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ARTICLE INFO ABSTRACT

The scheduling and dispatch of stochastic renewable energy sources can be difficult in a Microgrid (MG).
Renewable energy sources can power the MG reliably if supported by energy storage systems, via hierarchical
control of the MG. In this work, a sustainable energy storage system is modelled with the existing resources in an
agricultural farm. The resource is a downscaled pumped hydro storage system called Pico Hydel Energy Storage
System (PHESS). The PHESS is numerically modelled with the governing equations of various components in the
system. The proposed configuration caters for the water demand of crops and the energy storage requirement in
a renewable energy powered microgrid. A full scale power converter topology is employed for variable speed
operation of the proposed energy storage system. The power absorbed from the microgrid and injected into the
microgrid is controlled by adjusting the speed of PHESS. An adaptive perturb and observe algorithm is developed
to control the storage system in the generating mode, thus enabling the maximum extraction of power at various
discharge rates and hydraulic head. A relationship between the power and speed of the turbine is deduced
through regression analysis to control the storage system in pumping mode. The proposed model of PHESS is
optimized to accept power commands directly from the MG controller for various levels of controls in the MG
thus ensuring plug and play feature. The results obtained from MATLAB/Simulink software justify the effec-
tiveness of the control strategies in both modes of operation.
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1. Introduction 5% to 10% of the total system capacity [3]. Secondly, a resilient mi-
crogrid has to recover from any contingency event, for that the high
inertia provided by synchronous machines in a conventional grid has to

be mimicked by an entity in the microgrid [4]. In a conventional power

India is a country with an intense population of 1.324 billion among
which 304 million houses are yet to be electrified. National Energy

Policy of India 2017 [1] aims to provide round the clock access to
electricity by the year 2022. The agriculture sector contributes 16.4%
to India’s GDP [2], but the major population involved in agricultural
activities live in remote villages. These villages are deprived of grid
connection and solely depend on firewood, kerosene, diesel to meet
their energy requirements. A possible solution to power the remote
community is to develop reliable and resilient Microgrids (MG) with
renewable energy sources. Firstly, ensuring reliable power supply with
the stochastic renewable energy sources (RES) is a tedious task due to
the high degree of uncertainty in power generation and demand. The
reliability of the system is ensured by maintaining a power reserve of
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grid, the Pumped Hydro Storage System (PHSS) is used to store the
humungous energy during the off-peak hours and inject power during
the peak hours, black start. Similarly, energy storage systems are re-
quired in a microgrid to inject power during the low generation or high
demand and absorb power during the high generation or low demand
periods. The small scale solar PV or wind energy based microgrids
primarily employ Battery Energy Storage System (BESS) to mitigate
fluctuation in the power generation. But the BESS suffer from various
drawbacks such as high life cycle cost, low lifecycle, frequent main-
tenance [5] and failures [6] as compared to PHSS. Achieving higher
energy storage autonomy with BESS is a costly proposition compared to
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PHSS which has higher energy density [7]. The PHSS, when operated
with Battery Energy Storage System (BESS) offers optimal result in
techno-economic comparison [8]. The feasibility of using PHSS and
BESS in a system less than 30 kW has been analysed [9] and it was
concluded that the PHSS has lower Cost of Energy (COE) than the BESS
for lifetime greater than 10 years.

The conventional PHSS has various challenges such as flooding,
rehabilitation of nearby communities and deterioration of the local
ecosystem. To overcome the drawbacks mentioned, the capacity of
PHSS can be downscaled to exploit its higher energy density for mi-
crogrid applications like the smaller pico hydel plants which are limited
to 5kW [10]. The smaller size of these plants has economic, environ-
mental and operational advantages, unlike the large PHSS which are
signalized by high capital investment, loss of biodiversity and long
gestation period. The PHSS can be a superior energy storage option
when the existing structures are used for storing the water. The use of
abandoned open mines connected to an unconfined aquifer, nearby
water streams, underground water source as the lower reservoir is re-
ported previously [11-13]. There are about 8.78 million dug wells and
5.9 million shallow tube wells with an average depth of (20 m to 40 m)
[14] which are in the agricultural farms of India. Water from these
underground sources is pumped to a surface level tank which is used for
irrigation of crops and domestic use. The farmers at the areas without
the last mile grid connection rely on diesel generators to pump the
water for irrigation. Approximately 8 lakh units are operating in agri-
cultural fields of India. The use of renewable energy sources to power
the pumps are a rising trend, where about 4000 and 1300 units of wind
and solar powered pumps have been installed in the country respec-
tively [14]. The configuration of a dug well and a surface level tank
resembles a small scale Pumped Hydro Storage System (PHSS) which
has no upfront capital cost for construction of reservoirs. The config-
uration can be used to solve a bi-folded objective of water pumping and
store electrical energy produced by renewable energy sources. The
system is termed as Pico Hydel Energy Storage System (PHESS) as its
capacity is limited to 5kW.

The variable speed operation of PHSS in generating mode offers
improved efficiency, instantaneous active power injection and wide
operating region. Whereas in pumping mode, the variable speed op-
eration allows part load operation and active power control [15]. The
suitable choice of machine, power electronic topology, and control
strategies play a vital role in reliable variable speed operation of PHESS.
There are different topologies developed for variable speed hydel
generation, employing Current Source Converter (CSC) and Voltage
Source Converter (VSC) instrumenting various machines [16-20]. A
Permanent Magnet Synchronous Machine (PMSM) which has ad-
vantages over Doubly Fed Induction Machine (DFIM) [21] is coupled to
Reversible Pump Turbine in this work. It is also possible to control the
synchronous machine with back to back VSCs but it requires field
control loop to adjust the excitation of the field windings [22]. The
review of converter-fed PMSM for a hydel generation would lay a
foundation to derive the control strategies for the proposed system. As
the power only flows from machine to the grid in a pico hydel gen-
eration scheme it possible to use unidirectional converters for the
power conversion with the simple control mechanism. The unidirec-
tional power converter topology for hydel generation includes an un-
controlled rectifier, DC-DC converter and a Voltage Source Inverter
(VSD) in which the speed of the PMSM is controlled by the DC-DC
converter [23,24]. Another unidirectional converter topology employs
an uncontrolled rectifier and a Z source inverter [25]. The back to back
Voltage Source Converters (VSC) for power generation were widely
used in pico and micro-hydro plants [26-29].

In the recent past, pico hydel generation has been utilized to power
the most underprivileged economies of the world which include rural
areas and the remote villages. However, the operation and control of
pico hydel units as an energy storage system was not extensively re-
searched. The bidirectional power flow property of back to back VSC is
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utilized to operate the proposed PHESS in generating and pumping
modes of operation in this work. Effective control of the power con-
verter determines the efficiency of the storage system and the stability
of the microgrid. The vector control strategies provide better dynamic
response than scalar control for converter fed PMSM. Among the vector
control strategies, the Field Oriented Control (FOC) responds to fast
changes in load torque variations than the Direct Torque Control (DTC)
[30]. The DTC has high current harmonics and high ripple content in
the real and reactive power due to high switching frequency and hys-
teresis current controllers [31]. Efficient estimation of reference rotor
speed in pumping as well as generating mode is required for the FOC to
control the speed of PMSM. A single reference speed estimation algo-
rithm cannot be used for both the modes as the principles of control
differ. So, the speed reference should be estimated separately and ap-
propriately in generating and pumping modes of operation.

In the generating mode, variable speed control techniques aim to
extract maximum power from the turbine for various water discharge
rates which also widens the operating region of the turbine. The
Maximum Power Point (MPP) algorithms applied to PHSS are cate-
gorized as direct and indirect methods. The indirect methods use an
exact mathematical model of the turbine to estimate the speed re-
ference whereas the direct methods do not require information about
the turbine model. An indirect method based on a power-speed lookup
table derived from the turbine hill chart has been used to control the
DFIM based variable speed hydel plant [15]. The Perturb and Observe
(P&O) algorithms based on the hill climbing technique is one of the
popular direct methods employed in wind energy and solar PV systems.
A P&O algorithm was used to control variable speed micro-hydro sys-
tems [28] which used a fixed step size to track the maximum power.
The fixed step P&O algorithm with a small step size has a sluggish re-
sponse with low oscillations around the MPP, whereas the use of large
step size to achieve rapid response results in sustained oscillations
around the MPP. To overcome these issues, a variable step size based on
toggling between upper and lower limits has been proposed in [29,32].
The algorithm toggles between the extremities which can induce vi-
brations on the turbine shaft. In another work, a gradient descent
method based on the efficiency-current gradient was proposed to con-
trol the speed of the small hydel plant using unidirectional converter
topology [23], which is not suitable to control the VSC in the conceived
system. The advanced computational intense intelligent algorithms like
Artificial Neural Network and Model Predictive Controls have been
proposed for hydropower plants with DFIM [33-35]. To address the
issues in fixed step P&O algorithm and to offer a simple control tech-
nique, an Adaptive Perturb and Observe (APO) algorithm based on the
power-speed gradient is proposed in this work.

In pumping mode, the objective of the speed control strategy is to
utilize minimum available surplus power in the microgrid to pump the
water to the upper reservoir. The pumping operation of PHESS is si-
milar to the wind and solar pumping systems but the key difference is
the bidirectional property of the proposed system opposed to uni-
directional power flow water pumping systems. Conventionally a diode
bridge rectifier on the grid side and a VSC on the machine side is used to
control the power input to the water pumping system and hence
achieve variable speed pumping [36]. In the renewable water pumping
systems, the speed reference is computed with the governing equations
of the electrical machine and the maximum power command from the
MPPT algorithm of the source [37-39]. In another work, the speed
reference is derived from the DC link voltage control loop using a PI
controller [40]. The reported works do not consider the hydraulic pump
characteristics governed by affinity laws [41] to derive the speed re-
ference. To achieve satisfactory pumping with partial electric power
input to the machine, the speed reference is estimated by forming a
relationship between the speed and the available surplus power in the
microgrid through regression analysis. The analysis is carried out by
considering the pumping head and discharge rate defined by the affi-
nity laws of the centrifugal pump.
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Thus, the contribution of this paper is as follows:

-

A sustainable energy storage system is modelled with the existing
dug well and a surface level tank used for irrigation in the agri-
cultural fields of rural India.

The sizing of the upper reservoir is done based on the autonomy

required with the physical size constraint and an optimal opera-

tional flow chart of the reservoir model is presented.

An Adaptive Perturb and Observe algorithm based on power—speed

gradient is proposed to extract maximum power from the reversible
pump turbine at various discharge rates in generating mode of

PHESS.

iv A relationship is established between the surplus power in the mi-
crogrid and speed of the reversible pump turbine using the Affinity
Laws of centrifugal pumps through regression analysis, to estimate
the speed reference in pumping mode.

v The developed strategies are used to derive the reference values for
Field Oriented Control of PMSM in generating, pumping modes and
its effectiveness is discussed with the simulation results obtained in
MATLAB/Simulink.

The control techniques proposed in this work are optimized to plug

the PHESS into a microgrid with any type of renewable energy
source. Since it is modelled and controlled independently of the
source. The system has the capability to accept direct power com-
mands from the microgrid controller to ensure plug and play op-
eration. The fast response of the PHESS by variable speed operation
and higher energy storage autonomy with the upper reservoir makes
the proposed system to take part in primary and secondary control
of microgrid.

=4

i

=
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=
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The next section describes the proposed energy storage system fol-
lowed by the system component modelling in section 3. The proposed
reference speed estimation techniques, the Field Oriented Control of
power converters are elaborated in section 4 and 5 respectively. The
performance of the system with the proposed control strategies under
generating and pumping modes are discussed with the results obtained
from MATLAB/Simulink in section 6.

2. Proposed pico hydel energy storage system

There are two schemes of PHSS, namely mixed PHSS which have
natural inflow and pure PHSS [3] whose discharge operation (gen-
erating) depends on the volume of water pumped by the pumping
system during the previous charging cycle (pumping). The Pico Hydel
Energy Storage System (PHESS) developed in this work is similar to the
pure PHSS since the total power generation depends on the water
pumped in the previous cycle. The functional block diagram of the
proposed PHESS is shown in Fig.1. The upper reservoir is a surface level
tank and the lower reservoir is a dug well used for irrigation of agri-
cultural crops. The Microgrid (MG) controller acts as a master control
which sends power command to the speed controller and the hydraulic
governor. The hydraulic governor is used to regulate the water flow
into the inlet pipe based on its power command and the speed con-
troller extracts maximum power from the hydro turbine. A single Re-
versible Pump Turbine unit coupled to a Permanent Magnet Synchro-
nous Machine is employed in this system to generate power and pump
water to the upper reservoir. The PHESS operates as a hydropower
plant in the generating mode and acts as a large capacity energy storage
system in the pumping mode. The bidirectional power flow is controlled
by a pair of back to back VSC. The dual mode operation of PHESS is
further explained in the next subsection by comparing it with the BESS,
without considering the characteristic difference between them.
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2.1. Modes of operation

2.1.1. Pumping mode

During the off-peak hours, when there is surplus power in the mi-
crogrid, the frequency of the microgrid increases beyond the nominal
value. To curtail the frequency deviation, either the power has to be
absorbed by a storage system or the generation has to be limited. It is
uneconomical to limit the renewable power generation when there is an
availability of acceptable wind speed or solar insolation, so the excess
power can be stored in the PHESS. The surplus power in the microgrid
is absorbed by the electrical machine coupled to the reversible pump
turbine and operates as a motor. The RPT unit pumps water from the
lower reservoir to the upper reservoir and stores the electrical energy as
the potential energy. This mode of operation is analogous to the char-
ging cycle of the BESS.

2.1.2. Generating mode

When the microgrid has a deficit of power due to high demand in
peak hours or due to unavailability of natural resources, the frequency
of the microgrid drops as the demand for electrical energy increases.
The energy storage systems will be called in for primary frequency
support and it has to provide its service. The deficiency in power can be
met with the PHESS operating in generating mode like a conventional
hydropower plant. The quantum of deficit power is provided by the
Microgrid controller, and the gate valve is adjusted accordingly to
regulate the water flow. The potential energy stored in the upper re-
servoir as the difference in the head is converted into electrical energy
when the water impinges on the Reversible Pump Turbine coupled to
PMSM. The water after exerting the force on the turbine is collected and
stored in the lower reservoir. This mode of operation is congruent to the
discharging cycle of the BESS.

2.2. Variable speed pico hydel energy storage system

The large capacity fixed speed pumped hydro storage system does
not offer flexibility to adjust its power input based on the grid re-
quirements in pumping mode and the narrow operating head deviation
limits its operation in generating mode. The flexibility of such large
units in pumping mode is increased by using several small-sized pumps
to obtain a stepped control. In generating mode, the fixed speed PHSS
are optimized to operate around its synchronous speed with rated head
and discharge rates. As the head varies, the discharge of water is ad-
justed by the hydraulic governor to maintain the synchronous speed
and the unit is shut off when the head falls below a minimum value
[33]. In the case of considered small capacity PHESS, it is desirable to
utilize the entire volume of water stored in the upper reservoir to
achieve the desired autonomy. To do so, the RPT should be optimized
for the lowest possible value of head, as the dependence of turbine
speed on the operating head is even more pronounced in the proposed
PHESS due to the large variation in the head. Whereas in pumping
mode, the power input to the reversible pump turbine has to be con-
tinuously varied to operate it with the minimum excess power available
in the microgrid instead of operating it at rated power. The above issues
can be addressed by the variable speed operation of PHESS so that the
instantaneous supply and demand of the isolated MG can be effectively
maintained in both the modes of operation.

3. Modelling of hydraulic system
3.1. Design and sizing of reservoir

The reservoirs of PHESS are indistinguishable with battery. The
State of Charge (SoC) of the battery is correlated with the amount of
water in the reservoir in the various literature [5,8]. In this work, the
upper reservoir is kept at the ground level and an open well is utilized
as the lower reservoir. The design of the upper reservoir is mainly based



V. Krishnakumar R., et al.

Journal of Energy Storage 24 (2019) 100808

! Py, Microgria | Mhtertevel
| Controller 1
vf - Py |
! Speed
[ Control ¢ - — - —. — — I
i Algorithm . l Hydraulic [
. | |Governor Outlet Pipe .
| . A |
. Oref | .
i GVO
Microgrid Power |
with RES Converter
3 el Upper
| : Reservoir
PN :
¥‘ .
. v
( Legend A | Intlet Pipe
w.r - Speed Reference l Reversible )
w, - Rotor Speed el »Pump Turbine
V - Voltage — & PMSM
f - Frequency ==
GV - Gate Valve . ety Enpdamts N Dug Well
GVO - Gate Valve Opening plamtiwdy) lrbadly
P.; - Power Reference iy St
RES - Renewable Energy Sources

PMSM - Permanent Magnet
Synchronous Machine

...... Label
— . — Feedback Signal
Command Signal

<—> Bidirectional Power Flow
\ J

Fig. 1. Functional block diagram of the proposed PHESS with dug well.

on the required autonomy of energy storage. The volume of the re-
servoir is directly proportional to the autonomy which is the maximum
duration the PHESS can deliver the rated power. Similar to conven-
tional hydropower plants the hydraulic head H [10] is calculated at any
point with Eq. (1).

2
H=z+L2 1+ Z(m)
eg 28

@

Where z is the elevation, p is the pressure of the water in the conduit, v
is the velocity of the water jet, p is the density of the water, and g is the
acceleration due to gravity. The volume of the reservoir can be calcu-
lated with the autonomy required and is given by Eq. (2).

— (3.6*106) ng El (m3)
npgH 2

v

Where, ng, E;, n,, H are autonomy, electrical load, the acceleration due
to gravity and head respectively. The value of ny = 5h is chosen based
on the physical size limitation of the upper reservoir. The value of net
head H = 17 m is chosen based on the average depth of dug wells
(20 m-40 m) in India [14] and E; =1.1 kW is assumed. The parameters
are used to determine the water storage capacity of the upper reservoir.

3.6%10%%5%1.1

=——— " =132 »#150m3
0.9*1000%9.81*17

The dimensions of the reservoir are computed by fixing the height of
the reservoir to 5m as the operational head of the selected turbine
varies from 16 m to 22 m. The length and breadth of the reservoir are
computed with the length to breadth ratio of 1.2:1. The computed di-
mensions of the reservoir are height = 5m, length = 6 m, breadth = 5m.

The change in reservoir water level can be computed using Eq. (3).

Volume — [ Qdt
_ Yolume - Jodt
length*breadth 3

The net head after 1s is computed by substituting the net volume
and dimensions of the reservoir, the rated discharge computed with the
Eq. (5).

1
150 — (15*1073 (" dt)
AH=— % (m
pre (m)
Therefore, AH = 4.9995m
The net change in the
Hy=5-49995=5%10"*m
The change is so minimal and it takes approximately 30 min for a
1 m change in head. Hence, the reservoir model has to be scaled down if

head after a second is,
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Fig. 2. Operational flow chart of the upper reservoir.

it is necessary to run the simulation to fully empty the reservoir or fill
the reservoir up to the brim with water. The operational flowchart of
the upper reservoir is presented in Fig.2. Mode 1 represents the op-
eration of PHESS in generating mode, in which the reservoir level and
volume have to decrease linearly with time. Mode 0 indicates the op-
eration of PHESS in pumping mode, during which the reservoir level
and volume increase linearly with time. In both the modes of operation,
the slope of the curve is dictated by the discharge of water (Q) in m®%/s
at that time interval.

3.2. Modelling of reversible pump turbine

There are various hydraulic turbines used in low head applications
and thirteen of them are reviewed in the literature [42]. The hydro
turbines are broadly classified as impulse and reaction turbines. Con-
ventionally, the hydro turbine is chosen based on its specific speed,
operating head, output power, and the shaft speed. The propeller tur-
bines were used for low head applications due to its low cost and simple
and rigid construction. The application of turgo turbines for the low
head operation is analysed [10] and is proven to have better-operating
efficiency than the propeller turbine. But the use of those turbines re-
quires a separate machine to pump the water. To save the capital cost, a
single reversible pump turbine can be used for both the modes of op-
eration [43]. The water hammer effect and the elasticity of the water
column have been neglected, the dynamic equations are linearized for
modelling the RPT. The process of modelling the turbine is a con-
tinuation of the reservoir model presented in the last section. The jet
head of the turbine as a function of time is calculated by the Eq. (4). The
jet head H;(t) is the difference in height between the rotational axis of
the turbine and the reservoir level at that instant.

H (1) = C2H, () (m) @

Where, C, = 0.97 is the coefficient of velocity and it is defined as the

ratio of the actual velocity of the jet to the theoretical velocity [10] and
H,(0) = 17m is the net operating head of the Reversible Pump Turbine
(RPT) which is a function of time.

Therefore, H;(t) = 0.97*17 = 16 (m)

The rated discharge of water Q; in m?/s is calculated from Eq. (5),

Volume of Upper Reservoir m3/
t = ( s)

Total Time of Discharge (5)

The efficiency of the RPT is the function of rotor speed w, the jet
head H; and the guide vane position y [44] which is given by Eq. (6)

b

H) = ——
n( v H) pgH;(DQ )

The total output of the turbine shaft is the product of the efficiency
of the turbine 7,, and the hydraulic power input to the turbine, where
p = 1000 kg/m? is the density of water.

B =7 pgQ:H{) (W) @

The shaft torque of the turbine is obtained with its relationship
between power and speed given by equation (8).

P, X 60
T, = >— (Nm
= ®
But the instantaneous torque is computed by taking the speed
feedback from the machine since both the turbine and PMSM are
connected to the same shaft.
The power input to the RPT in pumping mode is given by the Eq.

9,
_ PeQH,
7 ©

Where the pumping head H, remains constant at 17 m, Q, is the pump
discharge and 7, is the efficiency of RPT in pumping mode.

15
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3.3. Modelling of hydraulic governor

The water discharge in the conduit is controlled by the gate valves
operated by servo motor. The gate valve position command is given by
the hydraulic governor. The hydraulic governor takes reference power
as input from the microgrid controller. The control diagram of the
hydraulic governor is shown in Fig. 3. The hydraulic governor should
respond to the change in reference power command. The PI controller is
tuned to adjust the servomotor position (gate valve position) based on
the difference between B, and By, to vary the water discharge (Qg) at
that particular interval

The modelling of the hydraulic governor is validated by plotting the
data points on a 2D graph and carrying out a regression analysis. The
discharge is a dependent variable hence it is plotted on the Y-axis and
the independent variable power is plotted on the X-axis as shown in
Fig. 4 and MATLAB curve fitting toolbox is used to find the best fit. The
best fit is found by analysing the Root Mean Square Error (RMSE) value
and the linear fit has the lowest RMSE value than higher degree poly-
nomial fit. Hence, it validates the linear relationship between the power
and the discharge, which is explained in the previous section Eq. (7).

4. Reference speed estimation

The hydropower plants operate at a synchronous speed corre-
sponding to the fundamental frequency of the grid. The variable speed
technology was initially employed to extract maximum from wind
electric system which used DFIM and PMSM for power generation. In
both cases, the speed of the machine is controlled by the power con-
verters which obtains its reference speed value from different MPPT
techniques [45]. A similar concept can be used to develop separate
control strategies in pumping and generating modes of PHESS. The
principal aim of the developed strategies is to estimate the reference
rotor speed for optimal performance of PHESS in both the modes. An
Adaptive Perturb and Observe algorithm based on the power-speed
gradient is developed to estimate the rotor reference speed in gen-
erating mode. A relationship between the power and the speed of the
chosen RPT is established through regression analysis to estimate the
reference speed in pumping mode.

4.1. Reference speed estimation in generating mode

The rotor speed reference is obtained by using an Adaptive Perturb
and Observe (APO) algorithm. The power versus speed characteristics
of the reversible pump turbine is shown in Fig.5, which is a family of
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curves obtained for different levels of discharge and the characteristics
are used to develop the reference estimation algorithm. The proposed
APO algorithm has a dual objective, the first is to achieve rapid tracking
of MPP based on the hydraulic conditions of the system and the second
objective is to minimize the oscillations induced in the shaft during the
speed tracking. In the proposed APO algorithm, the rotor speed is
varied about its initial operating point and the power output is mea-
sured to make the speed change decision in the next sampling time. The
estimated reference speed w, () is given by Eq. (10) which depends on
the sign of power change and the adaptive step size k. The change in
power and speed with respect to the previous sample is given by Egs.
(11,12)

{coi,l + abs(kAw) if AR > 0
Wref (g) =

w;—1 — abs(kAw) if AR, < 0 10)
AP=PF— P, an
Aw = w; — wj_ (12)

As the step size plays a crucial role in the performance of the MPPT
algorithm, the factor k is decided based on the gradient of the turbine
operating curve. When the power gradient is steep the value of k is high
and when the search approaches the MPP the curve becomes almost flat
which lowers the value of k as shown in Eq. (13).

k= AP
T Aw 13)
—1AP <0
AP, = 5gn(AP) = {0 < AP < 0.05* By
1AP >0 a4

To explain the algorithm, the curve shown in red colour which
corresponds to the rated discharge of 15.51/s is used. The desired op-
erating point of the turbine is C which is the maximum power point
(MPP) at the rated discharge rate and the MPP vary for different rates of
water discharged to the turbine. The search for MPP starts from the
initial operating point A, the speed is increased based on the value of k
and the power is measured. The sign of change in power AP is extracted
by using a signum function given by Eq. (13). If the value of AR is 1
then the search for MPP is continued in the same direction by in-
creasing the reference speed by kAw. Once the point B is reached the
value of AP, is still 1, so the search for MPP is continued in the same
direction by accelerating the turbine.

After reaching point C, the value of AP, becomes zero but to make
sure that the reached MPP is correct, the reference speed is increased
further. The acceleration of the turbine pushes the operating point D, at
that point the power is lower than the previous sample value which
makes the value of AP, as -1. Due to the negative change in power, the
rotor is decelerated and the system finally settles at point C as long as
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the discharge value remains constant at 15.51/s.

4.2. Reference speed estimation in pumping mode

In large PHSS, the RPT can satisfactorily pump the water from the
lower reservoir with 70% of its rated power [3] thus providing flex-
ibility up to 30% of the rated power. So, it is possible to control the
power drawn by the RPT by adjusting the speed of the machine by
optimizing the part load pumping operation of RPT. The operation of
the RPT in pumping mode is governed by the Affinity Laws for cen-
trifugal pumps [41] which establishes the relationship between the
water discharged to the pump and speed of the pump (15), pumping
head and speed of the pump (16).

Qa_M
Q N (15)
H_ N
H, Nj (16)

According to Eq. (9), the discharge of the RPT is directly proportional to
its power input and by Eq. (15) the discharge is proportional to speed.
In pumping mode as the head remains constant, Eq. (16) is neglected.
Thus the speed of operation can be varied in accordance with the power
input to the RPT and it necessitates to form a relationship between the
rotor speed and the surplus power in the microgrid. The relationship is
formed by collecting the data points and performing a statistical re-
gression analysis. To collect the data points, the mechanical torque
acting on the shaft of the RPT is maintained constant as the pumping
head remains constant. The power input to the PMSM is varied
throughout its operating region by controlling the switches of the Ma-
chine Control Converter (MCC) which acts as a Voltage Source Inverter
(VSI) and the rotor speed is sensed. The regression analysis is performed
by defining the response and predictor variables. The rotor speed of the
RPT depends on the electrical power input to the PMSM. So, the rotor
speed is defined as the response variable and the electrical power input
to the PMSM is defined as the predictor variable. The analysis is per-
formed with almost 150 data points collected throughout the operating
region of the PMSM by varying its input power. The values are plotted
in a 2D X-Y plot since there are only one predictor and one response
variable. The analysis is carried out by using MATLAB curve fitting
toolbox and the equations for linear, quadratic and cubic fit have been
obtained and the plot is shown in Fig.6.

To find the best fit, the norm of residuals is used as a measurement
index in this analysis. The equations and norm of residuals for linear,
quadratic and cubic fit are given in Table 1. The lower value of the
norm of residuals determines the best fit. The norm of residuals plot is
shown in Fig. 7 and the value for cubic fit 45.43 is lower than the
quadratic and linear fit. Hence the obtained cubic polynomial (17) is
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| |
1y = 0.29%x + 5.6e+02 !
900 - ly=2.1e-06%x" +0.29%x + 5.6¢+02 1
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Fig. 6. Curve Fitting plot of the regression analysis.
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Table 1

Curve fitting parameters and equation of various techniques.
Fitting Equation Norm of
Method Residuals
Linear Weer = 0.29 X . + 560 45.6461
Quadratic  w,r = 2.1 x 1076 x P? + 0.29 X B + 560 45.4852
Cubic 45.4309

Wrer = 3.4 X 107°P3 — 6 X 1070 X P7 + 0.29 X B, + 560

used to estimate the reference rotor speed. A similar equation was
framed in [46] for a variable speed PHSS.

Wref () = 3.4 X 107°P; — 6 X 1075 X P7 + 0.29 X P, + 560 an

5. Power electronic control

With the advent of modern power semiconductors, full-scale con-
verter topology is widely used for variable speed operation of the
pumped hydro storage system. The power converter topology and the
control blocks of the proposed PHESS are shown in Fig. 8. A pair of
Voltage Source Converters (VSC) are used to control the speed of PHESS
and the direction of power flow. In generating mode, the Machine
Control Converter (MCC) acts as an active rectifier and the Grid Cou-
pling Converter (GCC) operates as a Voltage Source Inverter (VSI).
Whereas in the pumping mode of operation the PHESS has to draw
power from the grid, so the operation of VSCs is interchanged. The MCC
is operated as a VSI and the GCC is operated as an active rectifier. There
are well-established techniques to control the PMSM which include
scalar and vector control on a broader spectrum. The Field Oriented
Control (FOC) which is a subclass of vector control is used to generate
the reference values for Space Vector Pulse Width Modulation
(SVPWM). The control of PMSM is carried out in the synchronously
rotating frame by decomposing the stator currents and voltages into d—q
components by Park’s Transformation. To control the flux and the
torque of PMSM independently, the stator current vectors are decom-
posed into isq and i, components respectively. The FOC allows the
control of the flux and torque of the PMSG separately, by using a cas-
caded speed and current control loop with Proportional Integral (PI)
controllers.

5.1. Machine control converter

The speed control of PMSM in pumping mode and generating mode
is achieved by adjusting the firing pulses to the MCC. The control
strategy employed in both the modes of operation of PHESS is the same
whereas the vital distinction lies in the estimation of the reference rotor
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speed which was discussed in the previous sections. The speed control
principle of PMSM is explained with the dynamic torque equation of
rotating machines (18). In Eq. (18) T, is the Mechanical torque deliv-
ered by the reversible pump turbine, T; is the Electromagnetic torque of
the generator, J is the Inertia of the turbine w,, is the rotor speed. The
Eq. (18) shows that the rotor speed can be controlled by changing the
electromagnetic torque which depends on the g-axis current compo-
nent. To accelerate the machine T, has to be reduced so that the dif-
ference between T, and T;, increases. To decelerate the machine T has to
be increased so that the difference between T, and T;, decreases.
dow,,

=Tt I (18)

The control architecture of the MCC in the synchronously rotating
reference frame (d-q) is shown in Fig.9. The difference between the
actual and the reference speeds is fed as input to the speed controller
whose output is the g-axis reference current component i, 4> Which is
further fed to the g-axis current controller and the required g-axis stator
voltage U 4 is generated. The d-axis reference current component i is
made zero to keep the flux independent of the control strategy. The
negated value of d-axis current component i 4 is the input to the d-axis
current controller, which gives d-axis stator voltage U 4.

*

Usqg = Usa — wLs + Vig (19)
Usg = Usg + @Ls + Vig (20)

Decoupling terms are added to the difference in actual and reference
dq components of the stator voltage, to have a better dynamic response
and the required values of the stator voltage vector U4, Us 4 are pro-
duced as shown in Egs. (19,20) respectively. The obtained d—q com-
ponents are converted to aff components by Clarke’s Transformation.
Finally, Space Vector Pulse Width Modulation (SVPWM) technique is
used to generate the gate pulses based on the desired reference voltages.

5.2. Grid coupling converter

The operation of Grid Coupling Converter (GCC) focuses on the
control of active, reactive power delivered to the grid in both the modes
of PHESS, grid synchronization and the power quality [47] The control
strategy of GCC in the d—q reference frame has cascaded structure to
control the grid current, reactive power and the DC link voltage as
shown in Fig.10.

The faster acting inner loops ensure the power quality and its per-
formance can be improved with harmonic compensation. The voltage
loop regulates the active power flow of the system by maintaining the
DC link voltage and reactive power delivered to the grid. It is evident
from the forthcoming Egs. (21-24) that the active and reactive power
delivered to the grid or drawn from the grid can be controlled by
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Fig. 7. Norm of Residuals plot for various fitting techniques considered.
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PO = 2 Vua@iga(©) + Vyg O ©) 25)

QW) = 2 (Vo Wigg () + Vo Oga (1))

(26)

The total power flow into the DC link capacitor is given by the Eq.
27).
Viclse = Pn — Ky @7

In generating mode, the power flows out of PHESS which increases

10

the DC link voltage. The PI controller in the outer loop generates cur-
rent reference values to the inner loop based on the DC link voltage
error. The DC link current determines the direction of power flow, when
Py, > P, the DC link current I . will be positive thus aiding the power
flow from PHESS to the grid. To export maximum power from the
Reversible Pump Turbine to the grid, the DC link voltage has to be
maintained constant [48] throughout the operation as shown in Eq.
(28), where Py, is the power from the Reversible Pump Turbine and F, is
the power injected into the grid. The condition for the minimum DC
link voltage is dictated by the line voltage of the grid [48]. The DC link
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voltage reference is set by satisfying the condition (29). The reactive
power command is set at zero to ensure no reactive power injection into
the grid. The obtained values are further fed to the current controllers
in the inner loop.

AV,
Val=y ==k 28)
Vdc > 1.6 V:gL (29)

In pumping mode, the DC link voltage reference is set different and is
dictated by the rated voltage of the PMSM. Since the power is consumed
by the PMSM, the DC link voltage gets reduced according to the Eq.
(28). To maintain a constant DC link voltage, the power is drawn from
the grid and hence the direction of power flow is reversed. During
rectification operation of the GCC, the anti-parallel diodes in GCC
conduct based on the firing of IGBTs which enables bidirectional power
flow. The reference value of the q axis current loop is set to zero, to
ensure no reactive power is drawn from the grid. Based on the DC link
voltage error, the PI controller in the outer loop generates a d-axis
current reference iy, for the inner current control loops. The decou-
pling term is added to the control signal from the current controllers to
generate the reference values of direct Ug*,d and quadrature axis Ug*,q
voltages (3031).

*

U,

gd = Ugd — wLy + Veu

(30)

*

U,

gq = Ugg + @Lf + Vg

(3D

The decoupling terms are introduced to eliminate the cross-coupling
present in the control signal generated by the current controllers and it
ensures improved dynamic performance where, L; is the inductance of
the filter coupled to the line, which is an LCL- filter in this work [49].
The synchronously rotating reference frame components (d-q) are
converted to stationary reference frame components («) using inverse
Park’s transformation. The a8 components of the reference voltage are
used by the SVPWM block to generate gate pulses to the switches of the
GCC.

6. Results and discussion

The dual mode operation of PHESS, in pumping and generating
mode is simulated in MATLAB Simulink and the results are presented in
this section.

6.1. Pumping mode

The ultimate objective of the variable speed operation of PHESS in
pumping mode is to achieve satisfactory pumping characteristics at part
load. To justify the effectiveness of the proposed control strategy, the
power input to the machine is limited between 50% and 70% of its
rated power.

To maintain the specified power levels, the surplus power in the grid
is varied from a minimum of 750 W to a maximum of 950 W with a step
size of 100 W in each ten-second interval by appropriately switching the
load which is shown in Fig.11(a). In this mode of operation, the volume
of water in the reservoir and water level in the reservoir are initialized
to zero, and the volume of water and the water level in the reservoir
increases linearly, whose slope is decided by the water discharge rate of
the pump. The slope of the reservoir volume characteristics shown in
Fig.11(b) gives the discharge of pump Q in m®/sec for the given period.
The variation of the water level is presented in Fig.11(c) which is one of
the critical parameters used to decide the mode of operation of the
PHESS. The discharge of the pump is proportional to its power input
given by Eq. (9).

The pump discharge characteristics are shown in Fig.11(d), in which
the discharge of the pump varies as the power input to it is varied. As
described in section 4.3, the actual rotor speed has to track the
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estimated reference speed which is presented in Fig.11(e). The blue line
corresponds to the actual rotor speed and the red line is the reference
speed estimated by the speed control algorithm. The initial peak
overshoot in speed characteristics is due to the starting dynamics of the
PHESS, which settles down within one second and the rotor speed
tracks the reference speed generated. The torque characteristics of
PHESS in pumping is represented by Fig.11(f). The PHESS is operated in
constant torque mode and speed is varied, thus controlling the power
consumed by PMSM. The net load acting on the shaft is 10 N-m shown
with the red line and the electromagnetic torque developed in PMSM is
13 N-m which is shown with the blue line. The difference between
actual shaft torque and the developed electromagnetic torque is due to
the frictional torque acting on the shaft. Ideally, the net power flow into
the DC link capacitor should be zero. The condition given in Eq. (29) is
satisfied by setting the reference DC link voltage to 125V where the
inverter line to line output voltage is 80V and interfaced with the
microgrid using a transformer. The constant DC link voltage response in
pumping mode is shown in Fig.11(g). The direction of DC link current
flow decides the power flow direction in both the modes of operation.
The DC link current characteristics in pumping mode are shown in
Fig.11(h) where the negative sign of the DC link current indicates the
power flow from the microgrid to the PHESS. As the load changes, the
DC link voltage remains constant and to maintain the power drawn by
the PMSM, the DC link current is regulated by the GCC.

The surplus power in the microgrid is sensed by the MG controller
and the power command is passed to the PHESS which is shown in
Fig.11(i). The negative power indicates the power drawn from the
microgrid and it has to track the reference power command from the
microgrid controller so that the PHESS can take part in the primary,
secondary controls of the microgrid. The blue line indicates the power
consumed from the grid, the red line corresponds to the power com-
mand from the MG controller and the black line corresponds to the
actual power input to the machine. The losses at part load operation are
analysed in pumping mode, where the efficiency is calculated against
the turbine input power and the power drawn from the grid. It is evi-
dent from Table 2 that the efficiency of the system increases as the
power input approaches the rated value. To maintain the microgrid
power balance, the actual power drawn from the grid is almost equal to
the reference power input. Thus validating the control strategy in the
pumping mode of operation.

6.2. Generating mode

The simulation results of PHESS operating in generating mode is
presented in this section. The deficit power in the grid is varied from a
minimum of 500 W to a maximum of 1000 W with a step size of 100 W
by switching the loads at a time interval of 5s. The power command
signal to the PHESS is given by the MG controller which is presented in
Fig.12(a). In this mode, the upper reservoir volume is initialized to its
full capacity of 150 m® which implicitly means the water level in the
reservoir is 5m (depth of the upper reservoir). The water level and the
volume of water in the upper reservoir decreases with time as shown in
Fig.12(b) and Fig.12(c). The slope of the volume characteristics of the
reservoir gives the discharge of water at a particular time interval and
the average discharge in 30s is 0.00498 m3/s. In both the figures, the
slope depends on water discharge supported by the Eq.s (3) and (5).

The discharge of water in the conduit is controlled by adjusting the

Table 2
Efficiency Analysis in Pumping Mode.

Turbine Power Input (W) Power Drawn from the Grid (W) Efficiency (%)

520 750 69.3
590 850 69.4
670 950 70.5
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gate valve position in accordance with the power command from MG
controller which is explained in section 3.3. Since the power output
from PHESS is directly proportional to discharge (7), it varies pro-
portionally to the power command signal. The water discharge char-
acteristics are shown in Fig.12(d), the initial peak overshoot is due to
sudden discharge of water to the RPT and it settles within a consider-
able amount of time. The discharge is limited to 0.02m>/s to maintain
the discharge limits of the turbine. The speed characteristics of PHESS

12

in generating mode is shown in Fig.12(e). The actual rotor speed in blue
line tracks the reference speed estimated by the APO algorithm, which
validates the proposed speed control algorithm in generating mode.
The torque characteristics of PHESS is shown in Fig.12(f), where the
red colour is the mechanical torque acting on the shaft and blue colour
curve is the developed electromagnetic torque. The torque values are
negative, indicating the operation of PMSM in generating mode and
there is a difference of about 3 N-m at each time interval between the
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Table 3
Efficiency Analysis in Generating Mode.

Hydraulic Power Input (W) Power Injected to the Grid (W) Efficiency (%)

800 500 62.5
930 600 64.5
1050 700 66.6
1150 800 69.6
1280 900 70.3
1400 1000 71.4

torque values, which is due to the frictional torque acting against the
shaft torque. The DC link voltage has to remain constant at 140V as
constrained by the Eq. (28) since the line to line voltage is 80 V and
interfaced with the microgrid using a transformer. The actual DC link
voltage settles at 135V as shown in Fig.12(g). The DC link current has
to vary as the power output from the PHESS varies, which is shown in
Fig.12(h). The current is positive (20) which indicates that the power
flow is from PHESS to the grid.

One of the objective in generating mode is to control the power
exported to the grid and the characteristics of the same are shown in
Fig.12(i). The power output from PHESS in blue line follows the re-
ference power signal shown in red colour. The black and brown colour
curves indicate the turbine and PMSM output power respectively. The
initial response of the system is slow and the power starts tracking its
reference once the water discharge to the turbine reaches a steady state
value. The initial peak overshoot is due to the sudden discharge of
water to the turbine. The power loss in the system is analysed with the
difference between the net hydraulic power input to the turbine and the
actual power injected to the grid and presented in Table 3. The effi-
ciency of the system increases as the water discharge rate approaches
the rated value. The reference power tracking efficiency demonstrated
by the simulation results shows that the PHESS was able to generate
power efficiently even at part load operation.

7. Conclusion

The main objective of the work is to model a sustainable energy
storage system which exploits the existing dug well and a surface level
tank at agricultural farms in rural India. The system is a downscaled
version of the conventional Pumped Hydro Storage System and called
as Pico Hydel Energy Storage System. Various control strategies were
developed at different levels for variable speed operation of PHESS,
which has a high degree of flexibility than the fixed speed PHESS. The
PHESS is modelled independently of the type of renewable energy
source so that it can be plugged to any microgrid with various renew-
able energy sources. The control strategies are optimized to accept the
reference power as the command from the MG controller. The power
delivered or absorbed by the PHESS is controlled by mapping the re-
ference power input and the rotational speed of the rotor with separate
strategies in both the modes of operation, which makes it a generic
model to integrate it with any MG. The following conclusions are made
from the proposed work.

e The mathematical model of each module of PHESS is validated by
analysing the simulation results obtained with the theoretical
equations and it is presented in this paper.

o In generating mode, the maximum power is extracted at all oper-
ating heads and discharge rates with the proposed adaptive perturb
and observe algorithm. The efficiency of the system increases as it
approaches the rated power and discharge rates. The highest effi-
ciency of 71.4% is achieved for a power command of 1000 W.

o The relationship established between the surplus power in the mi-
crogrid and the speed of RPT in pumping mode through regression
analysis has generated optimal reference speed. The operation of
PHESS in pumping mode was analysed in part load conditions with
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the power input of 50% to 70% of the rated power, which demon-
strates the effectiveness of variable speed operation in pumping
mode. The maximum pumping efficiency of 70.5% is reached with a
power input of 950 W from the grid.

The PHESS controlled by power converters provides a rapid re-
sponse in both the modes of operation, unlike the mechanically
controlled fixed speed system which has a slower response. The
PHESS responds to change in power command and settles at the new
power command within 2 s. This indicates that the proposed system
has the potential to take part in various controls dictated by the
microgrid controller.
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Appendices

Pole rotor.
Ly=9.94mH,

PMSM: Three Phase Star Connected, Salient
Power=1.5kW, Pole Pairs=3, Ly=5.71mH,
Resistance = 0.775Q, flux per pole=0.2848 Wb.

Reversible Pump Turbine: Power=1.2kW,
Head = 16-22 m, Rated Discharge = 10-161/s.

Rated
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