational difficulties.
It reduces the MMC’s ability to transfer the rated power, which raises the voltage of the HVDC link.
Therefore, the MMC-HVDC network’s fault ride-through (FRT) capabilities and the power fluctuation
brought on by RER intermittency are potential challenges to the efficient integration of renewable energy
resources. In response, this article suggests an energy control scheme for the flywheel energy storage of the
PV-wind-MMC-HVDC system in order to regulate the HVDC-link voltage during low voltage faults at the
point of common coupling (PCC) of the AC grids and to address the problem of power fluctuation caused by
intermittent RER and sudden load changes. The suggested method eliminates the dynamic braking resistor
(DBR) from the HVDC link and seamlessly integrates the RER without actively reducing renewable energy
power during low voltage faults. To test the effectiveness of the proposed control method for the flywheel
energy storage in reducing excess energy in the HVDC link, symmetrical and asymmetrical low voltage faults
have been conducted. In addition, changes in wind speed, solar radiation, and temperature have been made to
validate the flywheel energy management system’s performance. A real-time digital simulator (RTDS) and
dSPACE-based controller hardware in loop (CHIL) configuration with a complete system have been used to
simulate and evaluate the entire system.

INDEX TERMS Modular multilevel converter, PV-wind integration, flywheel energy management system,
AC side low voltage faults.

I. INTRODUCTION
The MMC for VSC-HVDC connection has been identified
as one of the most promising technologies for integrating
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the RER because of its scalability, modularity, and compact
footprint [1], [2], [3]. The AC grid can receive stability
support from the MMC-HVDC connected RER, including
the frequency regulation [4] and the dynamic voltage con-
trol [5]. However, the FRT capabilities of the MMC-HVDC
network continue to be a significant obstacle. When a grid
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fault occurs, the onshore MMC’s active power is abruptly
reduced, making it impossible for wind farms to trans-
mit their generated power entirely to the grid. Due to the
power imbalance, the DC-link voltage increases quickly
as the relevant capacitors get charged. The installation of
dynamic braking resistors (DBR) and quick power reduction
of wind farms (WF) are some current practices to prevent
overvoltage in the HVDC link. The fault effects are mini-
mized by dissipating the excess power from the HVDC link
through the DBR [6], [7], [8], [9], [10], [11]. The benefit of
these techniques is that grid faults do not impact WFs, but
they require additional hardware, including breakers, brak-
ing resistors, and series parallel power electronics switches.
Usually, DC choppers (in parallel connected dynamic brak-
ing resistors) are good for dissipating excess energy in the
HVDC link during low voltage disturbances at the point of
common coupling with the AC grid. However, it is unable to
make up for any energy shortages brought on by intermittent
renewable energy.

Rapid active power reduction can also be accomplished
through the utilization of communication-based de-loading
control [12], voltage droop control [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27], and fre-
quencymodulation [28], [29], [30]. TheDC-link communica-
tion channels with wind turbines (WT) eliminate the need for
additional offshore converter control, but they also cause reli-
ability and latency issues. As an alternative, the offshore grid
frequency is raised in proportion to the DC voltage variation
to perform the frequency modulation control. Unfortunately,
the delayed active power response of the WF due to its poor
df/dt tolerance severely restricts this technique. The voltage
droop management enables a quick reduction in WF active
power to simplify the FRT of coupled offshoreMMC-HVDC-
connected wind farms. A real power current reduction control
is proposed for WTs to contribute to the fault ride-through
requirements of the HVDC network, along with a small volt-
age droop control solution in [13], [14], [20], [21], [22], and
[23]. However, this could lead to significant DC overvoltage
because of the voltage signal processing delay in the filter
and bandwidth constraints in the current signal management
of WTs. To keep the DC voltage at the required level, the
offshore converter quickly reduces the offshore grid voltage
to zero in [15], [16], [17], [18], [19], [24], [25], [26], and
[27]. The phase lock loop (PLL)-based wind turbine con-
verters may experience synchronization problems using this
technology, which does not require any changes to the WT
control [31], [32], [33]. Two-stage droop control is proposed
to enhance FRT and post-fault recovery for MMC-HVDC-
connected offshore wind farms [34]. However, a simplified
current source is used to represent the wind turbine, which
ignores the turbine inertia that introduces delay for the rapid
power reduction. Similarly, active power reduction-based
DC-link overvoltage control also encounters delays due to
the large inertia of the wind turbine, which prevents rapid
changes in active power. In addition to the mentioned control

strategy, the RER is highly intermittent and challenging to
match users’ demands. Within this context, energy storage
systems (ESS) have been recognized as a key technology to
address such intermittency and facilitate effective penetration
of the RER into the electricity grids. The demand for light and
high-capacity energy storage is rising in many different appli-
cations. One such application is large-scale ESS with differ-
ent types of renewable generation. To mitigate or smooth out
the fast transients due to uncontrollable circumstance changes
such as solar radiation, temperature, and wind speed change,
more energy storage systems are now deployed along with
those renewable generation stations, raising the acceptability
of such ways of electricity generation by utility companies.
The battery energy storage system (BESS) has a high energy
density, high cycle efficiency, and can maintain a charge
for a prolonged period [35]. As a result, several utilities are
turning to BESS for power leveling, voltage, and frequency
management [36], [37], [38]. Due to its lightweight and high
energy density, the lithium-ion battery is taking on a large
portion of the actual storage device’s role in grid applica-
tions [39], [40], [41], [42]. MMC-HVDC with battery energy
storage systems has been studied to mitigate wind energy
fluctuations [43], [44], [45], [46], [47], [48], [49], [50], [51],
[52], [53]. However, transient faults have not been addressed.
In addition, an average model for the converter and a sim-
plified current source for the wind energy have been used
for the analysis and results. In contrast, the high-power den-
sity supercapacitor is a short-duration power source with a
fast dynamic response [54], [55], [56], [57], [58]. Through
the assistance of the voltage source converter (VSC)-based
HVDC-link during an AC-side fault, it offers a similar
potential for fault riding capability [59], [60]. Besides self-
discharging losses, supercapacitors are still expensive com-
pared to batteries and flywheel energy storage.

Themain issuewith battery energy storage is limited power
density, which requires large batteries to absorb the excess
energy accumulated in the HVDC link during AC-side low
voltage faults. Although the number of faults in the system
is limited to a few per year, load changes that cause fre-
quency shifts and changes in renewable energy sources are
frequent, which requires energy storage with a large number
of charge and discharge cycles. Therefore, the lifetime of a
battery degrades due to frequent charging and discharging to
support intermittent renewable energy and load changes [61].
A flywheel energy storage device can rapidly change ample
power that can be utilized to control the additional energy
during a low voltage disturbance [54], [61], [62]. In a
flywheel ESS-based FRT support, excess energy is col-
lected as kinetic energy depending on the rotating speed
and mass [38], [57], [60], [63], [64], [65], [66], [67], [68].
Although the flywheel has a high self-discharging loss com-
pared to a battery, it has almost no limit on charging and
discharging cycles.

Flywheel energy storage was connected with an HVDC
link through a separate MMC to mitigate wind energy
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fluctuation [65]. Flywheel energy storage was used to store
energy from the DC link during AC-side low-voltage dis-
turbances. In addition, a small-scale prototype is developed
to verify the proposed control scheme’s efficacy. In con-
trast, non-real-time simulation software employed an average
model to obtain the result. It considered only three-phase
balanced faults, whereas unbalanced faults have not been
considered. In addition, sudden load changes on the AC side
have not been considered. Besides, the power rating of the
MMC-HVDC system has not been mentioned, and a single
high-power machine model was used to absorb excess energy
during the AC side low voltage faults. Usually, induction
motors with hundreds of MW of capacity are practically not
available for the flywheel application. The DC link voltage
regulation is within 1% due to AC side faults. However, less
severe low-voltage faults on the AC side may cause a slight
increase in the voltage of the DC link, which can divert power
fromAC-side injection to Flywheel energy storage. Similarly,
a dual three-phase induction machine-based flywheel energy
storage system was discussed for fault ride improvement
MMC-HVDC system [69]. However, grid voltage and fault
type were not shown in the results. In addition, a low-voltage
(6 kV) MMC-HVDC system was considered for the simula-
tion. The work [70] proposed a control scheme for the DFIG
to absorb the excess energy in the DC link by increasing
the rotor speed of the DFIG. However, it is required for the
oversize machine to operate in high-speed mode during the
low voltage disturbance, which is above the nominal speed.
The control of a permanent magnet synchronous generator is
relatively easier than that of an induction generator or dou-
bly fed induction generator. Besides flywheel-based energy
storage, the rotor’s kinetic energy from a permanent magnet
synchronous generator can be utilized for grid frequency
support [71].

The research in this work presents a permanent magnet
synchronous motor (PMSM)-based flywheel energy stor-
age control strategy to manage the excess power in the
HVDC link during AC-side low voltage faults in view
of the points and problems highlighted above. To deal
with the intermittent nature of the RER and abrupt load
variation, it proposes a combined control approach based
on shortages and actual power requirements. In summary,
the key contributions compared to the work [65] are as
follows:

• Comprehensive energy control approach for permanent
magnet synchronous motor-based flywheel energy stor-
age: (a) to regulate the HVDC-link voltage during the
low voltage faults at the PCC of AC grids; (b) to address
intermittency caused by the renewable energy genera-
tion fluctuation; and (c) to absorb excess energy during
sudden load changes.

• Grid voltage is added in the control loop to separate
the fault during low-voltage disturbances from normal
operating voltage.

• Simulation and testing of the complete systems in the
real-time digital simulator (RTDS) and dSPACE-based

controller hardware in the loop (CHIL) with detailed
converter models.

The remainder of the work is organized as follows: A
brief description of the MMC-HVDC system and solar and
wind energy is provided in Section II. Additionally, Section II
illustrates the suggested control technique for the flywheel
energy management system to regulate the excess power in
the HVDC link and smooth out the transient brought on
by the variation in solar and wind energy as well as the
fast change in load. Section III presents thorough simulation
findings for the augmentation of transient performance due
to RER and load variation, as well as the management of
the HVDC-link voltage during low-voltage AC-side transient
faults. Section IV concludes by offering recommendations for
future study directions.

II. MODELING AND CONTROLLER DESIGN
The system comprises PV and wind farms with a
PMSM-based flywheel energy storage system, as depicted in
Fig. 1. TheMMC1manages the HVDC-link voltage, whereas
the MMC2 connects the AC grid with the PV-wind system.
Similarly, MMC3 forms the AC grid for the PMSM-flywheel
energy storage integration. Scaling the output from one unit
of renewable energy and energy storage through a controlled
current source and multiplier increases the system’s capacity.

A. SOLAR AND WIND ENERGY GRID INTEGRATION
THROUGH MMC2 AND MMC1
The main objective of converter control for solar and wind
energy is the integration with the AC grid that MMC2 forms.
Based on the power versus voltage (P-V) characteristics
curve, it is known that the photovoltaic panel’s maximum
output power varies with solar radiation and temperature
variation. In order to maximize power output from the PV
system under any operational conditions (temperature and
solar irradiation), the PV side converter’s controller modi-
fies the DC-link voltage employing the modified incremental
conductance method. More information on how solar energy
is integrated into the grid can be found in [9], [72], [73],
and [74]. Similarly, the maximum power of wind energy
varies with wind speed. Field-oriented control is used to
follow the reference electromagnetic torque set by the optimal
point of wind energy. The detailed design for the DFIG
based wind energy grid integration can be found in [9], and
[75]. MMC2 connects the AC grid with the PV-wind sys-
tem, whereas MMC1 controls the HVDC-link voltage. The
detailed design can be found in [76], [77], and [78].

B. PMSM BASED FLYWHEEL CONTROL
MMC1 regulates the HVDC link voltage, and MMC3 creates
the AC voltage for the PMSM based flywheel integration.
The grid side converter (GSC) operates in power control
mode, which receives the reference power command due
to low voltage disturbances at PCC1 or load variation or
renewable energy variation. By controlling electromagnetic
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FIGURE 1. MMC-HVDC system with energy storage and renewable energy resources.

torque employing field-oriented control (FOC), PMSM can
be worked as generator or motor.

During motoring operation, flywheel stores energy by
increasing the rotor/flywheel speed, whereas it releases
energy by decreasing the rotor/flywheel speed during gen-
erator operation. In rotor-field dq coordinate, the following
equation dictates the PMSM stator current [75].(

Ld
did
dt

+ Rsid

)
= Lqωiq + Vd (1)(

Lq
diq
dt

+ Rsiq

)
= −Ldωid−λmω + Vq (2)

Unlike doubly fed inductionmotor and squirrel cage induc-
tion motor, only encoder retrieves the rotor flux position of
PMSM. No external reactive power is required to operate
PMSM.

Hence, reactive current of MSC is regulated at zero. Stator
phase current is transformed into dq current with angle of
rotor flux position.

The electromagnetic torque, Te =
3
2

λmPiq (3)

Equation (3) indicates that the q-axis current controls the
electrical torque, while the reactive current remains zero.
The q-axis current is generated from the DC link voltage
regulation loop, which indirectly controls the electromagnetic
torque as well as speed of flywheel. Finally, MSC current
controller is formed based on equation (1) and equation (2).
Fig. 2 (d) shows the PMSM side converter control. Any
current deviation is processed through a PI controller (PI1),
which is further added with the decoupling term and produces
dq axis voltage for the MSC. Finally, the modulating signal
(abcsignal) is generated from the dq axis voltage with the
help of rotor flux angle. The flywheel and PMSM rotor are
connected via an axle. Hence, the rotor speed of PMSM is
the flywheel speed.

C. PROPOSED ENERGY MANAGEMENT SYSTEM
The low voltage fault at the PCC1 of the MMC1, lim-
its MMC1’s power transfer capability, which raises the
HVDC-link voltage. Usually, the dynamic braking resistor is
placed in parallel with the transmission line for dissipation
of the surplus energy to regulate the HVDC-link voltage
within limits. To dissipate a significant quantity of the HVDC
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FIGURE 2. Control strategy of flywheel (a) HVDC-link’s surplus energy control strategy (b) power leveling control strategy
during the change in weather condition (wind speed, solar radiation, and temperature) (c) Excess power control during load
disturbance, (d) Machine side converter control of PMSM.

power during the three-line-to-ground (LLLG) fault at the
PCC of the AC grids, several series-parallel combination
semiconductor switches are needed.

The HVDC connection voltage is subject to multiple
switching introduced by the dynamic braking resistor, which
may cause variations in the real power flow. Solar and wind
energy are highly intermittent and change with the solar
radiation, temperature, and wind speed change. Therefore,
flywheel-based energy storage has been considered to address
the renewable energy intermittency, smooth out the fast

transients caused by the low voltage disturbances on the AC
side and to absorb excess energy during sudden load change
on the AC side. Besides, a flywheel is utilized to remove the
DBR from the system.

1) AC SIDE LOW VOLTAGE FAULTS AT PCC1
During the low voltage faults at PCC1, the HVDC link volt-
age rises due to the capacity reduction of MMC1. Hence, the
excess energy in the HVDC link is required to be delivered
to the flywheel. When the HVDC link voltage goes above
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1.1pu and the PCC voltage is below 0.9pu, the error is pro-
cessed through the controller (PI1) that produces the reference
power command to the grid side converter (GSC), as shown
in Fig. 2(a). The GSC operates in constant power control
mode. The power injection by the GSC into the DC link
raises the DC link voltage. The DC link voltage regulators
(PI controller) as shown in Fig. 2(d) processes the DC link
voltage deviation that generates the reference quadrature axis
current (Iq−ref) or electromagnetic torque controlling current
for the PMSM coupled flywheel. Finally, the speed of the
flywheel is increased, which stores the excess energy from
HVDC link. Thus, HVDC link voltage remains within the
threshold.

2) INTERMITTENT RENEWABLE ENERGY
During normal grid voltage, the renewable energy intermit-
tency is improved through the control action as shown in
Fig. 2(b) The nominal power of renewable energy (Pnominal) is
the combined PV and wind energy injected into the MMC1.
Any deviation from the nominal power is compensated by
the flywheel energy storage. As can be seen from Fig. 2(b),
the difference between the nominal power of renewable
energy and actual HVDC link power (PDC) is used as the
reference power command for the GSC. However, this time
GSC transfers power from flywheel energy storage to HVDC
link through the MMC3. Hence, DC link voltage of GSC
is reduced. Again, the DC link voltage regulators (PI con-
troller) as shown in Fig. 2(d) processes the DC link voltage
deviation that generates the reference quadrature axis current
(Iq−ref) or electromagnetic torque controlling current for the
PMSM coupled flywheel. Finally, the speed of flywheel is
decreased by releasing required shortage energy. Thus, the
power injected by the MMC remains the same under renew-
able energy intermittent caused by the weather condition
(wind speed, solar radiation, and temperature).

3) LOAD CHANGE
During the sudden load outage from the AC grid under
normal grid voltage creates the power imbalance between
the incoming HVDC link power and consumption. Hence,
the difference power is diverted to flywheel energy storage
by the control action presented in Fig 2(c). The difference
is used as a reference power command for the GSC. The
power injection by the GSC into the DC link raises the DC
link voltage. The DC link voltage regulators (PI controller)
as shown in Fig. 2(d) processes the DC link voltage devi-
ation that generates the reference quadrature axis current
(Iq−ref) or electromagnetic torque controlling current for the
PMSM coupled flywheel. Finally, the speed of the flywheel
is increased, which stores the excess energy from HVDC link
due to sudden load change.

D. FLYWHEEL MODEL
The kinetic energy stored in the flywheel is a function of
its moment of inertia J (kgm−2 ) and the square of angular

velocity ω (rad/sec) [79]. The moment of inertia of a fly-
wheel is a design parameter that depends on the flywheel
mass m (kg) and geometry. For safe operation, the angular
velocity of the flywheel ωfw is limited to a minimum (ωmin)
and maximum (ωmax) value [80].

Kinetic energy stored in flywheel is given below,

Efw =
1
2
Jω2 (4)

Inertia constant of flywheel,

Hfw =
Efw

MVArated
MWs/MVA

Available energy (Watt-hour) in a flywheel,

Efw(available)(Wh) =
1

3600
(
1
2
Jω2

max −
1
2
Jω2

min) (5)

The state of energy (SOE fw) of a flywheel defines the
amount of kinetic energy that is stored/delivered during its
charge/discharge period. It is given by the following equation
at time t [80].

SOE fw (t)

= SOE fw (t − 1T ) −
1T

3600 × Emax
(
Pfw
ηfw

+ Kfrω)

= SOE fw (t − 1T ) − Econ (6)

where, Kfr is the coefficient of friction, Pfw is the flywheel
incoming/outgoing power, Emax is the maximum kinetic
energy at maximum angular velocity (ωmax), 1T is the sim-
ulation time step, and ηfw is the flywheel efficiency. The
maximum velocity defines the maximum energy content of
the flywheel, Emax which corresponds with a state of energy
(SoE) equal to 1. The SOE will increase/decrease based on
the direction of the flywheel power during charge/discharge
operation. Either flywheel delivers energy or not, its energy
content, Econ, will decrease due to the friction coefficient,
Kfr . The inertia constant is the ratio of kinetic energy stored
at the rated speed to the generator MVA rating, which implies
the duration of the generator could generate at its rated
power using only its stored rotational kinetic energy. The
generator rating is 2MVA and the combined inertia constant
is 3.5MWs/MVA. Therefore, flywheel energy storage can
deliver 2MW of power in 1.5 seconds from its stored kinetic
energy at rated speed. 3.5MWs is equivalent to 0.972kWh.
The flywheel’s capacity to absorb extra energy from a fast
change in load relies on the flywheel current speed, load
change duration, and amount, and converter’s limit. When
operating at or close to its rated maximum speed, a flywheel
cannot absorb the extra energy brought on by a sudden change
in load. The transient fault is a short-lived problem that min-
imally alters the speed. A discharging action that can reduce
the flywheel energy to a minimum limit during fluctuations
in renewable energy sources. Therefore, it depends on the
required intermittent renewable energy, converter limits and
current flywheel speed. Since the transient faults are small
duration faults that changes the small amount of flywheel
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FIGURE 3. dSPACE-SCALEXIO-RTDS interface.

speed due to the absorption of excess energy from the HVDC
link, the capacity of flywheel energy storage system can
be made smaller compared to the total renewable energy.
However, the capacity needs to be enlarged if it is required
to support intermittent caused by the renewable energy and
load change. In conclusion, the size of the flywheel can vary
based on required support.

III. RESULT AND DISCUSSION
The sample time for MMC controller is 100µs. However,
the sample time for PV, Wind, and Flywheel controller is
50µs. A multi-rack RTDS platform was used to create the
complete system because of the complexity of the system.
Nova Core and PB5 CPUs made up the hardware platform
used by the RTDS multi-rack. While the Rack-1 has MMC1,
MMC3 with flywheel, the Rack-2 has MMC2 with PV and
Wind. The MMC1 controller was implemented using the
dSPACE-SCALEXIO controller. Fig. 3, Fig. 4, and Fig. 5
depict, respectively, the dSPACE-RTDS hardware setups,
MMC1 controller signal in the dSPACE controller, and RTDS
runtime interface. Scaling the PCC terminal input current
from a complete 1.74 MW PV array and a single 2 MW
wind generator unit allowed for the modeling of a 200 MW
(megawatts) PV-Wind system. Similar to that, a 200MW fly-
wheel energy storage system was created by scaling a 2MW
and 3.5MWs/MVA PMSM based system. The appendix’s
Table 1 to Table 3 contains all the necessary details about
the MMC-HVDC-flywheel energy storage system that was
employed in this article. The result of this section is orga-
nized as follows. Surplus energy management employing
flywheel energy storage system during low voltage faults

at the point of common coupling of MMC1 is described in
section III-A. Solar and wind energy intermittency improve-
ment are presented in section III-B, and section III-C. Excess
energy absorption due to sudden load change is illustrated
in section III-D. Section III-E presents the limitation of fly-
wheel energy management system.

A. HVDC-LINK VOLTAGE CONTROL DURING LOW
VOLTAGE FAULTS AT PCC1
Power system network is large complex network and subject
to low voltage faults. During low voltage, the power transfer
capacity of the converter is reduced significantly, which in
turns rises the HVDC link voltage. Therefore, proper pro-
tection scheme is required to control the surplus energy for
the HVDC voltage regulation. Traditionally, dynamic braking
resistor based traditional controller for the HVDC link volt-
age regulation during low voltage faults is used to dissipate
the excess energy in the HVDC link. Proposed work controls
the HVDC link voltage without the DBR. The severe bal-
anced and unbalanced faults were applied at PCC1 to test the
flywheel energy storage controller’s efficacy in controlling
the HVDC-link voltage within the threshold for the PV-wind
coupledMMC-HVDC network. During the fault at PCC1, the
flywheel energy storage absorbed the surplus energy from the
HVDC-link while PV and wind generation were unaffected.
As shown in Fig. 6, a 500ms duration single line to ground
fault (LG), double line to ground fault (LLG) and three phase
to ground fault (LLLG) is introduced to PCC1 at 0.7s, 1.6s
and 2.6s respectively. The PCC1 voltage is decreased by 80%
during these faults. During the three-phase to ground faults
at PCC1, real power of MMC1 is decreased to a minimum,
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FIGURE 4. Signal exchanged between RTDS and dSPACE-SCALEXIO for MMC1 controller.

FIGURE 5. Real-time user interfaces in RTDS.

as seen in Fig. 7. The average power delivered during single
line to ground fault remains almost same, which did not intro-
duce overvoltage in the HVDC link. Hence, no excess power
has been transferred to PMSM, as depicted in Fig. 8. How-
ever, reduction in delivered power during LLG and LLLG
introduced overvoltage in the HVDC link. Consequently,
surplus energy is transferred from HVDC link to PMSM,
as illustrated in Fig. 8. As can be seen from Fig. 7, reactive
power has been injected into PCC1 for SLG, LLG, and LLLG
faults. When the HVDC link voltage exceeds 1.1pu, the
difference generates the reference power command for the
GSC in power tracking mode according to proposed control
strategy. Fig. 7 and Fig. 8 illustrate that the HVDC link volt-
age rise above 1.1pu resulted in power injection into flywheel
during the LLG and LLLG occurrence. Around 0.35MW and

0.75MW peak power was generated as the reference power
command for the one-unit GSC. The actual power tracks the
reference power. Fig. 9 illustrates that this power is injected
into DC link capacitor of GSC, which increases the voltage.
The DC link voltage controller of PMSM transfers the DC
link voltage error into the electromagnetic torque controlling
current that results in speeding up the flywheel. As can be
seen fromFig. 8, that speed of flywheel increases from 0.51pu
to 0.52pu during LLG, whereas it is increased from 0.52pu
to 0.562pu during LLLG. The current controller for both
GSC and PMSM confirms the tracking of reference current.
In addition, the reactive current for GSC and magnetization
current for PMSMare regulated to zero. Due to control action,
the HVDC link voltage remains regulated throughout the LG,
LLG, and LLLG low voltage severe faults.

VOLUME 11, 2023 50535



M. I. Hossain et al.: Fault Ride Through and Intermittency Improvement

FIGURE 6. 80% voltage drop at PCC1 during SLG, LLG, and LLLG low
voltage faults.

Similarly, a 500ms duration single line to ground fault
(LG), double line to ground fault (LLG) and three-phase to
ground fault (LLLG) is introduced to PCC1 at 0.7s, 1.6s
and 2.6s respectively, as depicted in Fig. 11. However, the
PCC1 voltage is decreased by 50% during these faults. As can
be seen from Fig. 12, both LG and LLG faults have not
introduced overvoltage above 1.1pu. Hence, no excess power
has been transferred to PMSM during LG and LLG faults,
as depicted in Fig. 13. However, reduction in delivered power
during LLLG introduced overvoltage above 1.1pu in the
HVDC link. Consequently, surplus energy is transferred from
HVDC link to PMSM, as illustrated in Fig. 13. As can be seen
from Fig. 12, reactive power has been injected into PCC1 for
SLG, LLG, and LLLG faults. According to Fig. 13, around
0.3MW peak power was generated as the reference power
command for the one-unit GSC. The actual power tracks the
reference power. Due to injected power into flywheel, its
speed is increased from 0.815pu to 0.821pu. The proposed
control action regulated the HVDC link voltage below 1.2pu
throughout the LG, LLG, and LLLG low voltage faults.

In addition, a 500ms duration line to line fault (LL),
is introduced to PCC1 at 0.7s, as depicted in Fig. 14. However,
the PCC1 voltage reduction is not symmetrical, and decreased
by 40% to 70% during this fault. As can be seen from Fig. 15,
the delivered average real power by MMC1 is reduced from
200MW to 150MW. The reduction in delivered power intro-
duced overvoltage in the HVDC link. Consequently, surplus
energy is transferred from HVDC link to PMSM, as illus-
trated in Fig. 16.When theHVDC link voltage exceeds 1.1pu,
the difference generates the reference power command for the
GSC in power tracking mode according to proposed control
strategy. Around 0.28MW peak power was generated as the
reference power command for the one-unit GSC. The actual
power tracks the reference power, as depicted in Fig. 16.
Fig. 17 illustrates that this power is injected into DC link
capacitor of GSC, which increases the voltage. The DC link
voltage controller of PMSM transfers the DC link voltage
error into the electromagnetic torque controlling current that
results in speeding up the flywheel. As can be seen from
Fig. 16, that speed of the flywheel is increased from 0.562pu
to 0.568pu. The current controller for both GSC and PMSM,
as presented in Fig. 17 and Fig. 18 confirms the tracking

FIGURE 7. Real power, reactive power, and HVDC link voltage of MMC1
during SLG, LLG, and LLLG low voltage faults.

FIGURE 8. Injected power to PMSM and flywheel speed during SLG, LLG,
and LLLG low voltage faults.

of reference current. In addition, the reactive current for
GSC and magnetization current for PMSM are regulated to
zero. Due to control action, the HVDC link voltage remains
regulated throughout this fault.

B. POWER SMOOTHING FOR PV SYSTEM UNDER SOLAR
IRRADIANCE AND TEMPERATURE CHANGE
To test the flywheel controller’s efficacy under renew-
able energy intermittent, solar irradiance was reduced from
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FIGURE 9. Performance of grid side current controller during SLG, LLG,
and LLLG low voltage faults.

FIGURE 10. Performance of machine side current controller during SLG,
LLG, and LLLG low voltage faults.

FIGURE 11. 50% voltage drop at PCC1 during SLG, LLG, and LLLG low
voltage faults.

1000Wm−2 to 200Wm−2. As shown in Fig. 19, the flywheel
compensated for the PV power deficit caused by reduced
solar radiation. Due to solar radiation change, the combined
PV and Wind power was reduced from around 200MW
to around 125MW. During this time, power from flywheel
energy storage was increased from 0MW to 75MW through
the MMC3, which in turn kept the MMC1 power delivery
almost constant. Likewise, when solar radiation was changed
from 200 Wm−2 to 1000 Wm−2, the injected power from

FIGURE 12. Real power, reactive power, and HVDC link voltage of MMC1
during SLG, LLG, and LLLG low voltage faults.

FIGURE 13. Injected power to PMSM and flywheel speed during SLG, LLG,
and LLLG low voltage faults.

flywheel energy storage dropped from 75MW to zero, as seen
in Fig. 19. As a result, the combined PV and Wind power
returned from 125MW to around 200MW. During the tran-
sient, real power delivered by the MMC1 did not experience
any overshoot. Similarly, HVDC link voltage remains almost
constant. As can be seen from Fig. 20, the actual power
tracks the reference power. The flywheel speed dropped from
0.95pu to 0.58pu during this discharge period, as depicted
in Fig. 20. The flywheel discharge rate is high during the
large change of power. According to the control strategy
proposed in Fig. 2(b), any deviation from the nominal power
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FIGURE 14. Voltage at PCC1 during LL fault.

FIGURE 15. Real power, reactive power, and HVDC link voltage of MMC1
during LL faults.

FIGURE 16. Injected power to PMSM and flywheel speed during LL faults.

is compensated by the flywheel energy storage. GSC transfers
power from flywheel energy storage to HVDC link through
the MMC3. Hence, DC link voltage of GSC is reduced,
as depicted in Fig. 21. The DC link voltage regulators (PI
controller) as shown in Fig. 2(d) processes the DC link volt-
age deviation that generates the reference quadrature axis

FIGURE 17. Performance of grid side current controller during LL faults.

FIGURE 18. Performance of machine side current controller during LL
faults.

current (Iq−ref) for the PMSM coupled flywheel. The elec-
tromagnetic torque is negative, which operates the PMSM as
generator by slowing down the speed. Fig. 21, and Fig. 22
show that the actual current follows the commanded current
for GSC and PMSM. Fig. 23 shows that the flywheel energy
storage compensated for the PV power fluctuation induced by
temperature variation. As shown in Fig. 23, the temperature
was increased from 25 to 45 degrees Celsius, lowering the
combined PV and wind power output to around 192 MW
from around 200 MW. As a result, the power injected from
the flywheel energy storage was raised to 8 MW from zero
to compensate for the deficit, keeping the MMC1 supplied
power constant. Similarly, during the temperature drop from
450C to 250C, flywheel energy storage power was lowered to
zero from 8 MW. During such a transition, the real power
delivered by the MMC1 did not experience any overshot.
In addition, HVDC link voltage remains regulated. Fig. 24
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FIGURE 19. Solar Irradiance, Real power change of PV-Wind, MMC3 and
MMC1, and HVDC link voltage.

FIGURE 20. Delivered power from PMSM-Flywheel and Flywheel speed
during solar radiation change.

shows the delivered power from one flywheel energy storage
and the speed change of flywheel. For the small change
of power due to temperature change, the speed of flywheel
dropped from 0.97pu to 0.95pu. The commanded reference
power is tracked by the actual power, as depicted in Fig. 24.

FIGURE 21. Performance of grid side converter during solar radiation
change.

FIGURE 22. Performance of machine side converter during solar radiation
change.

C. FLYWHEEL-BASED POWER SMOOTHING UNDER WIND
SPEED VARIATION
To test the flywheel energy storage controller’s efficacy, the
wind speed was varied from 12 ms−1 to 8 ms−1. The fly-
wheel energy storage compensated for the reduced power
due to the lower wind speed, as shown in Fig. 25. Due to
wind speed change, the combined PV and Wind power was
reduced from around 200MW to around 150MW. During this
time, power fromflywheel energy storage was increased from
0MW to 50MW through the MMC3, which in turn kept the
MMC1 power delivery almost constant. Likewise, whenwind
speed was changed from 8 ms−1 to 12 ms−1, the injected
power from flywheel energy storage dropped from 50 MW
to zero, as seen in Fig. 25. As a result, the combined PV
and Wind power returned from 150MW to around 200MW.
During the transient, real power delivered by the MMC1 did
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FIGURE 23. PV Temperature, Real power change of PV-Wind, MMC3 and
MMC1, and HVDC link voltage.

FIGURE 24. Delivered power from PMSM-Flywheel and Flywheel speed
during PV temperature change.

not experience any overshoot. Similarly, HVDC link voltage
remains almost constant. As can be seen from Fig. 26, the
actual power tracks the reference power. The flywheel speed
dropped from 0.91pu to 0.61pu during this discharge period,
as depicted in Fig. 26. The discharge rate of flywheel is
high during the large change of power. According to the
control strategy proposed in Fig. 2(b), any deviation from

FIGURE 25. Wind speed, Real power change of PV-Wind, MMC3 and
MMC1, and HVDC link voltage.

FIGURE 26. Delivered power from PMSM-Flywheel and Flywheel speed
during wind speed change.

the nominal power is compensated by the flywheel energy
storage. GSC transfers power from flywheel energy storage
to HVDC link through the MMC3. Hence, DC link voltage of
GSC is reduced, as depicted in Fig. 27. The DC link voltage
regulators (PI controller) as shown in Fig. 2(d) processes
the DC link voltage deviation that generates the reference
electromagnetic torque controlling current for the PMSM
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FIGURE 27. Performance of grid side converter during wind speed change.

FIGURE 28. Performance of machine side converter during wind speed
change.

coupled flywheel. The electromagnetic torque is negative,
which operates the PMSM as generator by slowing down
the speed. Fig. 27, and Fig. 28 show that the actual current
follows the commanded current for GSC and PMSM. During
the transient, the MMC1 provided nominal real power and
did not experience any overshooting as the flywheel energy
storage controller effectively responded to the change in the
wind farm due to wind speed variation.

D. FLYWHEEL-BASED POWER SMOOTHING UNDER LOAD
VARIATION
In this section, the solar radiation for the PV system and the
wind speed for the wind farm were constant, whereas the

FIGURE 29. Load power change, Renewable Energy (RE) power, and the
power of MMC3, and HVDC link voltage.

FIGURE 30. Injected power into DC link capacitor of GSC and Flywheel
speed during load change.

load on the AC grid was suddenly changed from 190MW
to 140MW to test the effectiveness of the flywheel-based
power smoothing controller under sudden load variation.
As can be seen from Fig. 29, the combined solar and wind
energy remains constant, and the excess energy in the DC link
due to sudden load change is transferred to flywheel energy
storage through the MMC3. Around 50MW was injected
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FIGURE 31. Performance of grid side converter during load change.

FIGURE 32. Performance of machine side converter during load change.

into flywheel energy storage. Small overshot was introduced
into the HVDC link voltage at the start and end of the
load transient. During the sudden load outage from the AC
grid under normal grid voltage creates the power imbalance
between the incoming HVDC link power and consumption.
Hence, the difference power is diverted to flywheel energy
storage by the control action presented in Fig. 2(c). The
difference is used as a reference power command for the
GSC. Fig. 30 shows that the actual power of GSC tracks
the commanded reference power generated by the control

action presented in Fig 2(c). The power injection by the GSC
into the DC link raises the DC link voltage, as depicted in
Fig. 31. The DC link voltage regulators (PI controller) as
shown in Fig. 2(d) processes the DC link voltage deviation
that generates the reference quadrature axis current (Iq−ref)
for the PMSM coupled flywheel. Finally, the speed of the
flywheel is increased, which stores the excess energy from
HVDC link. Thus, HVDC link voltage remains within the
threshold. The flywheel speed is increased from 0.49pu to
0.72pu due to power injection into flywheel, as shown in
Fig. 30. Fig. 31, and Fig. 32 show that the actual current
follows the commanded current for GSC and PMSM.

E. LIMITATION OF FLYWHEEL ENERGY STORAGE
Although flywheel has the ability to absorb excess energy
from the sudden load change, it depends on its current speed,
load power change and duration. If it is already near its
rated maximum speed, it cannot absorb the excess energy
due to load change. However, the transient fault is small
duration faults that change the speed minimally as illustrated
in section III-A. Power smoothing control during renewable
energy fluctuation is a discharging action that can discharge
the flywheel energy to a minimum limit. Therefore, its dura-
tion depends on its current speed and required intermittent
renewable energy. In summary, the following are the limita-
tions of flywheel energy storage.

1) It cannot absorb the excess energy caused by a quick
load shift if it is already operating at close to its rated
maximum speed.

2) If it is already close to its minimal speed, it cannot
provide the necessary energy during the variation in
renewable energy.

3) Self-discharge due to rotational friction loss that
reduces the flywheel speed over time.

However, due to a slight change in flywheel speed, it can
absorb extra energy from the HVDC link during transient
low voltage disturbances at the AC side of MMC1. These
limitations are not only the case for flywheel energy storage
system, but any other energy storage system is also simi-
larly subject to the aforementioned limitations. Flywheels
have a high number of charging and discharging cycles,
however before choosing flywheel energy storage system
over another type of energy storage system, it is impor-
tant to carefully consider its maintenance and operation
expenses as well as self-discharge loss. New, innovative
designs, recyclable and durable materials, reduced mechan-
ical (drag, bearing, friction), electrical (hysteresis, eddy cur-
rent, copper), and power converter-related (switching and
conduction) losses can improve the overall prospect of
flywheel energy storage system, and make economically
competitive [61].

IV. CONCLUSION
To successfully regulate the HVDC-link surplus power and
maintain the HVDC link voltage within the limit during
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TABLE 1. PV module, Wind turbine, DFIG wind generator and converter data.

TABLE 2. PMSM Flywheel Parameters.

TABLE 3. MMC and battery controller parameters.

the low voltage disturbance at the PCC1 of the AC grids,
a flywheel energy storage-based control approach was devel-
oped. Another control method was also developed to smooth
out power variations brought on by changes in temperature,
wind speed, solar radiation, and load. By linking the dSPACE
controller with the RTDS hardware and creating the controller
hardware in a loop arrangement for the complete system,
including all switching converter models, it was simulated
and tested in real-time. The results validate the proposed
power smoothing control technique for the flywheel energy
storage system to maintain the HVDC-link voltage during
low voltage disturbances and enhance transient performance
during variations in renewable energy and load. Furthermore,

the controller improved the low voltage fault ride-through
capability of the MMC-HVDC system by delivering reac-
tive power at the point of common coupling of AC grids
during symmetrical and unsymmetrical low voltage faults.
For the fast frequency regulation of AC grids, a combi-
nation of renewable energy and flywheel energy storage
can be examined as further research. In addition, it can
be further investigated with conventional power plants for
boosting energy production during peak demand. The battery
or hydrogen fuel cell can also be added to the proposed
renewable energy-connected MMC-HVDC system for inves-
tigating fault ride-through capability and intermittent renew-
able energy support.
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APPENDIX
See Tables 1–3.
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