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Abstract—Autonomous microgrids are potential alternative to
grid connectivity for powering remote communities around the
globe. A sustainable microgrid with renewables and energy storage
having minimum operation and maintenance routines is the most
sought option. Batteries are predominantly used to support the
stochastic behavior of renewables in such microgrids. However,
they are prone to frequent failure and require periodic mainte-
nance, which demands an alternative. Thus, in this article, the
renewable powered irrigation system in India was configured to
form sustainable pico hydel energy storage (PHES). To enhance the
inertia of the microgrid with static sources, virtual inertia capabil-
ity was induced into PHES by modified synchronverter technology.
First, the small-signal modeling approach was presented to de-
rive the closed-loop transfer function of the system. Subsequently,
the effect of control parameter variation on system stability and
the interaction between the governor and the synchronverter was
investigated using eigenvalue analysis. Next, the performance of
synchronverter was compared with the established vector control
through time-domain simulations in MATLAB/Simulink. The sim-
ulation results revealed that the proposed strategy improved the
inertial response of PHES and outperformed vector control by
reducing peak overshoot, settling time, and steady-state error.

Index Terms—Energy storage, pumped hydro storage (PHS),
rural electrification, synchronverter, virtual inertia, virtual
synchronous generator.
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I. INTRODUCTION

ACCORDING to the Ministry of Power, Government of
India, approximately 18 734 rural households are yet to be

electrified at present [1]. Although the number had remarkably
reduced from a whopping 24 847 762 in October 2017, the def-
inition of rural electrification does not guarantee reliable power
supply round the clock. Under such circumstances, autonomous
microgrids with renewable energy sources are a promising solu-
tion to electrify these underprivileged rural communities. How-
ever, the stability of such microgrids becomes imperative due
to the stochastic variation of meteorological variables. Hence,
an adequate buffer of approximately 10% of the system power
rating with the energy storage systems (EESs) is maintained to
ensure stability [2]. Lead-acid batteries were vastly deployed in
microgrids around the globe due to its low capital cost and easy
accessibility [3]. However, it was reported that the high failure
rate of such microgrids is due to the poor reliability of lead-acid
batteries [4]. Among other ESS, pumped hydro storage (PHS) is
the most technically matured and proven technology. About 97%
of the total global ESSs are PHS with an installed capacity of
168 GW [5]. In comparison to the battery ESS (BESS), PHS has
a low lifecycle cost, high lifetime, and requires less maintenance
[6]. However, in the context of a microgrid, a small capacity PHS
with control flexibility is a boon over other ESS [7].

As per the fifth minor irrigation census of India, a growing
number of 5500 units of wind and solar powered pumps are
in operation [8]. These pumping systems can be configured to
obtain pico hydel energy storage (PHES), which resembles the
PHS scheme. The term PHES is used to distinguish it from PHS
with large reservoirs as its capacity is limited to 5 kW. Various
attempts have been made in the past to utilize this concept,
however, they have either considered an ideal PHS [9] or a
fixed speed PHS [10] with no control flexibility. Furthermore,
the previous works were mainly focused on proposing a novel
energy management strategy residing on top of the control
hierarchy, which leaves a void at the local control level [11]–[13].
To address this gap, the authors of this article have developed a
variable-speed PHES with vector control in their previous paper
[14]. However, the vector control strategy neither offered the
inertial response nor exhibited frequency dependency.

The rotational inertia of the synchronous machines (SMs) is
an important entity, which holds the stability of the power system
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during contingencies [15]. The primary response to any fre-
quency event in the grid is provided by the inertia of large rotors.
However, autonomous microgrids are deprived of inertia due to
static sources [16]. Although the wind turbines have high rotor
inertia, the variable-speed units are perceived as static sources
by the grid [17]. This argument is also valid for variable-speed
PHS controlled by power converters. Nevertheless, the need for
inertia in autonomous and weak grids had paved the way for
virtual inertia emulation techniques.

The introduction of droop control techniques for power con-
verters was the first attempt to induce frequency dependency
to power converters, but it failed to exhibit inertial response
[18]. Subsequently, the virtual SM was developed to exhibit
the inertial behavior of SM [19]. However, it relied on current
control loops, which makes it similar to the current-controlled
converters [20]. Eventually, a virtual synchronous generator
was proposed with a short-term ESS to emulate virtual inertia
through a frequency derivative term [21]. Various other imple-
mentations of virtual inertia emulation were comprehensively
reviewed and reported in [22]. Lately, synchronverter was pro-
posed by combining the dc-link capacitor and power converter
to mimic virtual inertia [23]. By far, this topology remains the
best resemblance of an SM exhibiting all its physical properties.
As a bonus, its parameters like inertia, inductances, and the
frictional coefficient can be tuned, unlike the physical SM. Ever
since, synchronverter was utilized in various applications, such
as wind turbines [24], solar photovoltaic (PV) [25], high voltage
dc (HVdc) transmission [26], electric vehicle charging [27], and
BESS [28].

As far as authors are aware, the synchronverter control is yet to
be adapted for the variable-speed PHES. So, as an initial effort,
virtual inertia capability is induced into the variable-speed PHES
by modifying the synchronverter technology in this article. Thus,
the contributions of this article are as follows.

1) A sustainable energy storage with modified synchron-
verter technology is proposed by reconfiguring the RES
powered agricultural pumping systems in India.

2) The small-signal model of the developed PHES is pre-
sented along with the eigenvalue analysis to prove the
system stability. This approach could also be used to
analyze the performance of a large variable-speed PHS
with the synchronverter control.

3) The interaction between the droop controlled governor,
and the synchronverter control is investigated. The in-
vestigation is deemed important due to the frequency
dependency of the synchronverter and the droop controlled
governor.

4) The effect of parameter variation on the power response
of PHES is analyzed through time-domain simulations to
support the outcomes of the small-signal analysis.

5) Finally, the performance of variable-speed PHES with
synchronverter and vector control is investigated through
time-domain simulations to gauge their efficacy.

Subsequently, the modeling of the system components is
discussed in Section II, followed by the control aspects of power
converters in Section III. The small-signal modeling approach
and the eigenvalue analysis are presented in Section IV. Finally,
the performance of the proposed strategy is demonstrated in
Section V, and the article is concluded in Section VI.

Fig. 1. Microgrid with variable-speed PHES with synchronverter.

II. MODELING OF SYSTEM COMPONENTS

A. System Description

The microgrid consists of solar PV, PHES, and residential
loads, as shown in Fig. 1. The solar PV capacity is 44 kWp, which
was assumed as 36 kW at nominal irradiation and the capacity
of PHES was 5 kW and 22 kWh. The proposed PHES was
formed by an open well, upper reservoir, governor, reversible
pump-turbine, and a permanent magnet synchronous machine
(PMSM). The available hydraulic head between the open well
(lower reservoir) and the upper reservoir was used to mimic
the operation of the PHS. This configuration resembled the
renewable energy powered agricultural pumping systems widely
found across the globe with the energy storage attribute.

The excess energy in the microgrid was stored as hydraulic
potential energy through pumping operation. Meanwhile, the
deficit in power was injected by PHES operating in generation
mode. The pumping and generation operations can be correlated
with the charging and discharging of BESS, respectively. A pair
of voltage source converters (VSCs) was used to enhance the
flexibility of PHES in both modes of operation. The operation
modes were decided by the microgrid controller based on the
power balance in the microgrid and the water level in the upper
reservoir. A minimum level of water in the reservoir is always
ensured to cater to the agricultural water demand. Moreover,
the capacity of the upper reservoir was computed by taking the
irrigation demand into account. The derivation of upper reservoir
capacity and the detailed modeling of PHES can be found in the
author’s previous publication [29]. Furthermore, the worst-case
scenarios with no water for power generation can be overridden
by backup resources like diesel generators or load shedding
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control. However, they are not discussed in this article to confine
the scope.

B. Mechanical Components

1) Hydraulic Turbine: A nonlinear model of a hydraulic tur-
bine assuming an incompressible flow and negligible wa-
ter hammer effect was adopted [30]. The rate of change of
water discharge in the penstock was derived using the laws
of momentum, which yielded (1). The net force acting on
the turbine was derived by considering the hydraulic pres-
sure at entry and exit of the penstock of length lp and sec-
tional area Ap. In (1), ρw is the density of water (kg·m−3),
g is the acceleration due to gravity (ms−1) and Hs, Hl,
Ht are the static head, head loss, and turbine head (m),
respectively. The frictional head loss (Hl) was neglected to
reduce the complexity, and the nominal values of discharge
(Qnom) and head (Hnom) were used to derive (2).

ρwlp
dQt

dt
= (Hs −Hl −Ht)Apρwg (1)

dqt
dt

=
1

τws
(1− ht) (2)

where qt =
Qt

Qnom
, ht =

Ht

Hnom
, τws =

lQnom

ApgHnom
.

The gate position cg in (3) was controlled by a servo mecha-
nism to adjust the water discharge rate into the turbine

qt = cg
√

ht. (3)

The turbine power output with the damping effect rendered by
the movement was given by (4), where Dt represents damping
coefficient,At = ηt · ρw · g, and ηt represents turbine efficiency

Pt = At · qt · ht −DtcgΔωt. (4)

Thus, the nonlinear model of the hydraulic turbine was rep-
resented by (2), (3), (4), and linearizing them will yield (5), (6),
(7). Eventually, solving for Δqt and Δht yielded (8) and (9),
respectively.

dΔqt
dt

= −Δht

τws
(5)

Δqt =
∂qt
∂cg

Δcg +
∂qt
∂ht

Δht (6)

ΔPt =
∂Pt

∂ht
Δht +

∂Pt

∂qt
Δqt (7)

Δqt = −Δht

sτws
(8)

Δht = −
∂qt
∂cg

Δcg
1

sτws
+ ∂qt

∂ht

(9)

ΔPt

Δcg
=

(
∂qt
∂cg

∂Pt

∂qt

)
−
(
sτws

∂Pt

∂ht

∂qt
∂cg

)
1 + sτws

∂qt
∂ht

(10)

∂qt
∂ht

=
1

2

cg0√
ht0

∂qt
∂cg

=
√

ht0

∂Pt

∂qt
= Atht0

∂Pt

∂ht
= Atqt0

τ ′ws = τws
qt0
ht0

ΔPt

Δcg
= Ath

3
2
t0

(
1− sτ ′ws

1 + sτ ′
ws

2

)
(11)

Finally, the relationship between the change in power output
to the change in gate position was obtained by substituting (8),
(9) into (7). The partial derivatives in (10) were evaluated around
an initial point to obtain the linearized first-order model of the
hydraulic turbine (11).

2) Hydraulic Governor: The hydraulic governor adjusts the
water discharged using a servo mechanism to control the
power output of the turbine. The governor was combined
with a droop control to translate the grid frequency (ωg)
variations to the corresponding power setpoint (ΔP ∗

g )
(12). Subsequently, the discharge reference (Δq∗t ) from
the PI controller (13) was utilized by the servo mechanism
to vary the gate position with a mechanical time delay (τg)
(14). It is also worth mentioning that the power injected
into the grid (Pg) was fed back to account for the losses.

ΔP ∗
g = DgΔωg (12)

Δq∗t =

(
Kpg +

Kig

s

)
ΔPg (13)

Δcg =
1√
ht0

(
1

1 + sτg

)
Δq∗t (14)

III. CONTROL OF POWER CONVERTERS

A. Virtual Inertia Emulation

The inertia of rotating machines plays a vital role in maintain-
ing the frequency stability of the power system by exchanging
the kinetic energy of their rotor. After an under frequency event,
the kinetic energy stored in the rotor is released, whereas the
kinetic energy is accumulated in the rotor after an over frequency
event. Consequently, the frequency transients are curtailed by
this continuous exchange of kinetic energy stored in the rotor
inertia. The inertia of large interconnected power systems is high
due to the high share of conventional generators as opposed to the
static RES. Having said that, the inertia decreases when the share
of RES is significantly increased, which leaves the microgrids
more vulnerable to frequency excursions. Meanwhile, the power
converters decouple the inertial response of RES with rotating
machines such as wind turbines, which is also applicable to the
variable-speed PHES proposed in this article.

A pair of VSC, namely machine control converter (MCC)
and grid coupling converter (GCC), were used to control the
PHES. As a consequence, the back to back VSC configuration
restrained the PMSM to respond to frequency variations, which
necessitates inducing virtual inertia capability to PHES. Hence,
the synchronverter strategy was modified to control the GCC,
while MCC was controlled by field-oriented control (FOC).
Since FOC is a well-established technique for speed control of
PMSM, it is not discussed here, and the readers are referred to
[5].
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Fig. 2. Proposed synchronverter control with dc-link voltage control.

B. Proposed Synchronverter Control

Synchronverter is a combination of dc-link capacitor and
VSC with a novel control algorithm, which mimics an SM. The
voltages of the synchronverter in the dq frame were derived
by applying Kirchhoff’s voltage law (15), (16). Aligning the
induced voltage of the synchronverter (es) (17) with the q axis
voltage yielded the real power (18) and reactive power (19)
equations. In (15)–(19), φv, ωs, Rs, Ls, iqs, and ids represent
virtual flux synchronverter frequency, stator resistance, stator
inductance, d and q axis currents, respectively.

vds = es − idsRs + ωsLsiqs − Ls
dids
dt

(15)

vqs = es − iqsRs − ωsLsids − Ls
diqs
dt

(16)

es = φvωs (17)

Ps =
3

2
vqsiqs (18)

Qs =
3

2
vqsids (19)

The original control architecture of the synchronverter has an
independent real power loop (RPL) and reactive power loop,
which directly controls the real and reactive power output.
However, the control objective of the synchronverter in this
article is to regulate the dc-link voltage. Hence, a dc-link voltage
controller was augmented with the original synchronverter (see
Fig. 2). The real power regulation was realized with the dynamic
torque equation of an electromechanical system (20), where,
Tms, Tes, Jv , Dp, and ωn represent mechanical torque, elec-
tromagnetic torque, virtual inertia, power droop coefficient, and
nominal frequency, respectively. The value of Tms was derived
from the dc-link voltage controller and Tes was derived from the
line voltage and current. The torqueTms acted as a reference, and
torque Tes was regulated by the RPL. Eventually, the frequency
of synchronverter (ωs) was affected by the instantaneous dif-
ference between those two torque quantities, thereby regulating
the frequency according to (20). In short, the energy stored in
the dc-link capacitor is either absorbed or released rapidly by

the synchronverter after a frequency event, which mimics the
inertial response of SM.

dωs

dt
=

1

Jv
(Tms − Tes −Dp (ωn − ωs)) (20)

dθs
dt

= ωs (21)

Tms = (v∗dc − vdc)

(
Kpv +

∫
Kiv

)
(22)

dφv

dt
= Kq

(
Q∗

g −Qg

)
+Dq

(
v∗g − vg

)
(23)

A PI dc-link voltage controller with integral gain (Kiv) and
proportional gain (Kpv) was augmented to the synchronverter
to maintain the dc-link voltage (vdc) to the reference value v∗dc
[see (22)]. The dc-link voltage depends on the net active power
flow across the capacitor. For instance, the sudden increase in
the power generated by PHES will increase the dc-link voltage
and vice versa. Hence, the real power flow through the dc-link
was controlled by the phase angle (θs), whereby regulating the
dc-link voltage. Meanwhile, the output voltage magnitude of
synchronverter was controlled by the time integral of (23), where
Kq , Dq , Qg , Q∗

g , vg, and v∗g represent the reactive power gain,
voltage droop coefficient, measured reactive power, reference
reactive power, measured line voltage, and reference line volt-
age, respectively.

IV. SMALL-SIGNAL ANALYSIS

A. Small-Signal Model

The dc-link coupled the electromechanical system with the
synchronverter, and its voltage was affected by power flowing
on both sides. Thus, the subsystems were modeled separately
and combined using

Δvdc = Δvsyndc +Δvmec
dc . (24)

1) Electromechanical System: The electromechanical sub-
system consists of the hydraulic governor with servo
mechanism, hydraulic turbine, electrical machine, and the
machine side converter (25), (26). The linearized models
presented in Section II were used to derive the closed-loop
transfer function of the electromechanical system (27).

Gmec (s) =
Ggov (s) ·Gservo (s) ·Gturbine (s)

1 +Ggov(s) ·Gservo(S) ·Gturbine(S)

(25)

Gmec (s) =

Ath
3
t0

(
s

Kig+sKpg

)
·
(

1
1+sτg

)
·
(
1−sτ ′

ws

1+ sτ ′ws
2

)

1 +Ath3
t0

(
s

Kig+sKpg

)
·
(

1
1+sτg

)
·
(
1−sτ ′

ws

1+ sτ ′ws
2

)
(26)

Gmec (s) = Ath
3
t0

(
s− s2τ ′ws

As3 +Bs2 + Cs+D

)
(27)

A =
Kigτgτ

′
ws

2
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B = Kpgτg +
Kpgτ

′
ws +Kigτgτ

′
ws

2
−Ath

3
t0τ

′
ws

C = Kpg +Kigτg +
Kigτ

′
ws

2
+Ath

3
t0 D = Kig

The mechanical power was mapped to the dc-link voltage to
obtain the transfer function of the electromechanical system.
First, the angular speed reference was converted to power refer-
ence through a droop coefficient (Dg). Next, the change in power
output was related to the voltage across the dc-link capacitor
(Cdc) by neglecting losses in PMSM and MCC.

Δvdc =
Δidc
sCdc

(28)

ΔPt = ΔPdc = ΔvdcΔidc (29)

Δvmec
dc =

(
Δidc

sCdc + qp

)
(30)

⇒ ΔPdc

vnomdc

(
1

sCdc + qp

)

Gemec (s) =
Ath

3
t0

vnomdc

(
s− s2τ ′ws

As3 +Bs2 + Cs+D

)

·
(

1

sCdc + qp

)
. (31)

2) Synchronverter: Since the dc-link voltage was affected
only by the real power exchange with the grid, the effect
of reactive power loop has been neglected to reduce the
order of the system.

Gsyn (s) = Gvdc (s) ·Gtorque (s) ·Gks (s) (32)

G′
syn (s) =

(
s

Kiv + sKpv

)
·
(

1

Dp + sJv

)
·
(
1

s

)
(33)

By linearizing (20)–(22), and assuming no change in the elec-
tromagnetic torque, the transfer function of the torque regulation
loop was reduced to (33). The angle θs from RPL corresponded
to the synchronizing power output of the synchronverter. Thus,
the change in dc-link voltage due to the synchronverter was
derived using the synchronizing power coefficient (Ksyn)

Gks (s) =

(
Ksyn

vnomdc (Cdcs+ qp)

)
(34)

Gsyn (s) =

(
1

αs2 + βs+ γ

)
·
(

Ksyn

vnomdc (Cdcs+ qp)

)
(35)

where α = KpvJv; β = KivJv +KpvDp; γ = KivDp

Δvdc
Δωg

∣∣∣∣
Δvnom

dc =0

=
Gemec (s)

1 +Gsyn (s)
. (36)

Eventually, the small-signal model of the complete system
represents the influence of different subsystems on dc-link
voltage (see Fig. 3). The nominal dc-link voltage vnomdc re-
mained constant, while only the disturbance from the elec-
tromechanical subsystem was considered. Hence, the model was
reduced to a single input and single-output model with unity
forward gain and synchronverter gain in the feedback loop (36)
(see Fig. 4).

Fig. 3. Small-signal model of PHES with synchronverter control.

Fig. 4. Single-input and single-output model of PHES with synchronverter
control.

B. Eigenvalue Analysis

The small-signal stability of the system is often affected by
the system parameters, controller gains, and control variables.
Hence, the critical parameters such as virtual inertia Jv, droop
coefficient Dp, and the governor time constant τg were varied
to assess the stability of the system.

1) Variation of Dp: The value of Dp was determined by
considering the amount of power change (Pg) required
during the grid frequency (f ) excursions, which usually
varies from 3% to 5% (37). Subsequently, the system
stability was examined by sweeping Dp from 10 to 500.
The trace of eigenvalues demonstrated that the system
was stable during the variation and the dominant poles
λ3 − λ6 laid closer to the imaginary axis [see Fig. 5(a)].
Meanwhile, for an increase in Dp, the dominant poles
λ3 − λ6 moved toward the origin, whereas the real poles
λ7, λ8 moved toward −∞. However, only the poles λ3, λ4

contributed to oscillation damping, as given in Table I.

Dp =
%PgPn

%fω2
n

(37)

where Pn and ωn are nominal power and frequency.
2) Variation of Jv: The value of virtual inertia (Jv) dictated

the rate of change of frequency (ROCOF). A larger value
reduced the ROCOF, while resulted in a slow rate of
frequency recovery. So, a tradeoff should be met between
ROCOF and the frequency recovery rate. Meanwhile, the
maximum value ofJv was limited by the size of the dc-link
capacitor (38) and practically constrained by (39).

Jv,max =
CdcV

2
dc

ω2
n

(38)

1 ≤ Jvω
2
n

Pn
≤ 12 (39)

The value of Jv was varied from 0.5 to 15 kg·m2, and the
eigenvalues were traced [see Fig. 5(b)]. The dominant poles
λ3, λ4 moved toward the origin and remained within the left
half of S plane. The movement toward the origin increased the
response time, which is the anticipated behavior. However, the
complex conjugates λ3, λ4 did not have a significant effect on
system damping, which is evident from Table I. However, the
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TABLE I
EFFECT OF PARAMETER VARIATION ON THE DOMINANT OSCILLATORY MODES OF THE DC-LINK VOLTAGE

Fig. 5. Eigenvalue traces with variation in (a) Dp. (b) Jv . (c) τg .

frequency of oscillation initially increased and then decreased
after a critical value of Jv . Meanwhile, the movement of real
poles λ7, λ8 toward −∞ was not significant as they did not
contribute to the damping of oscillations.

3) Variation of τg: The governor time constant (τg) has also
contributed to the oscillatory modes of dc-link voltage.
Hence, its effect on system stability was analysed to ex-
emplify its interaction with the synchronverter. The value
of τg was varied within a range of 0.02 to 0.4 s, and the
eigenvalues were traced [see Fig. 5(c)]. Subsequently, for
an increase in τg , the dominant poles λ5, λ6 moved toward
the origin, which increased the system response time.
However, the complex conjugate poles λ1, λ2 became real
and moved in the opposite direction after a critical value

TABLE II
PARAMETERS OF SYSTEM COMPONENTS

of τg . Thus, τg can be controlled to damp the system
oscillations up to a critical value (see Table I). Meanwhile,
a few dominant poles λ3, λ4 which laid closer to the origin
did not show a considerable effect for the change in τg .

4) Governor and Synchronverter Interaction: The frequency
dependency of the governor and synchronverter demanded
an investigation on probable interaction between them.
Moreover, the governor time constant and the virtual
inertia had similar characteristics of delaying the real
power change. Hence, the interaction was inferred from
the traces of eigenvalues presented. A pair of complex
conjugate poles λ1, λ2 and real poles λ5, λ6 corresponding
to τg remained unaffected for the variation in Dp and Jv.
However, these poles moved toward the origin only for the
variation in τg . Subsequently, the oscillatory frequency
was reduced with an increase in τg due to the effect of
complex conjugate poles λ1, λ2 (see Table I). Thus, the
analysis revealed no interaction between the governor and
synchronverter under the considered scenario.

V. PERFORMANCE ANALYSIS

The effectiveness of the proposed control strategy was
validated through time-domain simulations executed in
MATLAB/Simulink under various scenarios, such as load
change, irradiation change, and fault at the terminals. The per-
formance of PHES was compared with the classical vector and
synchronverter control, followed by the effects of parameter
variation on the system response. The parameters used for
simulation can be found in Table II.
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A. Generation Mode

1) Load and Irradiation Change: In this case, the perfor-
mance was analyzed by switching the loads in the micro-
grid and changing the irradiation input to the solar PV
system. The first transition was at t = 10 s, where the
load was switched from 36 to 39 kW, while the solar PV
power remained constant at 34 kW [see Fig. 6(f)]. Sub-
sequently, for the second transition, the solar irradiation
was increased from 845 to 900 W/m2 at t = 20 s [see
Fig. 6(e)], while the load was maintained at 39 kW. To
mimic the real-time scenario, the instantaneous irradiation
input to the solar PV system was generated with random
variations.

During the initial 10 s, there was a deficit of 2 kW which was
fed by PHES to maintain the microgrid frequency. The vector
control had high initial transients in the real power characteristics
with a peak overshoot of 4000 W, in contrast to 3050 W with
the synchronverter control [see Fig. 6(a)]. Similarly, the vector
control had a higher settling time of 5 s, as opposed to 3 s with
synchronverter control. A similar response was perceived in the
reactive power output, where the vector control had a higher
settling time of 6 s [see Fig. 6(b)]. Notably, the reactive power
was controlled to maintain the power factor of the microgrid
between 0.98 to 1 in all the cases henceforth.

The initial transients in the water discharge characteristics
were more pronounced with vector control, where the peak
overshoot was approximately 0.04 m3s−1. Whereas the peak
overshoot was limited to 0.025 m3s−1 with synchronverter con-
trol [see Fig. 6(c)]. In contrast to other characteristics, the dc-link
voltage reached the reference value of 600 V in 0.1 s with vector
control, while the synchronverter took 4 s due to its dependence
on dc-link properties (38) [see Fig. 6(d)].

After the first transition, the sudden change in load was
absorbed by PHES, where the synchronverter exhibited a smooth
transition, thanks to its inertial response [see Fig. 6(a)]. It is
worth mentioning that there was an offset of about 80 var with
vector control, which deteriorated the power factor of the system
[see Fig. 6(b)]. Meanwhile, steady-state oscillations were ob-
served in the discharge characteristics with vector control, which
could induce vibrations and degrade the lifetime of mechanical
components [see Fig. 6(c)].

The dc-link voltage, on the other hand, remained stable with
the vector control and exhibited a step change with the synchron-
verter control. However, the dc-link voltage remained within
an anticipated limit of ±5% [see Fig. 6(d)]. After the second
transition, the solar PV output was increased due to an increase
in the irradiation input. Consequently, PHES reduced its power
output from 5 to 3 kW, thereby regulating the frequency of the
microgrid. In all the above cases, the synchronverter control
offered a flat frequency regulation compared to the vector control
[see Fig. 6(g)].

2) Fault Analysis: In this case, a 10 ms three-phase to ground
fault was applied at the load terminals at t= 5 s, for analyz-
ing the stability of the system during contingencies. The
irradiation input to the solar PV system was maintained at
a mean value of 800 W/m2 [see Fig. 7(e)], which resulted
in PV output of 32 kW [see Fig. 7(f)]. Meanwhile, the
load on the system was 37 kW [see Fig. 7(f)], where the
deficit of 5 kW was injected by PHES [see Fig. 7(a)]. After
the fault, the frequency nadir was curtailed to 49.95 Hz

Fig. 6. Comparison of synchronverter and vector control in generation mode
of PHES. (a) PHES real power. (b) PHES reactive power. (c) Water discharge
rate. (d) PHES dc-link voltage. (e) Solar irradiation. (f) Solar PV output and
load power. (g) Microgrid frequency. Note: Henceforth, in all the figures, SV
and VC represent synchronverter and vector control, respectively.
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Fig. 7. Comparison of synchronverter and vector control subjected to three-
phase to ground fault in generation mode of PHES. (a) PHES real power. (b)
PHES reactive power. (c) Water discharge rate. (d) PHES dc-link voltage. (e)
Solar irradiation. (f) Solar PV output and load power. (g) Microgrid frequency.

with the synchronverter control, whereas the frequency
plummeted with the vector control resulting in a frequency
nadir of 49.57 Hz [see Fig. 7(g)].

Meanwhile, the dc-link voltage exhibited a sudden dip with
vector control, while there was no considerable change with

Fig. 8. Effect of increasing the parameter on the real power output in genera-
tion mode. (a) Virtual inertia Jv . (b) Droop coefficient Dp. (c) Governor time
constant τg .

synchronverter control [see Fig. 7(d)]. Similarly, a sudden dip
was observed in the real power [see Fig. 7(a)], reactive power
[see Fig. 7(b)], and water discharge characteristics [see Fig. 7(c)]
with vector control.

On the other hand, the sudden change in the aforementioned
characteristics was curtailed with the synchronverter control,
which validated the effectiveness of emulating virtual inertia in
the microgrid.

3) Effect of Parameter Variation: Although the effect of pa-
rameter variation was already illustrated with eigenvalue
analysis, its physical significance can be well appreciated
by observing the real power response. First, the virtual in-
ertiaJv was swept from 1.5 to 10 kg·m2 [see Fig. 8(a)]. The
initial peak overshoot was reduced from 3500 to 3250 W,
and overshoot after the transition was reduced from 6380
to 6300 W for an increase in Jv . However, the settling
time increased from 4.2 to 3.5 s for a decrease in Jv due
to poor damping. Furthermore, the dip in power decreased
from 2800 to 2950 W for an increase in Jv. Thus, an
increase in virtual inertia reduced the peak overshoot, dip,
and settling time. Subsequently, the droop coefficient Dp

was increased from 100 to 300, eventually, the response
time increased from 2.2 to 3.1 s [see Fig. 8(b)]. After the
first transition, the peak overshoot decreased from 6180 to
6000 W for an increase in Dp, which revealed that it also
contributed to the system damping. However, on the down-
side, the variation also increased the steady-state error by
200 W for the specified variation range. Therefore, it can
be concluded that the droop and damping characteristics
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of synchronverter are coupled to each other by the control
variable Dp.

Next, the value of τg was adjusted over a practical range of
0.02 to 0.13 s [see Fig. 8(c)]. The initial transients indicated a
decrease in peak overshoot from 3950 to 3250 W for an increase
in τg . Similarly, after the first transition, the peak overshoot
decreased from 6950 to 6100 W. The underlying reason for
such behavior is, the large τg does not allow instantaneous
change in the water discharge rate for a sudden change in power.
Meanwhile, when τg= 0.02 s, the settling time was higher (5 s)
as opposed to τg= 0.13, which had 3 s, due to the poor damping
offered by small τg .

During the second transition, the power dip decreased from
2800 to 2950 W for an increase in τg . Nevertheless, these
characteristics were congruent to the characteristics obtained
with the variation of Jv . Since, the increase in τg increases
the response time of PHES, which will affect the frequency of
the microgrid. For instance, the instantaneous response to the
change in system frequency is ensured by a small value of τg ,
while the system oscillations are damped for a large value of
τg . Hence, the variation of τg also affects the system inertia,
which is one of the important outcomes of this article. However,
a tradeoff should be met between the response time and system
damping while varying τg .

B. Pumping Mode

1) Load and Irradiation Change: Similar to the case ex-
plained in the generation mode, the performance in pump-
ing mode was analyzed by switching the loads and chang-
ing the irradiation input to the solar PV system. The first
transition was at t = 10 s, where the load was switched
from 29 to 30 kW [see Fig. 9(f)]. Subsequently, the second
transition was induced by changing the irradiation from
850 to 825 W/m2 at t= 20 s, while the load was maintained
constant at 30 kW [see Fig. 9(e)]. It should be noted that
PHES can only offer 30% flexibility in pumping mode,
since 60% to 70% of the rated power is required for
adequate pumping. So, the changes induced in the system
are minimum, which is approximately in the range of 5 to
3 kW. Similar to the generation mode, the power absorbed
should not increase or decrease abruptly. So, it is rational
to analyze whether the synchronverter exhibits similar
behavior in pumping mode.

The initial power response showed that synchronverter control
had a higher settling time of 4.8 s versus 0.5 s with the vector
control. This argument suits both the real and reactive power
characteristics [see Fig. 9(a) and (b)]. During the first transition,
the solar PV generation was 34 kW, and the load was 30 kW,
which resulted in 4 kW excess power in the microgrid. It
was absorbed by PHES, whereby the real and reactive power
exhibited a smooth variation and had a longer settling time
of 2.5 s against vector control, which had 0.2 s. Meanwhile,
there were steady-state oscillations observed in the real power
characteristics with the vector control, which could lead to
potential mechanical oscillations in the shaft.

After the second transition, the power output of solar PV
decreased from 34 to 33 kW, which left an excess of 3 kW in
the microgrid. Consequently, PHES gradually reduced its power
consumption from the grid from 4 to 3 kW with synchronverter

Fig. 9. Comparison of synchronverter and vector control in pumping mode of
PHES. (a) PHES real power (b) PHES reactive power. (c) Water discharge rate.
(d) PHES dc-link voltage. (e) Solar irradiation. (f) Solar PV output and load
power. (g) Microgrid frequency.
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control [see Fig. 9(a)]. The water discharge characteristics were
proportional to the real power absorbed due to the absence of
the governor action [see Fig. 9(c)]. A smooth transition was ob-
served from one value to the other with synchronverter control,
in contrast to the vector control. Nevertheless, the steady-state
oscillations present in the discharge characteristics could cause
oscillations in the water column. Besides all these arguments,
the vector control exhibited superior performance in maintaining
the dc-link voltage in pumping mode also [see Fig. 9(d)].

During the transition, the synchronverter control showed a
step change according to a decrease or increase in the power flow.
A variation from 600 to 590 V and 590 to 585 V were observed
during the first and second transitions, respectively. However,
the voltage variation observed with synchronverter control was
within the range of ±5%, which was similar to the response
observed in generation mode. Furthermore, the synchronverter
control offered a flat frequency regulation, while the frequency
response with vector control indicated abrupt change during the
transients [see Fig. 9(g)].

2) Fault analysis: In this scenario, a 10 ms three-phase to
ground fault was applied at the load terminals at t =
5 s to analyze the pumping mode performance of PHES
during contingencies. The irradiation input to the solar
PV system was maintained at a mean value of 900 W/m2

[see Fig. 10(e)], which yielded a power output of 36 kW
[see Fig. 10(f)]. The load was maintained at 31 kW [see
Fig. 10(d)], which left an excess of 5 kW to be absorbed
by PHES [see Fig. 10(a)]. After the fault, the frequency
nadir was curtailed to 49.9 Hz with synchronverter control,
whereas the frequency nadir slumped to 49.6 Hz with vec-
tor control [see Fig. 10(g)]. Besides that, synchronverter
control also offered a flat frequency response as opposed
to vector control.

Meanwhile, the synchronverter control offered a minimum
dip in the dc-link voltage versus a significant dip to 530 V
with vector control [see Fig. 10(d)]. Similarly, the real and
reactive power changes [see Fig. 10(a) and (b)] were curtailed
efficiently with synchronverter control, while the vector control
could not curtail the sudden changes. Furthermore, the water
discharge characteristics also exhibited a gradual change with
synchronverter control, in contrast to characteristics with the
vector control after the fault was applied [see Fig. 10(c)].

3) Effect of Parameter Variation: The pumping mode per-
formance of PHES was analyzed only with the variation
of Jv and Dpdue to the absence of the governor action.
First, Jv was varied over a range of 1.5 to 10 kg·m2, and
the real power response was analyzed [see Fig. 11(a)].
After the first transition, the power dip decreased with
an increase in Jv , which was the expected behavior. On
reaching the steady-state, an offset of 100 W was observed
for an increase in Jv . Moreover, the curves corresponding
to Jv > 3 kg·m2 were superimposed with the curve corre-
sponding to Jv = 10 kg·m2. After the second transition,
the response time increased by 0.1 s for the same amount
of increase in Jv. Thus, the effect of variation of virtual
inertia remained analogous for generation and pumping
mode. However, the effect was less pronounced in pump-
ing mode as compared to generation mode. It is also
worth mentioning that there was no oscillatory response
observed in the power response of pumping mode.

Fig. 10. Comparison of synchronverter and vector control subjected to three-
phase to ground fault in pumping mode of PHES. (a) PHES real power. (b)
PHES reactive power. (c) Water discharge rate. (d) PHES dc-link voltage. (e)
Solar irradiation. (f) Solar PV output and load power. (g) Microgrid frequency.

Second, Dp was varied over a range of 100 to 300, and the
change in real power response was observed [see Fig. 11(b)]. The
response time was not affected considerably, as compared to the
generation mode. However, an offset of 50 W was observed for
every step variation in Dp. Hence, the variation in Dp did not
exhibit considerable effect in pumping mode. Briefly, it can be
presumed that the effect of parameter variation had a substantial
effect only in the generating mode.
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Fig. 11. Effect of increasing the parameter on the real power output in pumping
mode. (a) Virtual inertia Jv (b) Droop coefficient Dp.

VI. CONCLUSION

Autonomous microgrids are technically and economically
feasible solution for powering the underprivileged rural commu-
nities in India. However, a sustainable ESS with the minimum
operation and maintenance intervention is required to ensure
the stability of such microgrids. The proposed variable-speed
PHES is one such alternative to BESS when the resources are
available. Furthermore, the main objective of this article was
to induce virtual inertia capability to the proposed PHES and
analyze its stability under various circumstances. First, detailed
small-signal modeling of the system was presented, and the
stability was investigated through eigenvalue analysis. Sub-
sequently, the superiority of proposed synchronverter control
over the classical vector control was proved using time-domain
simulations carried out in MATLAB/Simulink.

The key outcomes of this article are as follows.
1) The small-signal analysis proved that there was no in-

teraction between the operation of the governor and the
synchronverter. Meanwhile, the system remained stable
under the variation of key control parameters. It is also
worth mentioning that the same approach can be used
to model and control large variable-speed PHS with the
synchronverter control.

2) The synchronverter control outweighed the performance
of vector control in generation and pumping modes by
limiting peak overshoot and steady-state oscillations. Nev-
ertheless, the lifetime of mechanical components can be
preserved with synchronverter control, which exhibited
smooth water discharge characteristics.

3) The governor time constant and the virtual inertia of the
synchronverter exhibited a similar real power response.
Thus, the governor time constant can be independently
varied to improve the inertial response of the system to a
certain extent.

4) The parameter variation had considerable effects only
in the generation mode and did not affect the pumping
mode characteristics. However, the synchronverter control

limited the sudden absorption of power from the microgrid
in pumping mode.
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