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Abstract

Frequency regulation of autonomous microgrids with intermittent renewables is a tedious
task, which requires additional support from energy storage systems (ESS). Ideally, the sys-
tem requires a faster-acting ESS to arrest the initial frequency deviation and high energy
capacity ESS to restore the frequency to its nominal value. Pico hydel energy storage
(PHES) is one such high energy capacity ESS developed from the agricultural pumping
systems. However, PHES has a slower response and cannot switch rapidly between pump-
ing and generation modes. Hence, this paper incorporates a battery with PHES to achieve
a faster dynamic response and absorb high-frequency power dynamics. Additionally, a fre-
quency regulation strategy with synchronverter control is proposed to mimic synchronous
machines, especially to reduce the rate of change of frequency (ROCOF) and frequency
nadir. Firstly, a small-signal modelling approach is proposed, and it was utilized to assess
the system stability through eigenvalue analysis. Subsequently, transient simulations were
carried out to gauge the performance of the synchronverter strategy with vector control
for frequency regulation. As a result, the frequency nadir and ROCOF were substantially
reduced with the synchronverter strategy compated to the vector control based on the
simulation results.

Universiti Tenaga Nasional, Malaysia, Internal
Research Grant OPEX, Grant/Award Number:
J5100D4103-BOLDREFRESH2025-Centre of
Excellence

1 | INTRODUCTION

Access to affordable and clean energy is one of the United
Nations Sustainable Development Goals. Having said that, the
remote communities in developing nations are deprived of sta-
ble electricity supply from the grid. The grid connectivity to
such regions is hindered by topographical conditions (reserve
forests, hilly hamlets), far proximity from the existing grid con-
nection, low paying capacity, and dispersed settlements. Hence,
autonomous microgrids comprising renewable energy sources
(RES) along with local energy carriers act as a potential alter-
native to grid supply. However, the stochastic attribute of RES
gives rise to concerns like poor load following, low inertia,
volatile frequency, and voltage profiles. These issues are allevi-
ated through backup or supporting reserves, often provided by
energy storage systems (ESS). Pumped hydro storage (PHS) is a

tried and tested technology for bulk energy storage for over half
a century. This argument is supported by its significant share of
168 GW, which accounts for approximately 97% of the total
ESS installation worldwide. However, the construction of large
PHS is limited by topographical conditions, longer planning,
and commissioning period, along with socio-economic and eco-
logical problems [1]. Therefore, it is perceived that small PHS
development could be a better option over large PHS to exploit
its high energy storage, longer lifetime, and low maintenance
attributes.

Recently, abandoned mines, quarries, bore wells and dug
wells have been retrofitted with suitable machinery to real-
ize small PHS for applications in microgrid [2]. This paper
explores one such configuration termed pico hydel energy stor-
age (PHES) to provide energy storage with the existing agticul-
tural pumping system. This configuration was developed with
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an open well (lower reservoir), surface-level tank (upper reset-
voir), and reversible pump-turbine. Although PHES offers sub-
stantial energy storage, its slow response and inability to switch
between modes (generation and pumping) deprive its ability
to support the high-frequency power variations of intermit-
tent RES. The high-frequency power variations could induce
stress on the mechanical components and deteriorate their life-
time. Meanwhile, the size of the upper reservoir is constrained
by water availability and the constructional cost of the upper
reservoir. Thus, hybridizing it with a relatively faster battery
energy storage system (BESS) would enable the configuration:
(@) to have a better dynamic response, (i) alleviate stress on
mechanical components, and (iii) limit the size of the upper
reservoir.

Among the issues related to the intermittent behaviour of
RES, frequency regulation and virtual inertia are the main
focus of this paper. Thus, the developed hybrid ESS (HESS)
ensures enhanced frequency regulation, meanwhile emulating
virtual inertia. Of late, HESS has received much attention from
researchers for the frequency regulation of microgrids. A BESS
and supercapacitor (SC) hybrid was adopted to regulate the
frequency of a wind-powered microgrid [3]. In a hierarchical
frequency regulation strategy that was proposed, SC handled
the high-frequency power variations, while BESS handled low-
frequency power variations. In another study, a similar HESS
configuration was used for frequency regulation of an isolated
power system with conventional generation and RES [4]. The
control objectives were similar to the previous work, however,
the load and source uncertainties were considered for dynamic
studies. Recently, a combination of BESS and SC was employed
in a grid-connected solar PV system to mitigate the power fluc-
tuations and enhance the system stability [5]. A multivariable
fuzzy logic control was proposed to optimize the time constant
of the low pass filter for the coordinated operation of SC and
BESS.

On the other hand, an HESS with BESS, SC, and flywheel
energy storage (FES) was used to provide enhanced frequency
reserve service to Great Britain’s power system [6]. They used
a fuzzy logic controller to control the HESS based on their
state of charge (SoC). In another work, the superconducting
magnetic energy storage (SMES) was hybridized with BESS
to regulate the frequency of an autonomous microgrid [7].
The proposed dynamic droop control capitalized on the com-
plementary characteristics of SMES and BESS for frequency
regulation. Similarly, the BESS-SMES hybrid was used to
smoothen the power output of a wind farm using a moving
average algorithm [8]. The algorithm split the power dynamics
into low and high-frequency components to be allocated to
BESS and SMES,; respectively.

The aforementioned studies retained the BESS and shuffled
the other ESS since their primary objective of hybridization was
to extend the lifetime of BESS. However, the primary motive of
this paper is to compound PHES with BESS to complement its
slow response, inability to switch rapidly between modes, alle-
viate stress on mechanical components and limit the size of the
upper reservoir. To achieve the hybridization objectives, BESS
is expected to absorb the high-frequency power dynamics while

leaving the lower frequency power dynamics to be handled by
PHES.

Low inertia is another challenge in an autonomous micro-
grid whereby the static entities like solar PV, BESS, SC, and fuel
cells do not have rotating inertia. Meanwhile, the variable speed
wind turbines and PHS are categorized as quasi-static RES since
they ate decoupled from the grid by power converters. The
maximum power extraction goal of RES forces the operating
point to maximum power point, thus, hindering their frequency-
dependent operation. Although, de-loading of RES has evolved
in the past to facilitate their participation in frequency regulation
[9, 10]. It can be argued that the continuous operation at a sub-
optimal power point may lead to financial losses to the holding
company.

Thanks to the virtual inertia emulation mechanism, which
mimics the inertial response of the synchronous machine (SM).
Introducing droop control was an initial step towards induc-
ing frequency-dependent behaviour to the converters. Subse-
quently, numerous virtual inertia emulation techniques have
been proposed [11], in which the most preferred techniques
include (i) virtual synchronous machine (VISMA) [12], (ii) vit-
tual synchronous generator (VSG) [13], and (iii) synchronverter
[14]. VISMA and VSG techniques augment the swing equation
to the vector control strategy, which projects them as current
sources when viewed from the grid, unlike SM (voltage source)
[15].

Eventually, the development of the synchronverter combin-
ing an ESS and control algorithm exhibited all the desired prop-
erties of SM and remained the closest resemblance to SM. It has
the vital characteristics of SM like rotational inertia, oscillation
damping and self-synchronization and these properties main-
tain the stability of large power systems. Furthermore, the syn-
chronverter does not suffer from instability due to the frequency
derivative term, requires PLL only for initial synchronization
and acts as a voltage source. Henceforth, the synchronverter has
been employed for several applications including wind electric
system [16], solar PV [17], HVDC systems [18], electric vehicle
charger [19], BESS [20], and STATCOM [21].

While discussing the virtual inertia control strategies, it is
worthwhile to review its recent application in the control and
coordination of HESS. Recently, a single-phase synchronverter
was employed in a rooftop solar PV system to provide ancillary
service to the grid [22]. The developed virtual inertia strategy
controlled a HESS consisting of BESS and SC, which catered
for medium and high-frequency power dynamics, respectively.
Utilizing the same HESS combination, a damping and virtual
inertia emulation technique was proposed for frequency and dc
link voltage regulations of hybrid ac/dc microgrid. The pro-
posed strategy utilized the droop coefficients of parallel opet-
ating inverters to emulate damping and virtual inertia at the dc
link [23]. Another research on hybrid ac/dc microgrid imple-
ment distributed ESS for dc link voltage and frequency controls.
The current references to the current controller of the interlink-
ing converter wete detived from the swing equation of machines
[24].

The review of literature presented reveals that there are
limited works dealing with virtual inertia control for HESS in
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general and it is yet to be researched widely. Specifically, the
PHES-BESS hybrid is yet to be investigated for frequency reg-
ulation to the best of the authors knowledge. Hence, this paper
aims to examine the performance of the PHES-BESS hybrid
with the existing vector control and enhance the performance
with synchronverter control in an autonomous microgrid. In
line with the discussions made, the main contributions of this
paper include:

1. A novel frequency regulation strategy utilizing the PHES-
BESS hybrid with synchronverter control is proposed.

2. The small-signal modelling approach is proposed for HESS,
and the stability is analysed through eigenvalue analysis.

3. The inherent behaviour of PHES in decoupling its power-
sharing dynamics with BESS is elucidated through the fre-
quency response and spectral decomposition techniques.

The paper is organized as follows: Section 2 describes the
system configuration and modelling, followed by Section 3,
which presents the proposed frequency regulation strategy.
Subsequently, Section 5 analyses the transient performance
with the synchronverter strategy, and Section 6 concludes the

paper.
2 | MODELLING OF SYSTEM
COMPONENTS

2.1 |
system

Microgrid with hybrid energy storage

The microgrid comprises solar PV, PHES, BESS, and residen-
tial load (Figure 1). The base load was catered by a solar PV
plant of 44 kWp capacity, which produces 36 kWac at nominal
irradiation of 900 Wm™. A dc-dc converter with a maximum
power extraction control and a voltage source converter (VSC)
configuration wete adopted to control the solar PV. Meanwhile,
a 5 kW and 18 kWh PHES along with a 5 kW and 5 kWh BESS
were employed to form the HESS, which supports the micro-
grid with the proposed control algorithm.

BESS was connected to the microgrid using synchronverter
control to act as a grid forming unit. On the contrary, the PHES
was operated at variable speed using a machine control con-
verter (MCC), and it was integrated into the microgrid with a
grid coupling converter (GCC). The MCC optimizes the rotor
speed for maximum power extraction during generation opera-
tion, whereas it precisely controls the power absorbed from the
microgrid in the pumping mode. Notably, the GCC of PHES
operates as a grid supporting converter by following the fre-
quency and voltage references of the BESS-synchronverter in
both modes of operation. The microgrid controller lies over the
local control strategies and overlooks the operation and coordi-
nation of microgrid components. It observes the reservoir level
of PHES and SoC of BESS to ensure that they remain within
limits at all times. Since this paper is focused on local control of
PHES and BESS, the SoC and reservoir levels are assumed to
be within acceptable limits.

i Govemno: PAipe
i g
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Control
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FIGURE 1 Microgrid with solar PV and PHES-BESS hybrid
2.2 | Pico hydel energy storage
221 | Hydraulic turbine

The normalized discharge (¢;) equation neglecting the frictional
loss was expressed by Equation (1), where, A, /,, b;, O,,,, and
H,,,, are the cross-section of the penstock (m?), length of the
penstock (m), normalized head (m), the nominal values of dis-
/ ( nom
charge (m’s~!) and head (m), respectively, T, = oo [25].
A/LgHrmm

dq, 1
o T (1 —4) @

The servo mechanism determines the water discharge rate
that is proportional to the gate position (¢,) Equation (2).

9 = @,A/Z ©

The mechanical output power of the turbine with the gate
valve having damping coefficient, D;, was expressed by Equa-
tion (3), where, 7, is the turbine efficiency, and @, is speed

(rad/s).

B=A-q b —DeAw; A =1,-p, 2 ©)
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Linearizing Equations (1), (2), (3) and solving for Ag,, Ab, T T ' ' ' T T
will yield Equation (4). 5021 Disturbance ]
o Steady State
«—>
34, =
—Aq g
A Ay ppy oo y &7 >
9r == Ty H 1, 9 ) % Steady State | |
ST oh o L | ]
g = 498 |
Frequency
Eventually, substituting Equation (4) into the linearized |~ Recovery
Equation (3) will yield the linearized turbine Equation (5), 96r | 1
wheteby the partial detivatives in Equation (5) wete computed Frequency Nadir | |
. . Oq _ 1 @ 9q _ .
around an operating point, where = = -——=, — = 1/, 294} Inertial | Governor |
ah, 24/l 9 ‘ Response | Response
% = A b, 2 = A,q0, 7 = 7,2 (subscript 0’ represents ' ' . J ' l '
a0 Gy T 0o Tus = Ty p p 17 18 19 2 21 22 23 24 25
the initial point). Time (s)
A - an 8y, \ FIGURE 2  Time discretization of primary frequency response
AB 5cg dq; s ah, 5{,\, E 1— ‘;Tliw
Ac 3 = Ak, T © . o .
g 147, — — The instantaneous SoC computation involves the deduction
3, . )
of the net charge exchanged by the battery from its total capacity
Equation (10). In short, it is the net charge available in the BESS
) . o . on (1(
222 | Hydraulic governor at any instant, and the time-integral component in Equation (10)

The governor controls the water discharge rate with a servo
mechanism to generate the required power. It was augmented
with a droop control (R;,) to respond to grid frequency (@,)
variations and adjust the power set point (A7) Equation (6).

1
APl = —A 6
K4 de wg ( )

The PI controller sets the discharge reference (Ag)) by acting
on the power etror (A7;) Equation (7), subsequently, the servo
mechanism varies the gate valve position with a time delay (7,)
Equation (8).

, &
Ag = <1<pg + T) AP, ™

1 1

Ac, = Ag,
L:Z %<1+$Tg> 9y (8)

2.3 | Battery energy storage system

The generic model of battery used in this paper represents an
ideal controllable dc voltage source with internal resistance [20].
The no-load voltage (»,) was expressed as a non-linear function
of the SoC of BESS Equation (9), where, 7y is the emf of bat-
tery (V); k is the polarisation voltage (V); ¢ is the exponential

zone voltage (V); € is the reciprocal of time constant (A/h); o is
the total battery capacity (Ah).

1 (=S5
ﬁ/7=l/[70—7€%+§ §G(1 S0C) (9)

indicates the state of discharge (SoD).

/

$oC (1) =0 — / iyt (10)

0

3 | PROPOSED FREQUENCY
REGULATION STRATEGY
3.1 | Frequency regulation in microgrid
The instantaneous power balance of the system dictates its fre-
quency as per the swing equation of electromechanical systems
Equation (11), where f,, ]?g, P, and P[eq are the nominal fre-

quency (Hz), power generated (W), power consumed (W), and
equivalent inertia of the system (s), respectively.

4 _
a  2H,

(£,-n) (11)

The resistance offered by SM to change its speed for a rapid
change in power is quantified as the inertia of the power sys-
tem. The SM absorbs the instantaneous power change through
storing or releasing the kinetic energy in its rotor inertia, thus,
curtailing the sudden change in system frequency. Eventually,
it is possible to time discretize the primary frequency response
of the power system with decoupled inertial and governor
responses (Figure 2). During a contingency event, the inertia
of the rotating machines arrests the initial frequency excursion,
followed by the governor response.

The conventional power system’s inertia with SMs is con-
siderably high as opposed to the current system with an
increased share of static RES. This effect is more pronounced
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in the autonomous microgrid powered by RES than the intet-
connected power system, owing to the absence of rotating
machines. Although the droop-controlled power converters
mimic the behaviour of mechanical governors, they fail to exert
the inertial response. Thus, the low inertia of microgrid results
in steep ROCOF and increased frequency nadir/peak leading to
poor frequency regulation.

3.2 | Virtual inertia

The degradation in system inertia due to static RES or quasi-
static RES entails virtual inertia emulation in a microgrid. The
proposed frequency regulation strategy aims to increase the
equivalent inertia of the microgrid by operating BESS with syn-
chronverter control. Simultaneously, utilizing PHES with vec-
tor control for injecting the significant share of power required
for a longer duration. Thus, the dynamic frequency variation of
the microgrid is affected by the proposed HESS as per Equa-
tion (12), where 5, and /) represent solar PV power and load,
respectively. Meanwhile, the power exchanged by BESS (£,) and
PHES (7,) is the function of their droop coefficients &, and
Ry, respectively.

d _ S (

s = ]_)
# " 2(H,+H,)

pr b+ Ryl + depep) (12

Eventually, the virtual inertia contributed by the BESS-
synchronverter increases the equivalent inertia of the microgrid
(#1,4), by an amount /7,, which is the virtual inertia constant.

According to G59 guidelines by Energy Networks Associa-
tion, UK, the setting for ROCOF (R)) for microgrids should
be a minimum of 0.5 Hz/s and the frequency should be within
50 + 1.5 Hz [27, 28]. Hence, R.is set to 0.5 Hz/s for computing
the necessary virtual inertia of the microgrid [28]. Meanwhile,
the values of nominal power (£,) and nominal frequency (w,)
were 54 kW and 314.15 rad/s, respectively. Considering a load
change (AP) of 5 kW and substituting the values in Equation
(13) yielded the value of the required virtual inertia constant as
4.62 s. Consequently, using Equation (14), the value of virtual
inertia (/,) was derived as 5 kgm?.

AP f,
=75k, )
P "

Y0502

However, H, is limited by the frequency recovery period,
which can be tuned to meet system requirements. For instance,
a large /4, may reduce the frequency nadir and ROCOF while
deteriorating the frequency recovery dynamics. Meanwhile, a
small /7, may provide fast frequency recovery, thereby compro-
mising on the ROCOF, hence, a trade-off should be met to sat-
isfy both scenarios. In this paper, the trade-off was manually

FIGURE 3

Synchronverter control strategy for BESS

achieved by observing the system step response. Nevertheless,
online optimization can be utilized for that purpose by consid-
ering the ROCOF and frequency deviation in real-time and it is
left for further research.

3.3 | Synchronverter control of BESS
Synchronverter comprises an ESS, a VSC, and a control algo-
rithm, whose dynamic model is based on the round rotor SM
with distributed winding. The detailed empirical model of the
system can be found in [14], while this paper only explains the
control strategy. The synchronverter has two independent loops
for real and reactive power control, as illustrated in Figure 3.
However, only the real power regulation loop was considered
for small-signal modelling as frequency regulation is the main
interest of this paper. The real power regulation was achieved
through the swing equation of rotating machines Equation (15);
where, @, £, £, and D,, represent grid frequency (rad/s),
mechanical power (W), electrical power (W), and damping coef-
ficient, respectively.

dw 1
7 e (By—Ly—D,(w,— ) (15)
f
Equation (106) was yielded by linearizing Equation (15).
A
A= AP, = 0 2 + D, Aw (16

The synchronverter was augmented with a droop controller
to translate the change in system frequency to the required
power change. Hence, Equation (17) represented the linearized
droop equation derived from the actual droop equation.

Aw

w=w,— RdbP/f/b = Apmb =

a7
b

Substituting Equation (17) in (16) and applying Laplace trans-
form will yield Equation (18), from which the transfer function
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of the real power loop (RPL) was detived Equations (19), (20),
where £, was computed from the line voltage (#,) and line cur-
rent (7). Subsequently, the output frequency of the synchron-
verter was integrated to obtain the angle (8,) for synchroniza-
tion of other units in the microgrid. Although the reactive power
loop (RePL) is not of interest here, it was used to generate the
reference voltage magnitude (¢,) for the microgrid. Hence, the
virtual flux (¢,) was generated using net reactive powet injection
CQ;/; — Oy) and voltage deviation (v; — #,) by integrating with a
constant (k).

A
—AP, = J,wshw + D,Aw + R—C‘) 18)
db

o S +(D,+ - 19
ACO - ]wa P Rd/; ( )

Aw 1 1

Gy ()= —=—-|—|; D, =D
Ggi1(f) AB/; 1+£ﬂ » ( p+Rd/,>
D’p
(20)
3.4 | Vector control of PHES

The active power control of PHES involves two distinct enti-
ties, a hydraulic governor and a two-stage VSC. The hydraulic
governor and MCC control the active power output, while the
GCC facilitates grid integration. Meanwhile, PHES supports the
microgrid based on the voltage and frequency references set by
the BESS-synchronverter, whereby the power required to main-
tain the frequency is exchanged.

w=w,—=R;bH

5 = Aw = =R AP, @1

Similar to the synchronverter control, the droop control was
integrated with the hydraulic governor to set the power refer-
ence for PHES. Hence, Equation (21) represented the linearized
droop equation, which was obtained from the actual droop
equation. Unlike the instantaneous droop response of BESS,
the droop response of PHES suffers a mechanical time delay
of the governor. Hence, the droop coefficient was expressed as
a function of governor response with the time constant (7)) (22).
However, the time delay of the PI controller is negligibie rela-
tive to the mechanical time constant of the servo mechanism

(T

Ry (s) = ‘de’ (1+1—xq> (22)

On the other hand, the GCC employed voltage oriented con-
trol with nested voltage and current controllers to modulate the
dc-link voltage and enable maximum power exchange with the

279
P Current Control A
V‘; {15 Id: vy
c c
Gyge (s) : G, (S) > G, (S) ->Gsys (S) : G, (s)
\ ]
\ /
FIGURE 4 /Jaxis control loop of voltage oriented control for PHES

microgrid (Figure 4). Since the 4 axis current and voltage deter-
mine the net active power flow (23), the dynamics of the g axis
control loop is neglected here.

Py = v @)
The inner current controller with proportional gain (£,;) and
integral gain (&) regulates the current corresponding to the ref-
erence value set by the voltage controller. The dynamics of the
current controller is affected by the dynamics of the LC filter
(G (5)) having inductance (L ;) and resistance (R ), along with
the PI controller (Gj;(s)) Equation (24). Meanwhile, the grid
inductance also adds to the filter inductance and contributes to
the dynamics of the controller. Furthermore, the delay intro-
duced due to sampling (G, (s)) was approximated as a first-order
lag with a time constant T, Equation (24).

Aiy Gy (5) G, (5) Gy, (5)
A T4 G ()G ()G ()

(24)

Finally, the closed-loop transfer function of the inner current
controller Equations (25), (26) was reduced to Equation (27),
Where,A = L/])T“ B = Rf]?T.v + L_/[) + 'é]) C = 'éz'l' + Rf]?

7>

kii 1 1
) () (52)
% . 5 Rpy+sLy, 147

‘- 25)
A7 )
C (e ) () ()
5 R /‘/’+J~]f ¥/ 147
G[[ (.f) = ﬂ = (J/épj * /éjj)
AZ:[ XzLﬁ)T_r+X(Rﬁ)T_r+Lﬁ,+/é ,') + (/é”'i'ij)
(20)
G (J/épl* + /éz'l')
i =—° 7 27
i ) A2+ Bs+C @0

The outer voltage control loop intends to control the dc-link
voltage at a level greater than 1.6 times the line voltage. The dc-
link voltage was regulated through the voltage controller having
proportional gain (£,,) and integral gain (£;,), by maintaining
the power balance across the de-link capacitor. The active power
exchanged to the grid is proportional to the d axis voltage (),
and current (/;), thus, 7;, was manipulated to control the de-
link voltage. The dynamics of the voltage control loop include
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its PI controller (G, (s)), the inner loop (Gj,(s)), and the dc-link
(Gj,(s)) Equation (28).

Avy G () Gy () Gy (s)
A”;z 1+ Gﬂdf (5) do (5) Gz'z/ (J‘)

(28)

The time constant of the outer loop was set higher than the
current control loop, allowing it to settle after the inner con-
trol loop for stable operation. Finally, the transfer function of
the voltage controller Equations (29), (30) was reduced to Equa-
tion (31), where, & = ACy,, B = BCyp, ¥y = CCy + Ky ky, § =
Kiikpy + kikyis P = kjkjs.

/é k[/; A'/ép,""/é//‘ 1
A ( I + _r As?+Bs+C F
pd[ J J S " J /dp

il

= 29)
U (g ) () <;>
5 As?4+Bs+C sCyp
2
A sk 1:’éz it ’éjz"é ) T ’éizz’é i)+ ’éz'y’éz’z’
Gy = A otk ) (30)

Av), B ast+ B3 +ys2+ 95+

Since the PHES was operated at variable speed, the dynamics
of GCC was included in Equation (21) to detive its frequency
response Equation (31).

2
Ao ‘R | 1 Pl + 5 (kiky, + Riky) + Kok
AP, P\ T+ ST, ast+ B3 +ys2+ 95+
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4 | STEP RESPONSE AND STABILITY
ANALYSES

The dynamic performance and small-signal stability of the sys-
tem can be well appreciated with the step response and eigen-
value analysis, respectively. So, the step responses and eigenvalue
loci of the system were obtained by varying the parameters,
J» and 7,, which affect the system dynamics. Meanwhile, these
analyses were also used to fine-tune the parameters obtained
through empirical relationships. The range of variation was
determined by considering the lower and upper bound values
that would accommodate the theoretically calculated value of /,
and 7,.

4.1 | J, variation (7, =0.2s)

The step response obtained by varying /, revealed that a large
value of /, resulted in no peak overshoot, increased settling
time, and system oscillations were damped up to, /, = 0.5 kgm?
(Figure 5). However, the system indicated peak overshoot for
], < 0.5 kgm?, which corresponded to an under-damped sce-
nario, whereby supporting the argument on /7, in Section 3.2.
Meanwhile, the corresponding eigenvalue loci indicated that the
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‘ —Jv=0.05
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-0.1 Jv=0.5 ||
—Jv=1
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FIGURE 5 System step response for /, variation
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FIGURE 6 Eigenvalue loci of the system for /, variation

system remained stable when /, varied from 0.05 to 10 kgm?
(Figure 06).

42 | 7,variation (J,=5 kgm?)

The effects of 7, variation indicated similar responses to the pre-
vious case. For instance, a large 7, behaves as a virtual inertia
component by delaying the power change, whereas a small 7,
increases the peak overshoot. An interesting phenomenon was
observed in the settling time for a small Ty which contradicted
the behaviour observed in the previous case (Figure 7). A small
7, demonstrated a poor damping effect due to the frequent
movement of the gate, whereby the settling time was increased,
Equation (8). The eigenvalue loci of the system vouched for the
system stability even when 7, vatied over a wide range from 0.05
to 0.5 s (Figure 8).



VASUDEVAN ET AL.

281
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5.1.1 | Fault analysis
5 | PERFORMANCE ANALYSIS When operated in generation mode, PHES contributed to a

The performance of the system was assessed through transients
simulated using MATLAB/Simulink software by considering
both the generation and pumping scenarios of PHES. Firstly,
the dynamic performance of the system was evaluated using fre-
quency metrics like ROCOF and frequency nadir through fault
analysis, load and irradiation changes. It is worth mentioning
that the ROCOF value was computed using the first-order dif-
ference algorithm and it was passed through a filter to eliminate
the noise [29]. The expected values of ROCOF and frequency
nadir/peak should lie within 0.5 Hz/s and 50 + 1.5 Hz, respec-
tively and these values were used for validating the proposed
control strategy.

Subsequently, the power decoupling between PHES and
BESS was analysed through the Fast Fourier Transform (FFT)
analysis and frequency response analysis of the system. The
parameters of PHES and BESS used for time-domain simula-
tions are furnished in Tables 1 and 2, respectively.

major portion of the deficit power. Meanwhile, BESS mitigated
the faster varying power components, which cannot be han-
dled by PHES. A real-time irradiation pattern with random
variation, having a mean value of 800 W/m? was fed to the
solar PV system (Figure 9a), which generated 32 to 33 kW
(Figure 9f). Meanwhile, the load on the system was maintained
at 35.5 kW (Figure 9g). Subsequently, a significant share of
3.2 kW was contributed by PHES (Figure 9¢), whereas BESS
injected 300 W (a faster varying power share) (Figure 9d). The
power exchanged by BESS oscillated between positive and neg-
ative values to maintain the frequency of the microgrid.

The system performance was analysed by applying a 100 ms
three-phase fault at # = 2 s. The results indicated that the syn-
chronverter control measured a minimum ROCOF of approx-
imately +0.25 Hz/s compared to the +2.5 Hz/s with the
vector control (Figure 9¢). Meanwhile, the synchronverter
control restricted the frequency nadir to 49.97 Hz versus
49.5 Hz with the vector control (Figure 9b). Consequently, the
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synchronverter control restored the frequency faster at 2.22 s,
compared to the vector control, which took 170 ms longer to
restore the frequency at 2.39 s (Figure 9b).

It can be concluded that the vector control showed an imme-
diate drop in frequency with higher ROCOF and frequency
nadir, which is primarily due to the absence of an inertial com-
ponent in the vector control strategy. The response time of the
vector control depends on the delay due to power electronic

converters and the time constants of voltage and current control
loops. However, the dynamic response of the synchronverter is
governed by the virtual inertia in the control loop, which does
not allow sudden change power and hence the system frequency.
This explanation holds good for all the cases explained hence-
forth.

5.1.2 | Load and irradiation changes

In this scenario, the transient performance of the system was
assessed by varying the load and irradiance after the steady-state
was attained. At a steady-state, the irradiance was maintained
at an average value of 800 W/m? (Figure 102) that generated
32.5 kW from solar PV (Figure 10f). Meanwhile, the load was
maintained at 35 kW (Figure 10g) and the deficit of 2.5 kW was
injected by PHES (Figure 10e¢), while BESS only supports the
high-frequency power variations (Figure 10d). The first transi-
tion was induced by increasing the load from 35 to 40 kW at
t = 2 s, resulting in a deficit of 7.5 kW. The BESS immedi-
ately responded to the transition by injecting 2.5 kW] whereas
the major portion of 5 kW was served by PHES.

The consequence of the first transition was an under fre-
quency event due to the deficit in power. The vector control
resulted in a frequency drop from 50.02 to 49.998 Hz, whereas
the synchronverter control does not show a considerable change
in frequency (Figure 10b). Similarly, ROCOF was 0.022 Hz/s
with synchronverter control as opposed to 0.15 Hz/s with VC
(Figure 10c).

The second transition was induced by changing the irradia-
tion from 800 to 650 W/m? (Figure 10a), resulting in PV power
reduction from 32.5 to 26 kW at 7= 4 s (Figure 10f). The load
was switched back to 35 from 40 kW to simulate the effect of
change in irradiation (Figure 10g). A deficit of 9 kW was left
to be met by PHES and BESS from their reserve capacity. The
PHES takes up the major share of 5 kW (Figure 10¢) and the
remaining 4 kW was satisfied by BESS (Figure 10d). Notably,
the effect of varying irradiation on frequency was only evident
with vector control resulting in a nadir of 49.94 Hz, while the
synchronverter control did not show an apparent change (Fig-
ure 10b).

5.2 | PHES in pumping

5.2.1 | Fault analysis

PHES was also operated in pumping mode to absorb the excess
power generated from solar PV, while BESS was controlled
to absorb high-frequency power dynamics. The irradiance was
varied between 920-860 W/m? (Figure 11a) to emulate the
real-time scenario, and the corresponding solar PV output was
between 35 to 36 kW (Figure 11f). The load was maintained at
26 kW, allowing the excess 9 to 10 kW to be absorbed by HESS
(Figure 11g). The PHES absorbed 5 kW (Figure 11¢), while
BESS absorbed the remaining power, which varied between 4
to 5 kW (Figure 11d).
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Similar to the previous case, at # = 2 s, a 100 ms three-
phase fault was simulated at the load terminals. Consequently,
the frequency was constrained to 49.98 Hz with the synchron-
verter control, while the frequency plummeted to 49.61 Hz
with the vector control (Figure 11b). Meanwhile, a higher
ROCOF of £0.4 Hz/s was observed with the vector control
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versus +0.17 Hz/s for the synchronverter control (Figure 11c).
Subsequently, the frequency trestoration also followed a similar
pattern, as seen in the previous case. The synchronverter con-
trol restored the frequency faster at 2.219 s, while the vector
control took 243 ms more to restore the frequency at 2.462 s
(Figure 11b).
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52.2 | Load and irradiation changes

In this case, the transient performance of the system was anal-
ysed by varying the load and irradiance at a steady state. Initially,
the irradiance was maintained at an average value of 920 W/ 'm?
(Figure 12a) that generated 37.5 kW from solar PV (Figure 12f).
Meanwhile, the load was maintained at 37.5 kW (Figure 12g),
leaving an excess of 10 kW. The excess power was absorbed
by PHES and BESS equally, consuming 5 kW each (Figure 12¢
and Figure 12d). The first transition was induced by increasing
the load from 27.5 to 30 kW at 7 = 2 s, resulting in a deficit of
7.5 kW (Figure 12f). Consequently, BESS immediately responds
to the transition by reducing its power consumption from 5
to 2.5 kW (Figure 12d). At the same time, PHES continued
to consume 5 kW without changing its operating point (Fig-
ure 12¢). The consequence of the first transition was an under
frequency event due to the deficit in power. The vector control
resulted in a frequency drop from 50.03 to 49.998 Hz, whereas
synchronverter control did not show considerable frequency
changes (Figure 12b). Meanwhile, ROCOF was 0.05 Hz/s with
synchronverter control and 0.2 Hz/s with vector control (Fig-
ure 12¢).

The second transition was induced by changing the irradia-
tion from 920 to 720 W/m? (Figure 12a), resulting in PV power
reduction from 37.5 to 30.5 kW at # = 4 s (Figure 12f). The
load was switched back to 27.5 from 30 kW to simulate the
effect of change in irradiation (Figure 12¢). A deficit of 2.5 kW
was left to be consumed by PHES and BESS for their charging.
The PHES consumed a significant share of 2.5 kW (Figure 12¢)
and BESS consumed the remaining 0.5 kW (Figure 12d).
Notably, the effect of varying irradiation on frequency was
only observed with vector control resulting in a nadir of 49.97,
while synchronverter control did not exhibit significant change
(Figure 12b).

5.3 | Decoupling of power-sharing dynamics
According to Equation (3), the water discharge rate can effec-
tively control the power output of PHES through governor
action. So, the principle of power decoupling was based on the
inherent mechanical time delay of the hydraulic governor, which
resembles a low pass filter. According to Equation (22), the
droop control of PHES suffers the first-order delay due to the
servo mechanism that smoothens the water discharge rate into
the turbine. Hence, PHES only catered to the low-frequency
power dynamics, while BESS absorbed the high-frequency
power dynamics with its fast droop response. The closed-loop
frequency responses of PHES and BESS substantiated the facts
mentioned above (Figure 13). Firstly, the droop function of
PHES had the characteristics of a low pass filter with a cut-
off frequency of 120 rad/s (19.09 Hz), thus, contributing to the
inherently low-frequency response. Secondly, although BESS
allowed low-frequency components below 19.09 Hz, its gain
(63 dB) was much lower than that of PHES (77 dB).

Notably, the high-frequency power dynamics were absorbed
when the gain offered by BESS increased beyond the cut-off
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frequency of 110 rad/s (17.5 Hz). Furthermore, the spectral
decomposition of power exchanged by BESS and PHES pro-
vided in-depth insight into the inherent behaviour of PHES.
Hence, the power output of PHES and BESS wetre decom-
posed into frequency spectrums using the FFT analysis. The
analysis corroborated with the frequency response characteris-
tics that were presented above. PHES contributed to a major
share below its cut-off frequency of 20 Hz (Figure 14). Mean-
while, the power share of BESS was present throughout the fre-
quency spectrum, while its significant contribution was around
50 Hz (Figure 15). Hence, the FFT analysis also justified the
inherent decoupling of power-sharing dynamics between PHES
and BESS offered by the time constant of the hydraulic gover-
nor.

6 | CONCLUSION

The primary objective of this paper was to develop a frequency
regulation strategy for an autonomous microgtid utilizing the
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FIGURE 15  Spectral decomposition of BESS power output

PHES-BESS hybrid. Hence, the synchronverter control was
proposed to control the PHES-BESS hybrid and emulate the
virtual inertia in the microgrid. Firstly, the small-signal mod-
elling of HESS with the proposed strategy was presented. The
critical parameters affecting the frequency dynamics were uti-
lized to assess the stability and the dynamic response of the
system through small-signal analysis. Secondly, the petformance
metrics such as ROCOF and frequency nadir were employed to
compare the proposed strategy against the vector control for
the microgrid frequency regulation through time-domain simu-
lations. Thus, this paper will serve as an initial work in the wake
of hybridizing PHES with a faster acting ESS. The key conclu-
sions of this paper are:

1. The system remained stable for a wide range of variations of
critical parameters like virtual inertia and the hydraulic gov-
ernor time constant.

2. The effects of varying virtual inertia of the synchronverter
and the time constant of the hydraulic governor yielded sim-
ilar responses. Hence, the governor time constant can be
tuned to manipulate the dynamic response of the system to
a certain degree.

3. The hydraulic governor exhibited the characteristics of a low
pass filter, thus, contributed to the inherent decoupling of
power-sharing dynamics between PHES and BESS.

4. The time-domain simulations revealed that the synchron-
verter control arrested the ROCOF within 0.5 Hz/s and fre-
quency nadir/peak within 50 + 1.5 Hz. Furthermore, the
proposed strategy provided better frequency regulation of
the microgrid compared to the classical vector control.
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