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Abstract

In this papera detailed model of a flywheel energy storage system (FESS) for simulation in the RSCAD-RTDS platform is
developed and compared with animplementation developed using the PSCAD-EMTDC program. Grid- and machine-side con-
verter operation is fully considered in the developed model. The operation of the FESS under speed and DC link voltage regu-
lation modesis tested in both platforms. Indirect field-oriented control (FOC) and sinusoidal PWM (SPWM) are considered for
the machine control. To enable a direct, fair comparison between the two modelling platformsthe PSCAD implementation
follows closely the block structure and parameters used in the RSCAD version. The differences between building blocks within
each simulation environmentare highlighted, and simulation results are compared under charge and discharge operation modes.
Contrary to previously published results, good agreement between implementations is obtained when similar parameters and

equivalent blocks are used in both environments.

1 Introduction

To allow large scale penetration of renewable, intermittent
power sources in the existing energy grid, efficient and effec-
tive energy storage devices are required [1, 2]. From existing
fast response energy storage technologies, the flywheel energy
storage system (FESS) possesses advantageous characteristics
in cost, ruggedness, high power density and environmental
friendliness. However, its relatively large standby losses com-
pared to other energy storage systems (such as battery, com-
pressed air, and pumped hydro), make the flywheel better
suited for applications were frequent charge-discharge is re-
quired. [1-3] Furthermore, a FESS can be reliably deeply dis-
charged, for an almost unlimited number of cycles, which is
desirable property in voltage regulation and power condition-
ing applications [3]. A FESS is usually comprised of a rotating
machine, a back-to-back, bidirectional power converter and
associated control[1-3]. The FESS convertselectric energy to
be stored in the form of kinetic energy in the associated rotat-
ing machine. The amount of energy stored in the device varies
linearly with the flywheel mass, and quadratically with its ro-
tational speed. Thus, depending on the application require-
ments, high and low speed flywheel designs exist [1-4]. Com-
pared to a high-speed design, a low-speed flywheel hasthead-
vantage on the use of proven technologies and a substantially
lower cost[4]. However, due to the quadratic relationship be-
tween stored energy and speed, a low-speed FESS usually ex-
hibits a lower energy density than a high-speed design. Never-
theless, for bulk energy storage, several FESS can be operated
in parallel if required.

Energy storage devices are expected to be widely distributed
within the energy grid. Therefore, simplified models are usu-
ally employed in power system analysis. Furthermore, due to
computing resource constraints, the use of dozens of highly

detailed models can be unpractical formany applications, such
as real time simulations. However, notwithstanding the appli-
cation, for validation purposes the development of detailed
FESS models is also desirable. The RSCAD-RTDS digital
simulation platform iscommonly used forreal-time simulation
applications [5]. However, it hasbeen reported that significant
differences may exist between RSCAD and equivalent offline
EMTP-Type simulations — forexample with PSCAD-EMTDC
software — when RSCAD’s universal converter model (UCM)
is considered [6]. Incidentally, power electronic converters are
an essential componentof a FESS. Owing to the reported dif-
ferences, a thorough comparison between implementationsin
both platforms is desirable.

In this paper, a detailed model of a FESS is developed for the
RSCAD-RTDS and PSCAD-EMTDC modelling environ-
ments. A low-speed flywheel, driven by an induction motoris
considered in the test systemsand back-to-back two-levelvolt-
age source converters (VSCs) are used to interface the machine
to a three-phase, AC voltage source. Special attention is paid
to the differences between platforms on the component’s pa-
rametersto allow a fair, direct comparison between modelling
environments.

2. Test system description and model imple-
mentation

In this research work RSCAD FX 1.4 and PSCAD 5.0.1 are
employed for the model development. RSCAD is designed to
work in conjunction with the RTDS hardware for real-time
based simulations, while PSCAD is a widely used software for
offline (non-real-time) EMTP-Type analysis. Both platforms
use the EMTP algorithm [7] forthe system solution. Therefore,
it would be expected that both systems would provide similar



results for the same system and identical time-step. However,
significant differences have been reported to exists when
power electronics devices are considered [6].

2.1 FESS topology

The FESS test system considered in this work is comprised of
the converter transformer, back-to-back VSC two-level con-
verters, and a 2200 HP induction machine. The flywheel is
considered as a rigid, additionalsingle mass attached to the
induction machine. Fig. 1 shows a schematic representation of
the system considered in this work and the parameters of the
machine are listed in Table I.

Indirect field-oriented control (FOC) [9], and sinusoidal PWM
(SPWM) are used in the model. SPWM was preferred to allow
the use of the inbuilt RSCAD firing pulse and universal two-
level converter blocks combination (rtds_ss_ UCM_FP and
rtds_ss_ UCM_LEV2, respectively), such components are
shown in Fig. 2 for reference. The improved (high precision)
firing pulse option was used for the RSCAD converter-firing
pulse blocks combination. Using the Improved Firing input,
the performance of the UCM is expected to be equivalent to
thatofthe PSCAD software [10]. Itshould be noted that con-
verter terminal reactor and valves snubber circuits are part of
the RSCAD UCM block and cannotbe disabled. Therefore, for
consistency, such components were also included in the
PSCAD implementation. The back-to-back converter and
SPWM were built in PSCAD using discrete components, this
is illustrated in Fig. 3. To minimize any discrepancy in the sim-
ulationresults between platforms, particular care was taken to
use the same parameter values in both implementations. The
valve/diode forward voltage drop is not included asan option
forRSCAD’s UCM block, therefore such value was set to zero
for PSCAD diode/IGBT pairs. A ImQON resistance was as-
sumed.

To enable the simulation of the FES system in PSCAD, the
connection of a high impedance, snubber circuit, to the ma-
chine terminals was required (the resulting circuit is shown in
Fig. 4). If no snubber is connected,a non-standard error mes-
sage was triggered, and the simulation cannotbe continued. It
should be noted that snubber circuits are often required to in-
terface dq based models in EMTP-type simulation programs
[11], thus the need for such a connection was somewhat ex-
pected. No additional snubber circuit was required to run the
RSCAD simulation, since for the purpose of numericalstabil-
ity, the machine terminals are connected using 300 pu
un—compensated shunt connected resistances [12]. Neverthe-
less, a shunt resistor was also added to the machine terminals
in the RSCAD implementation to preserve the equivalence be-
tween models, as shown Fig. 5. The addition of the snubber
circuit to the RSCAD implementation was found to have a
negligible effect on the simulation results.
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Fig. 1 FESS system schematic diagram.

Table 1 3-phase, 4-Pole, 60Hz, 2250HP, induction machine
parameters [8].

Volt.  Speed rs Xis XM Xir I J
vl [rpm] [Q] Q] (2] Q] [Q  [kg:m]
2300 1786 0.029 0.226 13.04 0.226 0.022 63.87
UCM - FIRING PULSE TUCMZiEVEL Gsc TTTTTTTTTTTTTTTTTTTTTTTT H
FPGENGSC H P !
5 ome 1 . . . !
TR'A"W%:::W’WE H VALVE 1 WALVE 3 VALVE § jum—— H
i |
FIRING PULSE H N2 |
L | < [ |
b N3 |

iy |

Fig. 2 RSCAD firing pulse (left) and UCM (right) blocks.
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To use the standard induction machine blocks, the machine pa-
rameters should be provided in per unit in both platforms. To
this end, base quantities were calculated using the machine
rated power, voltage and frequency; magnetic saturation was
neglected. “Global substitution” and “Draft Variables” were
used in PSCAD and RSCAD, respectively, to facilitate the par-
ametrization of the system.

2.1 Machine side converter control

For the machine side converter (MSC), indirect FOC+SPWM
is used for the induction machine control. The machine me-
chanicalspeed is used to estimate the electrical angle required
by the abc-to-dq transformation. Fig. 6 shows a schematic di-
agram of the implemented controlblock. The calculation of the
variables required by the control algorithm depicted in Fig. 6
is performed using equations (1)-(5) [9, 13].

g = 228 (1)
i = 22 )
(s = " ©)
0, = [(w, + w,)dt @)
v, = (5)

In (1)-(5) I, |,q is the estimated machine flux, Lm is the ma-
chine magnetizing inductance, ias the statord current, zr the ro-
tor time constant, s is the Laplace operator, igs™* the reference
statorg-axis current, P themachine pole number, L, the rotor
self-inductance, Te* the reference electromagnetic torque, igs*
the reference statord-axis current, lyp,.|* the reference machine
flux (nominal flux), €. the machine electric angle, owm the ma-
chine rotational speed and ws the machine slip speed. The rotor
time constant is defined as (6) [9, 13].

Ly _ Liy+lm

(6)

T, =
r Tr Tr

In (6) Lir is the rotor leakage inductance and rr is the rotor
phase resistance.

As shown in Fig. 6, dependingon the operation mode,the ma-
chine control switches between speed and DC voltage regula-
tion modes. During the FESS speeding mode, the reference
torque (7,") is derived from the speed outer loop, and the ma-
chine is driven to follow a predefined speed profile. During
flywheel discharge, the control system switches to DC voltage
regulation mode, and the reference torque is then derived from
the outer DC voltage loop. This mode of operation implies that
only one of the two outer loop PI controllers is effectively ac-
tive during the system operation. Therefore, to enable the
smooth transition from speed to voltage regulation mode, and
vice versa, the non-active PI controller is set to zero, while
non-operational.
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Fig. 6 MSC control block
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Fig. 7 RSCAD DC voltage Pl controller detail.

The PI controller reset mechanism is illustrated in Fig. 7,
where a detailed view of the controller block is shown. As il-
lustrated in the figure, the state of integral component of the PI
controller is dictated by the operating mode flag “FWDis-
charge”: when “FWdischarge” is 0, the output of the integrator
is set to zero, effectively erasing the error history. For con-
sistency, a similar PI block structure was implemented in
PSCAD using discrete components instead of the in-built Pl
controller block.

As can be seen in Table 1, the induction machine used in the
FESS is rated for operation at only 1786 rpm. To enable ma-
chine operation above rated speed, flux weakening is consid-
ered. Thus, when the machine operatesabove rated speed, the
reference flux is scaled accordingly using (7) [14]. Otherwise,
the nominal machine flux is used as the reference flux value.

¢r — |1Pr|*a(::1base (7)
In (7), wpase 1S the machine base angular speed. It should
be noted that care should be taken in (7) to avoid division by
zero when the machine is at standstill.

2.2 Grid side converter control

The grid side converter (GSC) controller follows the operating
principles set forward in [15]. The GSC controller consists of
an inner current control loop and an external power control
loop, with decoupled active and reactive power control capa-
bilities. Fig. 8 shows a schematic representation of the GSC
controlblock. The AC source in Fig. 8 emulatesthe connection
to the grid. For the investigated FESS application, the



reference reactive power (Q*) is set to zero in the correspond-
ing control loop.

The reference angle required by the GSC dq based controller
is derived from the voltages atthe point of connection using a
PLL, the three-phase enhanced PLL block (_rtds_3phEPLL) is
used in RSCAD, while the standard in-built PLL block is used
on the PSCAD implementation.

The converter reactor included in the RSCAD’s UCM block
(and connected at the converter terminals) is considered in the
control block by lumped in the series RL circuit (connected
between the converter terminals and the 3-phase voltage in
Fig. 8) the corresponding resistance and inductance values. As
forthe MSC controller, previsions for DC link voltage regula-
tion are added to the GSC so that it regulates the DC link volt-
age during the flywheel charging phase. Alternatively, the
GSC delivers the requested power (rated power) when com-
manded, while the MSC controller regulates the DC link volt-
age.

As is the case forthe MSC, depending on the operation mode
(vac regulation or power regulation) only one of these outer
loop Pl controllers, shown if Fig. 8, is in operation. This is fur-
therillustrated in Fig. 9, where a detail of the RSCAD imple-
mentation of the GSC controlblock is shown. Thus, depending
on the value of the “ControlType” flag, power or voltage reg-
ulation mode are engaged. For consistency a similar block
structure is implemented in PSCAD.
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Fig. 8 GSC control block
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Fig. 9 RSCAD GSC control block detail.

3 Simulation results

RSCAD FX 1.4 and PSCAD 5.0.1 areemployed for the simu-
lations. In the simulations the FESS is connected to a three-
phase 13.8 kV,50 Hz AC voltage source using a 2 MVA, 13.8-
2.3 kV, wye-delta transformer. The switching frequency is
5kHZ,a 4.6 kV DC link voltage,anda 10 mF DC link capac-
itor are also used with the test system. The FESS is rated to

deliver 1 MW, peak power during 4s.

The RSCAD model is run atan RTDS station comprised of
two stacks with five PB5 processor cards in each; a single stack
is used at run-time. The PSCAD model is run in a Core i7-
12700 Windows PC, with 64 GB of RAM.

RSCAD allows the use of multiple time-step sizes (main step,
small-step, sub-step, super-step) for different sub-systems
within the same simulation (multi-rate simulation), while
PSCAD uses a single time step size for the entire solution. For
consistency with PSCAD, and to enable a direct comparison,
the implementationin RSCAD is conducted in the main step.
A small time-step of 1 ps is used in both environments to en-
sure an accurate solution. It should be noted that forsuch small
time-step, real-time simulation was not achievable with the
RTDS hardware configuration employed. Therefore, the non-
real-time option was used to run the RSCAD-RTDS simula-
tion. Incidentally, the minimum time-step at which real-time
simulation was achievable in the RSCAD-RTDS implementa-
tion was 20ps, however considerable error was incurred with
such time-step in the two platforms under test. Fig. 10 shows
the RSCAD and PSCAD diagrams of the test system.

For comparison,a FESS charge-discharge cycle is considered
in this assessment:

e  First, the DC link capacitoris charged to the reference
voltage using a DC source, while the GSC delivers
rated power.

e At 1s, the DC source is disconnected and the GSC
switches to voltage regulation mode.

e At2s, theflywheel startsto charge ata constant rate,
until it reaches a speed of 400 rad/sat 12 s.

e At 145, the GSC is commanded to deliver rated
power, and the flywheel switches operation to DC
regulation mode.

e Finally, the flywheel delivers rated peak power until
the simulation ends at 16 s.

Fig. 11 shows the flywheel speed profile obtained from the
PSCAD and RTDS simulations. In the figure 0.16 s were sub-
tracted atthe start of the RSCAD simulation to account forthe
‘pre-trigger’ percentage time required by the RSCAD-RTDS
plotting system. Figs. 12-14 show simulation results for DC
link voltage, GSC power and induction machine stator cur-
rents, respectively. Active and reactive power flowing toward
the grid is assumed as positive in the simulations.

As canbe seen in Figs. 11-14, good agreement exists between
systems results. However, minor differences are noted.
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As can be seen in Fig. 11, the final speed of the flywheel is
slightly lower in RSCAD thatin the PSCAD results: 292 and
308 rad/s, respectively. This is most probably related with the
higher active power consumption observed in the RSCAD
simulation in Fig. 13. In Fig. 13, there is a noticeable active
power consumption (of approximately 120 kW) in RSCAD
during the periods where the machine is operating at constant
speed (1 to2 sand 12to 14 s). The flywheel needs to compen-
sate these losses during operation to deliver the requested
1MW peak power. This is also reflected in differencesin the
machine current. By comparison, the power consumption in
PSCAD is close to zero during these periods. Clearly, there is
some additional power flowing from the transformerterminalk
toward the GSC in the RSCAD implementation. To determi-
nate if the power losses observed in the in RSCAD results in
Fig. 13 are associated with the converter operation, equiva-
lence of the induction machine models used in PSCAD and
RSCAD was investigated. Fig. 15 shows simulation results,
for the induction machine used in the FESS but operating sep-
arately from it, with the machine directly connected to an infi-
nite bus. The results show the machine startup transient from
standstill, underno load. As shown in Fig. 15, the results from
RSCAD and PSCAD are indistinguishable from each other,
demonstrating equivalence between machine models. Hence,
the additional power consumption observed in the RSCAD
simulationin Fig. 13 is almost certainly related to the converter
operation.

Also, a minor difference in the DC link voltage dip during fly-
wheel discharge can be observed in the results (Fig. 12):
4498V in PSCAD and 4487V in RSCAD. Another difference
between results is the ripple level present in the signals. For
instance, the magnitude of the ripple present in the DC link
voltage and power signals is slightly larger in PSCAD (12V)
than in RSCAD (7V), while the opposite occurs for the current
signals. Such high frequency components are usually related
to the converterswitching frequency. This is illustrated in Fig
16, where the frequency spectrum of the DC link voltage signal
obtained from the RSCAD and PSCAD simulations is shown.
As shown in Fig. 16, multiple harmonics of the switching fre-
quency are present in the signal spectrum. The sidebands
around the harmonics of the switching frequency, at multiples
of the fundamental frequency, are predicted to exist in a two-
level converter [13]. Consistent with the results in Fig. 12, it is
clear in Fig. 16 thatthe noise floor in the DC link voltage sig-
nal is substantially lower in the RSCAD than in the PSCAD
results. Thus, although the UCM with improved firing pulse is
expected to have similar performance than PSCAD [10], the
differences observed between results are most probably related
to differencesin the way the power electronics components are
modelled in both platforms. However, beside the difference in
the converter power consumption, the other differences found
in the simulation can be considered minor for the analysed
case: 16 rad/sin flywheel final speed, 5V in DC voltage ripple
and 9Vin DC voltage dip. It should be noted that the difference
in power consumption is not necessarily an indicative of an
incorrect model, but rather an indicative of differences in the
assumptions made in the model; further analysis is necessary
to identify the root cause of this specific difference.
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tromagnetic torque (top) and rotor speed (bottom).
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4  Conclusion

Inthis papera FESS was implemented forthe RSCAD-RTDS
and PSCAD-EMTDC, EMTP-type simulation platforms. De-
tails on the differences between the two platformscomponents
are highlighted. The simulation of a FESS charge-discharge
cycle was conducted, and the results were compared. The non-
real-time comparison between systems results fora smalltime-
step of 1 ps shows a good agreement between the two solu-
tions. However, differences in standby losses and the level of
high frequency oscillations exist. The differences between re-
sults are most probably related to the way the FESS converters,
and corresponding switching operation, are modelled in both
platforms. However, contrary to previous published compari-
sons, beside the difference in power consumption, the other



differences found can be considered minor: 9V in DC link
voltage dip and 5V in DC voltage ripple.
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