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Abstract: Low-inertia power systems suffer from a high Rate of Change of Frequency (ROCOF) during a sudden imbalance in
supply and demand. Inertia emulation techniques using storage systems, such as Flywheel Energy Storage Systems (FESS), can
help to reduce the ROCOF by rapidly providing the needed power to balance the grid. In this work, a new adaptive controller for
inertia emulation using high-speed FESS is proposed. The controller inertia and damping coefficients vary using a combination
of bang-bang control approaches and self-adaptive ones, in order to simultaneously improve both the ROCOF and the frequency
nadir. The performance of the proposed adaptive controller has been initially validated and compared with several existing ad-
aptive controllers by means of offline simulations, and then validated with experimental results.The proposed controller has been
implemented on a real 60 kW high-speed FESS, and its performance has been evaluated by means of Power Hardware-in-the-
Loop (PHIL) testing of the FESS in realistic grid conditions. Both simulations and PHIL testing results confirm that the proposed
inertia emulation control for the FESS outperforms several previously reported controllers, in terms of reducing the maximum

ROCOF and improving the frequency nadir during large disturbances.

1 Introduction

As power systems are moving from synchronous generator-based
generation towards power electronics-based energy production, the
share of rotating inertia in the system is steadily decreasing. This
has already given rise to an increase in the Rate of Change of Fre-
quency (ROCOF) and in the number of frequency violation incidents
in power systems around the world, including Europe [1]. By analyz-
ing previous frequency disturbances in Europe, it has been reported
than only up to a ROCOF of 1 Hz/s, which corresponds to a system
imbalance ratio of 20 %, stable system operations are guaranteed.
However, system imbalances up to 40 % are expected for the near
future, corresponding to a ROCOF of 2Hz/s [2]. Fig. 1 shows a
typical frequency response of a power system during a major dis-
turbance, such as a large generation loss. The slope of the frequency
drop, or ROCOF, is determined by the total system inertia, which
has a significant role in maintaining grid stability [3]. The inertia
plays a major role within the first seconds of the frequency disturb-
ance and has also a significant impact on determining the frequency
nadir, defined as the minimum frequency reached during an under-
frequency event. The generation units contributing to the primary
frequency control should respond fully within 30s of the disturb-
ance, in order to maintain the frequency, by providing proportional
to the frequency deviation. The secondary frequency control has the
task of slowly recovering the frequency to the nominal value within
minutes after the disturbance.

In the last decade, significant work has been done on differ-
ent techniques for synthesizing the inertia with power electronics
systems, emulating the inertia response of synchronous machines
during frequency events. Comprehensive reviews and comparisons
of different inertia emulation techniques can be found in [4, 5].
However, in many cases, the dynamics and limitations of the active
power source behind the converter and its controller are neglected,
assuming an ideal DC link with infinite energy, such as in [6-9].
When considered, wind turbines, PV systems, and batteries are often
chosen as the active power source required for the inertia response.
However, each of these solutions have its own limitations for provid-
ing an emulated inertia response. In inertia emulation using wind
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turbines [10-12], the required speed recovery alters the response of
the wind turbine from an ideal inertia response [13]. PV systems
can also be used for inertia emulation [14, 15], but this requires
operating the system below its maximum power point or adding
storage elements. Eventually, the converter’s DC-link capacitor can
also be employed for inertia emulation purposes as well [15]. How-
ever, the energy content of such capacitors is very limited, and the
DC-link voltage also has limitations to guarantee linear pulse width
modulation. Batteries such as the ones for electric vehicles applic-
ations [16, 17] can also be used for inertia emulation. However,
concerns over the lifetime of the battery can force to limit the out-
put power [18], which degrades the inertia emulation performance
during disturbances. In fact, many proposed inertia emulation tech-
niques such as in [3, 19-25], require only fast high peak power
transients, which can adversely affect the battery’s lifetime.

On the contrary, a high-speed Flywheel Energy Storage Sys-
tems (FESS) can offer a high amount of power over relatively short
periods (seconds to minutes), with significantly higher flexibility in
rate, depth, and the number of cycles with no concerns over the
lifetime. A FESS does not suffer from any of the previously men-
tioned limitations. Thanks to composite fiber materials and advanced
magnetic bearings, today’s high-speed FESS are capable to rotate at
much higher speeds, leading to discharge time from tens of seconds
up to several minutes, that is in the required range inertia response
and primary frequency regulation dynamics [26]. There are only two
control designs for inertia emulation using FESS previously repor-
ted in literature [27, 28]. However, in both solutions, the control
parameters are not adaptive, and realistic grid scenarios are not con-
sidered, limiting the evaluation of the FESS performance. Moreover,
the controller proposed in [27], does no have an inherent current
control, and authors report problems in forming purely sinusoidal
currents. Also, only pure numerical simulations are provided, and
no experimental verification for inertia emulation using FESS has
been reported.

This paper attempts to resolve the aforementioned issues in the
current state-of-the-art in using FESS for inertia emulation. The
main contributions of this paper can be summarized as:
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Fig. 1: Typical response of a power system in an under-frequency
event

e A new adaptive controller for inertia emulation using high-speed
FESS is proposed, which combines the dynamic advantages of bang-
bang controllers with an adaptive control strategy. The proposed
controller also considers the FESS state of charge when providing
virtual inertia.

e The proposed adaptive inertia controller is designed to be easily
integrated into existing commercial FESS as an external controller.
e The response of the FESS using the proposed controller is com-
pared with the classical droop controller and with three previously-
proposed methods for adaptive inertia support using inverter-based
systems. Two different scenarios and six different cases are simu-
lated in a low-voltage microgrid based on the CIGRE European low-
voltage benchmark [29] to show the effectiveness of the proposed
method.

e The performance of the proposed adaptive inertia emulation
controller has been experimentally validated by means of Power
Hardware-in-the-Loop (PHIL) testing using the real-time simulation
of the microgrid under study. The hardware under test consists of
a commercially-available 60 kW high-speed FESS, where the ad-
aptive inertia emulation controller is added as an external control
loop. As a unique point of this work, the PHIL experimental valid-
ation of inertia emulation using a full-scale FESS in AC grids has
been presented for the first time. PHIL testing for validation of iner-
tia emulation has previously been reported only in [6]. However, an
ideal DC source has been considered as power source with a simple
control design.

The rest of this paper is organized as follows. The design of the
proposed controller for the high-speed FESS is described in detail in
section 2. The description of the test microgrid and offline simulation
results in MATLAB/Simulink environment are given in section 3,
where a comparative study between the proposed method and sev-
eral previously-reported controllers is presented. The description of
the experimental setup used for the PHIL testing of the high-speed
FESS, along with the experimental results are provided in section 4.
Finally, the conclusions are stated in section 5.

2  Adaptive Inertia Emulation Control for FESS

From the perspective of control design, controllers for providing vir-
tual inertia using inverter-based systems can be categorized into two
main groups. The first category, namely, the virtual synchronous ma-
chines [30], uses the synchronous generator equations to generate
the reference values for voltage amplitude and angle of the con-
verter. The major advantage of this method is that in some designs,
it can eliminate the frequency measurement component, such as
in [31, 32]. However, these controllers cannot be easily added into
the existing commercial systems, as they require a complete redesign
of the converter controllers [12]. This is particularly valid for com-
mercial FESS (and wind turbines), where the active power control is
designed on the Machine-side Converter (MSC) and not on the Grid-
side Converter (GSC). This design allows the parallel connection of
multiple flywheels in the DC side, in order to reach higher ratings.
The second category, referred to as inertia emulation methods, only

uses the swing equation of the synchronous generator to generate the
active power reference [6, 12, 33, 34]. This method has the advant-
age that it can easily be added as an outer control loop to the existing
systems. Since the goal of this paper to include the inertia emulation
control on an commercial FESS, the second approach is used.

The block diagram for the proposed controller design of the high-
speed FESS is shown in Fig. 2. Based on the structural design of
existing commercial FESS, the active power control is implemented
on the MSC, together with the inertia emulation controller. The GSC
controls the DC-link voltage. The structure of the GSC control, the
MSC control, the adaptive control method for inertia emulation, and
the method used for estimating the frequency and the ROCOF is
described in detail in this section.

2.1  Control of Machine-side Converter (MSC)

Considering the mechanical model of a Permanent Magnet Syn-
chronous Machine (PMSM), used in the FESS, the electrical power
Pe of the PMSM is calculated as [35, 36]:

Pe = Tetwm = wamd%m + Diwm. €8

where wm is the mechanical angular velocity of the rotor, J¢ is

the inertia of the flywheel, Dy is the friction coefficient, and 7e is the
electrical torque, which is calculated using [35, 36]

3 L. . 3 .
Te = §np[(Ld — Lq)iqiq + vriq] = §Hp¢flq~ (@)

In (2), np is number of PMSM pole pairs, ¢ is the permanent
magnets flux, 7q and iq are the d- and g-axis currents, and Lq and
Lg are the d- and g-axis inductance, respectively. We can simplify
(2), since in a surface-mounted PMSM used in a FESS, the d- and
g-axis inductance are almost equal [35].

By normalizing (1) with the definition of the inertia constant for
a PMSM as [35]:

1 2
H — §Jf§]max7 (3)
n

where wmax is the maximum speed of the PMSM, and Sy, is its
nominal apparent power, and indicating with the upper bar the per
unit values, we obtain

daJIIl

P, =2H
N dt

+ Diwm. (C))

Equation (4) shows that the PMSM in a FESS behaves similarly
to the swing equation of a conventional synchronous generator, with
the difference that there is no mechanical input. As the goal is to
transfer the inertia response of the PMSM to the grid side, we re-
place the mechanical angular velocity (wm) in (4), by the error in
grid’s electrical frequency in per unit (Adwg) and use this equation to
generate the active power reference for the machine-side converter.
Then, the reference value for the active power P, for the MSC is
calculated using

dAwg
dt

ﬁref =2H + DAG)g. (5)
Equation (5) is the basis of the inertia emulation control, shown
in the Fig. 2. In this way, the FESS controller emulates the inertia re-
sponse of the PMSM according to the changes in the grid frequency.
In (4) and (5), D in per unit is defined as the damping coefficient.
As seen in Fig. 2, the active power reference is transformed to the
torque reference (7qpef) using the speed of the PMSM and then to
the g-axis current reference of the MSC (iqrefm), using (2). That is
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Fig. 2: The block diagram for the proposed controller for adaptive inertia emulation using FESS

(a) Block diagram of the GSC controller
(b) Block diagram of the MSC controller

‘ 2P,cfPn
= —. 6
tqrefm 3np’¢f(dm (6)

In (6), Py is the nominal active power of the PMSM. To imple-
ment the maximum torque per Ampere control, the reference for the
d-axis component (Z4yefm ) 1S set to zero. Conventional current con-
trollers with decoupling terms have been used for the inner current
control loop, which also limits the currents. More information on the
inner current controllers and their parameters can be found in [37].

As shown in (5) the inertia constant H determines the change of
active power with respect to the ROCOF. The damping coefficient
D determines the active power change with respect to change of fre-
quency itself. This resembles the role of the droop coefficient, which
is usually a control parameter in the governor system of a synchron-
ous generator. In this work, these two parameters change their values
in real-time for an improved frequency response. We combine the
advantages of a bang-bang control for inertia control, guaranteeing
fast control dynamics, with adaptive methods, that ensure a more
proportional control action. Also, as suggested in the literature, we
extend this control strategy not only to the inertia constant but also to
the damping coefficient, intending to improve both the ROCOF and
the frequency nadir. The adaptive algorithm for these parameters is
explained next in section 2.2.

When using a FESS for frequency support, it is important to make
sure that the system is always capable of injecting or absorbing
power at any moment, in case of under- and over-frequency events,
respectively. Therefore, the State of Charge (SOC) of the FESS
should always recover away from its limits after the frequency incid-
ent has passed. In this paper, the SOC is kept at 75 % at steady-state
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conditions, which corresponds the 87 % of the maximum speed. This
choice is based on the fact that FESS are not able to provide the rated
power at low values of SOC, due to the higher torque requirements.
As shown in Fig. 2, the SOC controller uses a PI controller together
aramp rate limiter to slowly charge the FESS, and it is only activated
when the frequency error falls below the frequency dead-band.

2.2 Adaptive inertia and damping controller

The advantage of inertia emulation is that the inertia and damp-
ing can be altered in real-time. Therefore, it has been suggested
to have adaptive parameters for an improved performance during
frequency deviations. The suggested methods in the literature can
be categorized into interval-based controllers [20-23, 38], where
these two parameters have different values in specific intervals
during the frequency deviations and methods based on online op-
timization techniques [18, 19, 25, 39-41]. In this paper, we com-
pare several methods proposed in the first category and propose a
method, that can outperform them. A comparison among the studied
interval-based control systems is presented in Table 1.

Having a relatively large value for the inertia constant can re-
duce the maximum ROCOF during a frequency disturbance [22, 38].
However, this can also lead to a slow recovery of the frequency and
a high settling time. Therefore, in [38], authors suggest a bang-bang

control strategy for the inertia, in which the inertia value changes

between two discrete values with respect to the sign of Awg%.

Using this approach, a significantly lower inertia constant is ap-
plied, during the frequency restoration. But this work neglects the
second degree of freedom, that is the damping coefficient, which



Table 1 Comparison between the proposed controller and several interval-
based adaptive inertia emulation controllers in literature.

Reference Bang-bang Adaptive Considering Considering
control control damping power source
[38] Yes No No No
[21] Yes No Yes No
[23] No Yes No No
[20] No Yes Yes* No
Proposed Yes Yes Yes Yes

* High damping only activated after the frequency nadir.

can significantly support the frequency control. Authors in [21] pro-
posed a similar control strategy on both the inertia and the damping
coefficients, as increasing the damping coefficient can improve the
frequency nadir and settling time of the frequency. In both ap-
proaches using the bang-bang control method, the inertia constant
and damping coefficient oscillate between two predetermined con-
stant values and are independent from the nadir and ROCOF. Thus,
an adaptive inertial constant based on the instantaneous values of
frequency deviation and ROCOF is proposed in [23], but, again, it
neglects the damping coefficient. The damping coefficient is finally
added to improve the frequency regulation in a self-adaptive con-
trol method in [20]. However, the high-value damping coefficient is
only activated after the frequency nadir to damp the subsequent fre-
quency oscillations. Thus, it has no effect on the frequency nadir.
The problem with the aforementioned methods in [20, 23], in which
parameters vary accordingly with the severity of the frequency dis-
turbance, is that the virtual inertia and damping do not change as
fast as the bang-bang controllers. It is important to reach a high iner-
tia constant as fast as possible for effectively avoiding reaching high
ROCOF values.

In this work, we combine the advantages of the bang-bang con-
trol, i.e., fast changes of the inertia constant and damping coefficient,
with self-adaptive methods, where the parameters vary according to
the frequency measurement. The proposed adaptive controller is in-
troduced using (7) and (8). With the start of the frequency deviation,
the inertia constant jumps to a higher value (H;), which is also in-
creased by a proportional component that scales linearly (Kyp) with
the instantaneous ROCOF in per unit. When the frequency reaches
its minimum, which is identified by the conditions given in (7), the
inertia constant is reduced to a much smaller constant value near
zero (Hg), to reduce the frequency settling time. Therefore, using
the proposed approach, the inertia constants reaches a high value
very quickly at the beginning of the disturbance, and it is further in-
creased proportional to the amplitude of the ROCOF, before reaching
the frequency nadir.

A similar algorithm structure is designed for the damping coef-
ficient with the difference that the proportional part scales with the
measured frequency deviation. Also, after the frequency passes the
minimum point, the adaptive component of the damping, Kp Awg,
is maintained to improve the damping of the frequency, while the
constant component is reduced from D; to Da.

= | H(H“M“’g wagdA“’g >0 N [9B%| > ¢
H, f Awg 5% < 0 U | 989 ¢
(7)
D = Wg dA"-’g
D(t)_{ 1+ Kp|Adyg| 1wag dt >0N | | >ep
Dy + Kp|Adg| ,if Awg 572 <0 U | dt £ <ep
(®)

The stability of using such controllers based on the bang-bang
control for inertia emulation has been previously proved on multiple
occasions, including in [38]. Therefore, such an analysis is omitted
in this paper. The choice of the parameters used in (7) and (8) for the
special case of using a FESS is discussed in the next section.

Table 2 The control parameters for the proposed inertia emulation controller.

Parameter Value Parameter Value
Hlmax 59s Dlmax 55 p.U.
Hs 0.01s Domax 40 p.u.
Kamax 400 Kpmax 400
€H 0.005 p.u. (35} 0.00sa5 p.u.

2.3 Parameters for the Inertia Emulation Control For FESS

Previously reported inertia emulation techniques often assume an
ideal DC source with infinite energy content. This section presents
a methodology on how to incorporate the SOC and practical limita-
tions of the FESS into the inertia emulation controller.

The value of H; determines the major share of the emulated iner-
tia. With a fully charged FESS, at the rotational speed of wmax, the
controller provides the maximum inertia, i.e., H} = Hypax, Where
Himax is a design parameter. However, it is proposed in this pa-
per that H; changes its value according to the actual speed of the
FESS (wm) to consider the SOC of the FESS. That is

11,2
5Jfwm Wm

2
H, = ) Hlmax =S0C - Hlmax~

)

Himax = (

%Jf‘dl?nax Wmax

A similar function to Eq. (9) is used for Ky with the maximum
value of Kyiaxs i.6. Ky = SOC - Kyppmax- The value of Hg should
be close to zero for a fast frequency recovery.

Moreover, we integrate a special requirement of FESS into the
proposed control: flywheels are not able to provide the nominal
power at low rotational speed, as doing so requires significantly
higher torque from the PMSM (see (1)), that is limited by the ma-
chine maximum current. Therefore, the damping coefficients D1 and
Ds are reduced according to the speed of the FESS, when the speed
of the flywheel passes a lower boundary, as shown in Fig. 3(b).
The low-speed boundary is assumed to be 50 % of the nominal
speed, which corresponds to a SOC of 25 %. Using the proposed
SOC-based inertia emulation, the FESS will inject power in order
to support the frequency, during the disturbances according to its
SOC. This increases the FESS contribution in high values of SOC,
while automatically reduces the power required from the FESS at
low SOC, reaching zero when the FESS is empty. This is a man-
datory requirement for implementing the controller on real FESS,
where the physical electromechanical constraints must be taken into
account. As the damping coefficients D and Dy are equivalent to
the inverse of droop coefficients, they can be selected based on droop
values given in the grid codes. In this paper, we assume the max-
imum value for D2 (D2pax) to be 40 p.u., which is equivalent to
a droop of 2.5%. The maximum value of D1 (Dimax) is set to
a slightly higher value of 55 p.u. to help improving the frequency
nadir, and it is deactivated afterwards. A similar function to Dq is
used for Kpy with the maximum values of Kpyax.

The choice of Ky and Kp determines the impact on the RO-
COF and frequency deviation on the inertia constant and damping
coefficient. These are tunable parameters, which can be chosen ac-
cording to the maximum ROCOF and frequency deviation expected
in a system. The values of €j; and ep, which determine the trans-
ition conditions, should be as low as possible. However, the level
of noise on the frequency measurement and its derivative should be
considered when selecting these variables to avoid inaccurate trig-
gering between the two states of the controllers. These values should
be larger than the noise level by a safe margin. The values for the
parameters of the (7) and (8) used in this paper are given in Table 2.

2.4 Control of Grid-side Converter (GSC)

This controller has the task of controlling the DC-link voltage of
FESS by controlling the active power exchange between the FESS
and the grid. Conventional PI controllers with decoupling terms for
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Fig. 3: The parameters of the inertia emulation controller as a
function of the speed of the FESS

the d- and g-axis and voltage feed-forward are used for generating
the PWM indices [37]. The GSC also attempts to maintain the AC-
side terminal voltage by absorbing or injecting reactive power. The
design parameters for the reactive power compensation is accord-
ing to the Q(U) characteristics, requested by the latest German grid
code, VDE-ARN-N 4105 [42].

2.5  Frequency Measurement Method

The proposed controller for inertia emulation requires the frequency
and frequency derivative estimation. Since the goal of this work to
propose an inertia emulation controller that can be easily added to
existing FESS as an external loop, control techniques that eliminate
the need for frequency measurement systems [31, 32], can not be
used. Such control systems require complete change of the entire
converter control system [12].

Conventional Synchronous Reference Frame Phase-Locked
Loop (SRF-PLL) has been used extensively for inertia emulation in
numerous works [30, 33, 34, 41, 43]. However, other works show
that the use of the SRF-PLL for inertia emulation can lead to in-
stabilities, unrealistic values, and noise amplification associated with
the derivative operation [31, 44, 45]. Also, the SRF-PLL has limited
performance in unbalanced and distorted voltage conditions [46].
Methods to improve the performance of the SRF-PLL in such con-
ditions often include adding filters and window functions, which
introduce delays, that can impair the inertia emulation.

In this paper, we employ a Dual Second Order Generalized Integ-
rator Frequency-Locked Loop (DSOGI-FLL), as presented in [46].
A major advantage of the DSOGI-FLL is the generation of the fre-
quency time derivative without performing a mathematical derivative
operation, avoiding the associated issues. The performance of this
approach are validated by both simulations and experiments in [44].
Furthermore, the DSOGI-FLL includes adaptive filters to deal with a
great level of asymmetry and harmonics. It has been shown that the
DSOGI-FLL performs excellent in unbalanced, faulty, and distorted
conditions [46] and does not encounter the instabilities common for
the SRF-PLL [44].

The block diagram of the DSOGI-FLL is shown in Fig. 4. As
seen, the DSOGI-FLL consists of two SOGI Quadrature Signal
Generator (SOGI-QSG) and an FLL with gain normalization. The
SOGI-QSG receive the input voltage values in the a3 stationary
reference frame (vo and vg) and generate in-phase (v' o and v’ 8)
and in-quadrature (qv’, and qv’ ) signals of the input signals. The
SOGI-QSG control loops are basically a band-pass filter for the in-
phase components and a low-pass filter for the in-quadrature ones, in
which their centre frequency is adopted with the estimated frequency
through FLL (wg). Choosing the control parameter k = v/2 shown
in Fig. 4, leads to an optimum damping factor of ¢ = 0.707, which is
also the recommended value in [46, 47]. This leads to a fast dynamic
response, while keeping the filtering capability of the SOGI-QSG
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Fig. 4: Block diagram of the DSOGI-FLL

against harmonics and noisy signals. The FLL uses the values gener-
ated by the two SOGI-QSG to calculate the frequency derivative and
the frequency itself. The frequency derivative is calculated without
any derivative operation and is calculated using

dwg _ T

A w

— Va)qUa + (v — vg)qup).

In (10), I" is the FLL gain and a tunable parameter. From (10),
it is clear that the estimation of the frequency derivative depends
only on the two SOGI-QGS control loops and the FLL gain I'. For
choosing the value of the FLL gain I', a first-order approximation is
presented in [46], in which is shown that the value of I" is inversely
proportional to the settling time for the frequency measurement. In
this paper, we choose I' = 100, to have a relatively fast frequency
measurement, as suggested in [48]. The theoretical stability analysis
for the DSOGI-FLL is provided in [44, 49], and thus not repeated in
this work.

3 Simulation Results

In this section, the performance of the proposed adaptive iner-
tia emulation controller for the high-speed FESS is evaluated in
two different scenarios using offline time-domain simulations in
MATLAB/Simulink software environment. The results are also com-
pared with the results using three adaptive inertia emulation control
techniques previously proposed in the literature.

The scenarios are implemented in an LV AC microgrid, which is
based on the CIGRE European low voltage network benchmark [29]
and its modified version, as suggested in [50]. The single-line dia-
gram of the microgrid is illustrated in Fig. 5, where the FESS is ini-
tially simulated. The FESS is installed near the MV/LV transformer
to provide frequency and voltage support during grid islanding. Two
PV systems and one diesel-based Combined Heat and Power (CHP)
system are installed near the loads. The parameters used for the
FESS and the added DER to the original benchmark are given in
the Appendix. The parameters for the inertia emulation controller
is given Table 2, while the parameters for the inner controllers of
the FESS are according to the values in [37]. The system is cap-
able of being operated in autonomous mode if disturbances occur in
the main power system. The PVs are operating at Maximum Power
Point (MPP) using the incremental conductance method and they
are modelled according to the generic two stage model proposed
in [51]. Since the PVs are already operating in MPP, they cannot
take part in regulating the frequency in under-frequency events. By a
power imbalance in the autonomous operation of the microgrid, the
CHP slowly covers the required power, while the FESS has the task
of proving additional inertia support during the first seconds of the
frequency disturbance.

In each scenario, 6 different cases are considered, which are also
summarized in Table 3:
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PHIL testing, the FESS model is replaced by its physical counterpart

Case 1: No FESS is installed.

Case 2: FESS with conventional droop-based frequency/power
control.

Case 3: FESS with inertia emulation control and bang-bang con-
trol, as in [21].

Case 4: FESS with inertia emulation control and adaptive inertia,
as in [23].

Case 5: FESS with inertia emulation control and adaptive inertia
and damping, as in [20].

Case 6: FESS with the proposed adaptive inertia and damping
method, as described in 2.2.

For a fair comparison among the methods, similar values for the
inertia constant and damping coefficients are used for each control-
ler. The same maximum inertia and damping coefficients are used
for bang-bang control in case 3. For controllers where a single value
of inertia constant is used, as in case 4 and 5, the average of the in-
ertia constants of the two states is used. For each scenario, changes
in grid frequency, the ROCOF, the inertia constant and damping, the
active power of the FESS and its SOC is presented.

3.1  Scenario A: Islanding of the microgrid

In this scenario, initially, the microgrid is absorbing 80 kW of power
from the MV grid, while the DER locally supply the rest of the loads.
Att = 0.4 s, the LV grid decouples from the mains and operates in
autonomous mode. The deficiency in power causes the frequency of
the microgrid to fall, while the synchronous generator of the diesel-
based CHP is the only traditional source of inertia in the system,
with an inertia constant of 3.3 s. Therefore, the changes in frequency
occur in a short amount of time, and higher values for ROCOF are
observed, in comparison to a large power system with a significant
amount of inertia. An initial SOC of 75 % is assumed for the FESS
in all cases.

The simulation results of this scenario for all cases are presented
in Fig. 6 and 7. For a better comparison among the cases, the fre-
quency nadir and the maximum ROCOF for each scenario is also
presented in Table 4. It can be seen from Fig. 6(b) that implementing
inertia emulation control reduces the maximum ROCOF observed
during the islanding. The high-speed FESS using the proposed con-
troller reduces the maximum ROCOF by 28 %, from 1.72Hz/s in

Table 3 Characteristics of the simulation cases

Inertia Emulation

Cases FESS Controller Type Control Method
Case 1 No N/A N/A

Case 2 Yes Droop N/A

Case 3 Yes Inertia Emulation [21]

Case 4 Yes Inertia Emulation [23]

Case 5 Yes Inertia Emulation [20]

Case 6 Yes Inertia Emulation Proposed

6

R9 |RI10
Pulsed Load
Pt

case 1 to 1.24 Hz/s in case 6. It also outperforms the previously
reported adaptive controllers, where the lowest value of maximum
ROCOF is obtained in case 5, reducing it to only 1.34 Hz/s. The
proposed controller leads to the lowest value for the maximum RO-
COF by quickly reaching a higher inertia constant, as shown 6(c),
using a combination of the bang-bang approach and the adaptive
component, proportional to the instantaneous ROCOF. In the pure
bang-bang control approach presented as case 3, the inertia con-
stant also changes quickly to reach a highe value, as soon as the
frequency deviation is detected. However, it remains constant until
the frequency nadir is reached, limiting its performance. The inertia
constant in cases 4 and 5 is initially at 2.2 s (the average of H; and
Hy) and then changes according to the grid frequency and its derivat-
ive. These methods can also reduce the maximum ROCOF, but since
the changes in the inertia constant are not as fast as the bang-bang
approach, they perform worse than the proposed controller. Combing
these two approaches in our design leads to better results in terms of
reducing the ROCOF. In the proposed controller the inertia constant
immediately jumps to 4.42s (H; at SOC of 75%), which is then in-
creased even further according to the changes in measured ROCOFR.
This leads to improvements in reducing the ROCOF, in comparison
to the other cases.

In addition, the proper use of the damping coefficient in the
proposed design results in a higher frequency nadir in comparison
to other cases. While the FESS with conventional droop con-
trol (case 2) improves the nadir significantly, from 48.84 Hz in case 1
to 49.2 Hz, this can be improved further using an adaptive damping
coefficient. The controller used in case 4 does not use the damping
coefficient, and the one in case 5 increases the damping coefficient
only after the frequency nadir (see Fig. 6(d)). Therefore, these two
controllers perform worse in comparison to the case 3 and 6 in terms
of the frequency nadir, where the damping coefficient increases be-
fore reaching the frequency nadir. However, improvements are still
observed in comparison to case 2, as reducing the ROCOF using
inertia emulation also decreases the frequency deviation. The most
improved frequency nadir (49.35 Hz) is obtained using the proposed
controller, as the damping coefficient jumps to a higher value as soon
as the frequency deviation occurs, which is also increased further
according the instantaneous changes in the frequency. Moreover,
an improved damping of the frequency is observed using the pro-
posed controller, which is achieved by maintaining the proportional
component of the damping coefficient after the frequency nadir.

Fig. 7 shows the power drawn from the FESS and the changes in
its SOC during the frequency disturbance. The active power in case 3
and 6 reach higher values due to the faster change of the inertia con-
stant and the damping using the bang-bang approach. However, as
soon as the frequency nadir is reached, they are reduced signific-
antly. As a result, the change in the SOC of the FESS does not differ
significantly among the cases, as shown in Fig.7(b). Therefore, it can
be concluded that among the adaptive control methods, the proposed
adaptive inertia emulation control of the FESS has the best perform-
ance, both in terms of frequency nadir and maximum ROCOF, while
not using significantly more energy from the FESS. This can be de-
cisive factor in the long-term operation of a FESS, as FESS has a
limited amount of energy.

3.2 Scenario B: Intermittent generation

In this scenario, the microgrid is being operated in the autonomous
mode, disconnected from the mains, as in scenario A. The two PV
systems are providing a total of 70 kW at the irradiance density of
1000 W/ m? and temperature of 25 °C. Initially, in the islanded op-
eration, the FESS is injecting a low amount of power according to
the value of Da. A sudden drop in the solar irradiance density to
150 W/ m? is simulated, which could be caused by passing clouds
over the PV panels. There is a sudden drop in the PV generation
with the change in irradiation density and the maximum power point
tracking system pushes the PV systems to a new operation point.
The simulation results for this scenario are shown in Fig. 8-9.
Similar to the previous scenario, the use of the proposed control-
ler leads to a higher frequency nadir and lower maximum ROCOF
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Fig. 7: Simulation results of scenario A: Islanding of the microgrid
(a) FESS power
(b) FESS SOC

during the frequency disturbance in comparison to other cases. As
seen in 9(b), the maximum ROCOF is reduced from 1.15Hz/s in
the case without the FESS to 0.82Hz/s using the FESS with the
proposed control design. Among the controllers proposed in liter-
ature, the one in case 3 shows the best performance, reducing the
maximum ROCOF to 0.89 Hz/s, due to the fast change of the iner-
tia constant using the bang-bang approach. Although a higher inertia
constant is reached in case 5 in comparison to case 3 (see Fig. 8 (c)),
this changes is not adequately fast to reduce the maximum ROCOF.
The same can be said for the controller proposed in case 4. In the
proposed control, the same bang-bang approach of the controller in
case 3 is combined with the self-adaptive components, which leads
to its improved performance. Moreover, by increasing and maintain-
ing the damping coefficient as suggested, the frequency only drops
to 49.34 Hz in case 6, with a better nadir in comparison to 49.22 Hz
in case 2, and 49.29 Hz in case 3. The proposed controller leads
to a faster response of the FESS, as seen in Fig. 9(a). However,
only slightly higher energy is drawn from the FESS in the proposed
design.
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Fig. 8: Simulation results of scenario B: drop in irradiance density
of the PV systems
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Fig. 9: Simulation results of scenario B: drop in irradiance density
of the PV systems

(a) FESS power

(b) FESS SOC

The frequency nadir and maximum ROCOF for all cases and
scenarios are summarized in Table 4 for comparison. On average,
using a FESS with the proposed controller reduces the maximum
ROCOF by 28 % compared to the case 1, and by 8 % compared
to the case 3, which has the best performance among the proposed
controllers in literature. Therefore, we can conclude that the pro-
posed method performs better in reducing the ROCOF compared to
previously proposed controllers. Furthermore, the proposed control
method has a better performance in improving the frequency nadir
in comparison to the previously suggested methods.

4  Experimental Validation using PHIL Testing
To validated experimentally the achieved improved performance in

the frequency control, the proposed inertia emulation technique has
been implemented on a real 60 kW high-speed FESS. In this FESS,



Table 4 Comparison of simulation results for different cases and scenarios in
terms of the frequency nadir and the maximum ROCOF.

Max. ROCOF (Hz/s)

Frequency Nadir (Hz)

Cases/ Scenarios A B A B
Case 1 48.84 49.04 1.72 1.15
Case 2 49.20 49.22 1.57 1.06
Case 3 49.31 49.29 1.37 0.89
Case 4 49.25 49.26 1.45 0.98
Case 5 49.28 49.27 1.34 0.95
Case 6 49.35 49.33 1.24 0.82

Flywheel
+ PMSM |

Fig. 10: Inside view of the 60 kW high-speed FESS, used for
validating the inertia emulation controller.

the flywheel rotor, made out of carbon-fibre-reinforced plastic, ro-
tates in a vacuum enclosure using active magnetic bearings, reaching
a maximum rotational speed of 45,000 rpm. Fig. 10 depicts the in-
side view of the FESS container, where all the FESS components
including PMSM, MSC, GSC, and the control cabinet are shown. In
this FESS, the active power and torque control is implemented on
the MSC, while the GSC regulates the DC-link voltage.

The performance of the real FESS and the proposed controller
for inertia emulation has been evaluated using PHIL testing at KIT’s
1 MVA PHIL testing facility. A schematic diagram of the PHIL setup
used in this paper is illustrated in Fig. 11. The microgrid shown in
Fig. 5 is simulated in real-time using RT-LAB simulation environ-
ment and Opal-RT’s 5700 real-time simulator, with simulation time
steps of 24 us. The FESS model has been replaced by its physical
counterpart. The simulated grid voltages at bus R11 (see Fig. 5) are
sent digitally to a 200 kVA Egston GAMP6 switched-mode power
amplifier, through high-speed Small Form-Factor (SFP) connections
and the Xilinx’s Aurora protocol. The FESS is connected to the
power amplifier using a three-phase four-wire cable. The voltage
and current measurements are collected at the FESS terminals us-
ing voltage and current transformers and then sent to an Opal-RT’s
OP4520 I/O expansion units and from that to the real-time sim-
ulator using another dedicated SFP connection. The voltage-type
ideal transformer method [52, 53] is used for interfacing the hard-
ware and the real-time simulation. The PHIL setup has shown to be
quite stable, due to the relatively low simulation time-step and loop
delay, a major contributor to the PHIL setup stability [54]. The low
simulation time step is achieved using the novel state-space nodal
solver [55] to solve the system equations on the real-time target.
Also, the use of fast SPF connections reduces the total loop delay.
A separate CPU core on the simulator is dedicated to the Modbus
connection to the FESS, to read and write variables, such as the SOC
of the FESS and changes of its operation mode.

The inertia emulation controller is also implemented on the
OP5700 real-time simulator. It calculates the reference value for the
active power of FESS according to the frequency measurement, and
sends it to the FESS controller in real-time. The FESS controller
generates the torque reference for the PMSM from power references
on the MSC, as shown in Fig. 2. To illustrate the functionality of this
setup and the fast response of the FESS using this approach, a 60 kW
step in active power reference is sent from the real-time simulator to
the FESS. As seen in Fig. 12, the FESS reaches the reference value in
just above 25 ms, and quickly follows the reference value sent from
the real-time simulator.

Scenarios A and B have been repeated using the real FESS in the
PHIL setup for the case 1-6, summing up to 12 different experiments.
Other adaptive control methods, presented as case 3-5 in this paper,
have also been tested on the FESS for comparison.

4.1  Scenario A: Islanding of the microgrid

In this scenario, the simulated microgrid, running on the OP5700
real-time simulator, goes in the islanded mode, by the opening of
the circuit breaker S1. Before the islanding, the microgrid is drawing
approximately 80 kW from the mains, which leads a significant drop
in the frequency, when the islanding occurs. For all cases, the FESS
is charged to reach the SOC of 75 % prior to the islanding, which
corresponds to around 39,000 rpm for this FESS.

The PHIL testing results of the FESS in the islanding scenario
for all the 6 cases are presented in Fig. 13-17. As shown in Fig. 13
and Fig. 14, similar to the offline simulation results, the most im-
proved frequency nadir and maximum ROCOF is achieved using the
proposed adaptive control, presented as case 6. The frequency nadir
improves from 48.84 Hz in the case without the FESS to 49.27 Hz
in the proposed design, and to 49.19 Hz with the best previously
reported controller (case 3). Moreover, an improvement in the damp-
ing of the frequency is observed in the proposed design with the
help of the adaptive damping coefficient. In fact, as seen Fig. 13,
there is almost no overshoot in the frequency, when recovering, us-
ing the proposed controller, and the frequency steadily reaches its
steady-state value. More importantly, as an inertia emulation control-
ler, the proposed controller reduces the maximum observed ROCOF
by 25 % from 1.71Hz/s in case 1 to 1.3 Hz/s in case 6, as shown
in Fig. 14. There is a minor difference between the simulations and
PHIL results, which is caused by the delays and limitations of the
real hardware, which is not considered in the simulations.

As shown in Fig. 15, which shows the measured instantaneous
power at FESS terminals in the PHIL setup, the peak power drawn
from the FESS in the proposed design (case 6), is not actually
higher than the power in case 3. However, with a faster and more
prompt response of the FESS to the frequency deviation, an im-
provement in the frequency response of the FESS is achieved. The
fast response is due to the fast change of inertia constant using the
bang-bang approach, in combination with the proportional compon-
ent, which leads to high value for the inertia constant as soon as
the islanding happens, as shown in Fig. 16(a). The use of two dif-
ferent inertia constants i.e., Hj and Hs, for each interval leads to
a higher inertia constant when the disturbance occurs, in compar-
ison to the controllers proposed in case 4 and 5. Also, adding the
proportional component to the inertia constant, which scales with
the ROCOF, makes the proposed design superior to the conventional
bang-bang approach, presented as case 3. The second degree of free-
dom, the damping coefficient, is shown in Fig. 16(b). The inclusion
of a higher damping coefficient from the beginning of the frequency
deviation in the proposed design, as opposed to case 5, leads to a
better frequency nadir. Again, the proportional term, which scales
with the frequency deviation, leads to an improvement in frequency
response, in comparison to case 3, where the values for the damping
are constant.

The changes in the SOC of the FESS during the 6 cases is shown
in as seen in Fig. 17. As seen, the improved performance using the
proposed controller is achieved with a negligible increase in the en-
ergy drawn from the FESS. The proposed controller decreases the
SOC of the FESS by only 0.12 % more in comparison to case 2, and
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Fig. 13: PHIL testing results: Frequency during scenario A, mi-
crogrid islanding.

only by 0.05% in comparison to case 3. Therefore, it can be con-
cluded that the improved performance is achieved by using the same
energy content from the FESS.
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scenario A..

4.2 Scenario B: Intermittent generation

In this scenario, the irradiance density, as the input to the PV sys-
tems, suddenly changes from 1000 VV/m2 to 150 W/m2, which
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Fig. 17: PHIL testing results: SOC of the FESS in Scenario A,
microgrid islanding.

reduces the total PV generation in the microgrid from 70kW to
10kW.

The PHIL results for the scenario are shown in Fig. 18-21. The
frequency is initially at 49.75 Hz in the islanded operation. The fre-
quency drops with the sudden drop in the PV production, but the
FESS injects active power to reduce the ROCOF and the drop in
frequency, until the CHP provides the power deficiency. As seen,
similar to previous results, using the proposed adaptive inertia emu-
lation controller leads to an improved frequency nadir and a lower
maximum ROCOF during the frequency deviation. The inertia emu-
lation controller reduced the maximum ROCOF from 1.16 Hz/s in
case 1 to 0.83 Hz/s in case 6. Moreover, the proposed controller
also outperforms the previously proposed methods in terms of the
frequency nadir and damping of the frequency, presented as case 3-
5. This is achieved by a faster and more aggressive response from the
FESS, shown in Fig. 20. As soon as the frequency nadir is reached,
the FESS active power is reduced due to a lower inertia constant
as shown in Fig. 21(a). The FESS only injects power according to
the damping coefficient, shown in Fig. 21(b). Again, the improved
performance is achieved using only slightly more energy from the
FESS, which is negligible.

There is also a good match between the offline simulation res-
ults and the PHIL results using the real FESS. However, there is a
minor difference, which is caused by the delays and limitations of
the real hardware, such as the nonlinear torque ramp rate limiter of
the PMSM, which is not considered in the simulations. These differ-
ences lead in a slightly higher ROCOF, lower frequency nadir, and
higher power drawn from the FESS in the PHIL testing results, in
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comparison to the pure offline simulations, where an ideal FESS is
considered. This is a good example of the advantages of PHIL test-
ing, where real hardware behaviour is reflected on the grid variables,
such as frequency, which is difficult to observe or implement using
pure numerical simulations.

5 Conclusion

Lower-inertia power systems require fast-acting resources in order
to maintain the frequency and limit the ROCOF during disturbances.
Due to a high power injection capability, FESS can help reducing
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the ROCOF and the frequency deviation in such grids. In this pa-
per, a new adaptive controller based on inertia emulation control
is proposed for high-speed FESS. The proposed controller aims to
simultaneously reduce the maximum ROCOF and improve the fre-
quency nadir during large frequency disturbances. It combines the
advantages of bang-bang controllers with adaptive ones in order to
have both a fast and a proportional response to the frequency disturb-
ances. The emulated inertia and support of the FESS also considers
the FESS energy content in the proposed design. The controller is
designed as an external controller, in order to be easily integrated
into existing commercial FESS. In the first step, comprehensive off-
line simulations in an AC low-voltage microgrid are performed and
the results in different scenarios prove that the proposed control-
ler can significantly reduce the maximum ROCOF and improve the
frequency nadir of the systems and outperforms several previously
reported interval-based methods. Next, the proposed controller is
implemented on a real 60 kW high-speed FESS and its perform-
ance is validated by means of PHIL testing and real-time simulation
of the microgrid. The experimental PHIL results confirm the off-
line simulations, and show that the proposed controller outperforms
the other controllers in terms of reducing the frequency nadir and
maximum ROCOF. Furthermore, the experimental results show the
advantage of PHIL testing, where the effect of delays and nonlinear-
ities of a physical hardware, often not considered in simulations, can
be observed on the grid variables the such as the frequency.

6 Appendix

The parameters for the DER, including the FESS, added to the
CIGRE European LV grid are given in Table 5.
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Table 5 The parameters of DER.

Parameter Description Value Unit

CHP Diesel Genset

Nominal apparent power 170 kVA
Synchronous generator- X4 1.305 p.u.
Synchronous generator- X/, 0.296 p.u.
Synchronous generator- X/ 0.252 p.u.
Synchronous generator- X 0.474 p.u.
Synchronous generator- X/ 0.243 p.u.
Synchronous generator- X; 0.18 p.u.
Synchronous generator- T'do 4.49 s
Synchronous generator- T/ do 0.0681 s
Synchronous generator- T q 0.0513 1 s
Synchronous generator- Rg 0.003 p.u.
Synchronous generator- H 3.3 s
Governor- Regulator gain 29 -
Governor- Regulator time constant 1 0.01 s
Governor- Regulator time constant 2 0.02 s
Governor- Regulator time constant 3 0.2 s
Governor- Actuator time constant 1 0.25 s
Governor- Actuator time constant 2 0.009 s
Governor- Actuator time constant 3 0.0384 s
Governor-Engine time delay 0.024 s
AVR- Low pass filter time constant 10 ms
4000 -
AVR- Time constant 0.4 S
AVR- Damping filter gain 0.03 -
AVR- Damping filter time constant 1 s
Flywheel Energy Storage Systems (FESS)
Nominal apparent power- S, 60 kVA
Flywheel inertia - J¢ 1.26 kg.m?
Number of pair poles- n, 1 -
d-axis inductance- Lg 4 uH
g-axis inductance- Lq 4 uH
PMSM stator resistance- rg 3 m§)
Permanent magnet flux- ¢ 0.12 Vs
Friction coefficient - D¢ 0.00004 N.m.s
Maximum torque - Tyax 21 N.m
Maximum speed of the flywheel - wpax 4712.3 rad/s
Photovoltaic System 1 (PV1)
Nominal apparent power 50 kVA
DC-link voltage control - Proportional term 80 -
DC-link voltage control - Integral term 5000 -
d-axis current controller - Proportional term 5 -
d-axis current controller - Integral term 100 -
AC voltage controller - Reference voltage 221.9 \
g-axis current controller - Proportional term 1 -
g-axis current controller - Integral term 10 -
DC-link capacitance 3 mF
PV voltage controller- Proportional term 1 -
PV voltage controller- Integral term 150 -
PV current controller- Proportional term 0.004 -
PV current controller- Integral term 1 -
MPPT - Increment value 3 mV
Photovoltaic System 2 (PV2)
Nominal apparent power 20 kVA
DC-link voltage control - Proportional term 80 -
DC-link voltage control - Integral term 1000 -
d-axis current controller - Proportional term 5 -
d-axis current controller - Integral term 100 -
AC voltage controller - Reference voltage 220 \
g-axis current controller - Proportional term 5 -
g-axis current controller - Integral term 100 -
DC-link capacitance 3 mF
PV voltage controller- Proportional term 1 -
PV voltage controller- Integral term 150 -
PV current controller- Proportional term 0.004 -
PV current controller- Integral term 1 -
MPPT - Increment value 3 mV

IET Generation, Transmission & Distribution, pp. 1-12
© The Institution of Engineering and Technology 2020



