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Abstract: Water pumping model (WPM) is essential part in modern days
for human’s daily activities. The WPM powered by renewable energy
power sources (REPS) can reduce the pollution as well as a best solution
for many other problems. Implementation of a backup power source
through REPS for WPM can also help in decreasing the peak load on the
utility grid. Proper sizing of a hybrid power supply system (HPSS) can
ensure a consistent water supply to consumers. The wind and photovoltaic
modules (PVMs) based HPSSs are two major REPS which commonly used
in worldwide. Nevertheless, an energy storage mechanism is required to
uphold energy equilibrium within the system due to the unpredictable
fluctuations in both irradiance and wind speed. Hence, required number of
batteries needs to be integrated to the system with the help of proper
converter to make continuous water supply without any interrupt.
Adequate space is available for the installation of PVMs and wind systems
on both apartments and overhead water tanks in various rural and urban
locations. Therefore hybrid PVMs-Wind-Battery based WPM is useful on
such places. However, to achieve the best effective and efficient operation
of the system, proper coordinated energy management coordination should
be developed among wind, PVMs, motor, pump and battery bank unit
(BBU). Therefore, a centralized novel energy management approach is
designed in this paper. A PMDC generator is included in wind system and
PMDC motor is coupled with water pump to reduce losses. Maximum
power point tracker circuits (MPPTC) are utilized for optimizing the
performance of both wind turbines and PVMs. The two MPPTCs have
been combined into a shared dc-link. The BBU is connected to the dc-link
via a bidirectional circuit. The bidirectional circuit will maintain voltage at
dc-link to drive the PMDC motor corresponding to higher efficiency point.
OPAL-RT devices have been designed to showcase outcomes across
different operational modes through Hardware-in-Loop technology.
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Nomenclature:

Water pumping model: WPM.

Renewable energy power sources: REPS.
Hybrid power supply system: HPSS.
Photovoltaic modules: PVMs.

Battery bank unit: BBU.

Maximum power point tracker circuits: MPPTC.
Hardware — in the — Loop: HIL.

Permanent magnet direct current: PMDC.
State of charge: SoC.

Energy management system: EMS.

1. INTRODUCTION

Water is the most important resource for humans in order to carry out their everyday tasks.
A pump is necessary to transport water from underground to the utility point for use.
Overhead tanks are often built in numerous regions for the purpose of storing water in order
to provide enough supply dependent on demand. Furthermore, separate tank systems are
built in flats to meet their daily demands. A pump is needed to move the water from
beneath to these water storage devices, which are located at great heights. The pump should
be powered by an electric motor. Because of their simplicity and low cost, induction motors
are commonly used to power pumps. However, induction motors require a lot of reactive
power, which puts a strain on the utility grid, especially during highest load demand [1-3].
As a result, establishing independent WPM powered by hybrid REPS is the greatest option
for reducing load demand on the utility grid [1, 4]. Furthermore, a seamless control-based
WPM is required to operate it automatically without the need for any people.

Electricity production through PVMs and wind energy based power conversation units are
very famous in many places across the world. A wind power system required an electrical
generator coupled with a turbine to produce electric power, but PVMs can directly produce
electrical power from solar energy by photo electric effect. The reliable power cannot be
make by using any single power source from REPS (i.e., either wind or solar). Practically
there is a sufficient available place and required height is available on an overhead tanks as
well as apartments as shown in Figure | for installing both PVMs as well as wind power
generation systems. However, energy storage devises like batteries must be integrated into
the WPMs along with REPS to make an uninterrupted water supply. Therefore, hybrid
Battery-PVMs-wind combination can be able to supply stable as well as reliable electrical
supply to motor for driving the pump. The hybrid wind-PVMs system configuration
presented in Figure 1(b) is intended to maximize space use while limiting wind turbine size.
This configuration can also eliminate the partial shade impact of wind turbines on PVMs.
Water is often lifted from subterranean tanks/apartments using 5-10hp motors. A dc type
motor is selected to avoid an inverter for making a cost effective setup. A PMDC based
generator is chosen in wind generation and motor is considered for driving the pump to
minimize loses. Therefore, the proposed configuration is a cost effective as well as
consume less loses. A BBU can be selected based on requirement for backup to provide
uninterrupted water supply. Hence, a proper designing of the BBU is needed for particular
application based on requirement as well as affordable cost.
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Figure 1: (a) Above-ground water tank (b) hybrid wind-PVMs.
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The document is offered to achieve the bellow goals:

» To supply continuous water supply, an effective hybrid standalone system is
developed.

» To achieve a seamless operation, a master control unit is designed.

» To achieve an effective and efficient EMS operation among all sources, load and
BBU by proposed control.

» To examine various responses of the system under different operating conditions by
establishing an HIL setup with OPAL-RT units.

The paper is summarized under following sections. The description of the system along
with ratings is presented in section-2. The proposed control method is provided in sections-
3. The Section-4 is summarized with HIL based results under various operating conditions.
The paper concludes with a summary and important references.

2. SYSTEM DESCRIPTION AND RATINGS

A Hybrid BBU-Wind-PVMs based standalone power generation system for WPM is
presented in Figure 2. Individual MPPTCs are employed for wind and PVMs power
generation units to achieve their best utilization. Outputs of all MPPTCs are interconnected
parallel to establish a dc-link. A BBU which consists of multiple batteries is connected to
dc-link through a bidirectional device. A control method has been devised for bidirectional
circuits to ensure the efficient discharging and charging of the BBU. The PMDC type
generator in wind system and motor for driving the WPM are considered in this paper to
make system less loses. The PMDC motor is directly connected to dc-link through a simple
switch since the voltage at dc-link is maintaining at its reference through a dc to dc
bidirectional circuit. Therefore, an extra device is not required to the motor for controlling.
The extra simple switch can prevent the PMDC motor from frequent OFF and ON. This
switch operates automatically by managing a signal created by the tank's water level and
the SoC of the BBU. To lift water from subterranean to above tanks, 5-10kW motors are
often used. However, the actual rating of a motor is determined on the height of the above
tank/apartment as well as the level of the water. A PMDC with a 5kW rating, as shown in
Table-1.is considered in this paper to drive the pump. A 4.5kW rating of PVMs [5] and
3.0kW rating of wind power generation system [6, 7] are considered in this paper to run
5.0kW PMDC motor effectively. Respective parameters of PVMs and wind systems are
listed in Table-2 and Table-3. The surplus power will be stored into BBU for further usage
when there is no sufficient power available to run the PMDC motor. The motor will be
running at constant speed since BBU can maintain energy balance in the system by
regulating voltage at dc-link at desired value. This can be possible by managing discharging
and charging of the BBU through bidirectional circuit. As a result, the reference voltage for
dc-link is set to 240V, which is equivalent to the rated voltage of the motor. Controlling the
switch 'T' shown in Figure 2 allows the motor to run continuously. Both signals 'A' and 'B'
are detected by sensors that correspond to the upper (98.0%) and lower (60.0%) levels of
the water tank, respectively.

Similar types of WPMs based on HPSS are preserved by many scholars recently, few of
them given in this section. Induction motor driven WPMs powered by PVMs are proposed
by authors in [1-3]. However, systems presented in [1-3] require an inverter to run the
induction motor which increases the cost of the system. A novel control method for a boost
zeta converter is developed on PVMs based WPM in [8]. Authors in [9-11] proposed the
WPM powered by PVMs with the help of BLDC motor, but the system has more costlier
since used an inverter which is not inexpensive for the installation of above tanks as well as
tanks on apartments. To increase system performance under mismatching situations, the
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authors of [12] presented a WPM using a SEPIC converter. The authors of [13] described a
single stage grid-connected PVMs-based WPM powered by a switching reluctance motor,
but it is a grid-connected system. The authors of [14] offer a PVMs-powered wireless
control system for a WPM. The authors of [15-16] offer a PVMs-based WPM with a
storage tank for rural area applications. The authors of [17] developed a PVMs-powered
WPM with automated control for irrigation purposes. However, the models described by
the authors in [1-3, 8-17] did not contain wind systems. In [18-25], the authors showed
WPMs with wind energy for a variety of applications. However, many writers have not
considered batteries for energy storage; they require additional circuits to drive their motors
and do not have seamless controls. As a result, an efficient EMS is necessary to create a
seamless system that is more appropriate for WPM.
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Figure 2: WPM with hybrid REPS and BBU.
Table-1: PMDC Motor Parameters.

S.No | Parameters Units
1 Rated power(kW). 5.0.
2 voltage(V). 240.
3 Resistance of Armature winding(€2). 0.5.
4 Inductance of Armature winding(H). 12x107.
5 Inertia constant(kgm®). 4.71 x107.
6 Viscous Friction coefficient(Nms/rad) | 2 x107.
7 Torque (Nm/A). 0.5.
8 EMF constant at the back(Vs/rad). 0.5.
Table-2: PV system parameters
S.No | Parameters Value Units
1 Modules power 300.1W.
2 Voltage at open module. 45.70V.
3 Current when short circuit. 8.55A.
4 Vmpp voltage. 37.50V.
5 Impp current. 7.99A.
6 Array of series modules. 5.0
7 The total number of parallel arrays. 3.0
8 PVMs voltage at Gmax. 187.50V.
9 PVMs current at Gmax. 23.970A.
10 | Maximum PVMs power. 4.50kW.
Table-3: Wind power generating parameters.
| S.No | Parameters | Value Units |
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1 Type. Vertical
2 Rated Power(kW). 3.0.

3 Maximum Power(kW). 4.0.

4 nominal wind speed(m/s). 12.0.

5 Cutoff speed(m/s). 2.8.

6 Safety wind speed(m/s). 50.0.

7 Voltage at DC bus(V). 120.

8 Speed (rpm). 240.

Capacity of BBU is estimated for 24hrs working to operate 5.0kW motor (it can able to
work for 4-5 days because of few hours per day are sufficient to fill the water storage
tanks). Usually 48.0V batteries are widely available in market, hence the Ah rating of
battery bank is estimated at 60% of initial SoC. Four numbers of batteries with each 48.0V
are connected in series to make maintain proper voltage (i.e 192.0V). Below equation is
used to estimate Ah rating of each battery.
_ SkWx24hr 1050Ah

192V x0.6

Hence, each of 120Ah rated batteries are considered. To maintain rated Ah, 9 number of
battery banks are connected in parallel.

b

3. SEAMLESS CONTROL FOR EMS

Because of weather circumstances, the electrical power delivered by wind and PVMs is not
continuous. As a result, quick energy storage devices, such as batteries, are used to
maintain energy balance between generation and load (i.e., motor) by adjusting voltage at
the dc-link. Individual MPPTCs, together with their P&O algorithms, are associated with
PVMs and wind systems. To reduce the more sensor units, the P&O algorithm is
implemented on voltage at dc-link, thus there is no requirement for voltage monitoring at
the PVMs and wind generator. Due to the necessity of a constant voltage for the PMDC
motor to maintain a steady speed, the dc-link voltage is regulated by the charging and
discharging current of the BBU through a bidirectional circuit. The voltage difference
between the reference command (240.0V) and the dc-link is sent into the PI controller to
generate the reference current of the BBU (i*b). By comparing the actual and reference
currents of the BBU, the appropriate pulses are generated for the switches of the DC to DC
circuit (i.e., Q3,4 ) via the hysteresis current loop. The BBU's SoC signal is combined with
switches to prevent both overcharging and draining. The minimum limit of SoC is set at
5.0% (i.e., 0.05), while the top limit is set at 95.0%. When the SoC reaches its top limit, the
charging switch (Q3) is turned off, and to maintain power balance, PVMs and Wind
perform deloading operations by turning off their MPPT converters. In order to uphold the
equilibrium of power, it is necessary to deactivate the discharging switch and disconnect
the motor from the dc-link by opening switch (T) when the SoC reaches its minimum
threshold. When the motor is unplugged from the dc-link, the BBU begins to charge. To
prevent unnecessary wear and tear on the motor, it will not be turned on and off repeatedly.
Instead, it will be reactivated using switch (T) once the State of Charge (SoC) reaches
20.0%, provided that the water level in the tank has not yet reached 98.0%. Once the water
level reaches its maximum and Signal A is 'l', the motor will be automatically turned off,
regardless of the SoC level. Nevertheless, in order to prevent frequent activation and
deactivation of the motor in instances where the water level drops below its upper threshold
(A will be '0"), the controller will pause until the water level decreases below its lower
threshold B (B will change to '1' if the water level falls below 60.0% of the tank's capacity).
The seamless controller that has been suggested can operate the motor-pump set by taking
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into account both the state of charge (SoC) and water level (A and B in Figure 5 in the
results section). The seamless control unit is illustrated in Figure 3.
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Figure 3: Proposed controller for seamless.

4. OUTCOMES OF THE WORK

The system is tested by using HIL concept which is developed on the platform of OPAL-
RT. To plan HIL, two OPAL-RT modules are associated one after the other. The plant is
facilitated in OPAL-RT-1, and the regulator is unloaded in OPAL-RT-2. The research
facility arrangement of HIL is introduced in Figure 4. The outcomes are done in framework
for introducing in this part. Itemized HIL arrangement of proposed framework (Figure 2) is
portrayed in Figure 5 with appropriate variety coding. The upper ('A") and lower ('B') level
marks of water tank is likewise remembered for Figure Swhich are not appearing in Figure
2. Once the water level reaches its maximum cutoff (i.e., 98.0%), the sign 'A' will be
transform into 'l'. On the other hand, when the water level falls below 60% of the tank
limit, the sign 'B' will change to 'l1'. The acquired outcomes are helped out through another
framework (PC) rather than oscilloscope for better introductions. Different boundaries and
planning of framework parts utilized in this framework are taken on from [26-30].

OPAL RT-1

Plant ™
\ 4

Host system-1 Analog to | | Digital to [
digital analog

Host system-2

Y

_______________________ QPALRI-2..... OPAL RT
Figure 4: HIL laboratory setup with two OPAL-RT modules.
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Fig-5: Implantation of WPM in HIL.

Consider the sun irradiation reduced from 1000to 400w/m” at t=2.0 sec, then increasing to
700w/m” at t=4.0 sec while the motor is operating the pump. A change in wind speed from
12 m/s to 7 m/s is applied to the identical situation at t=3.0 sec. The water level in the water
tank was projected to reach its maximum at t=6 sec (A=1) throughout this operation. Figure
6 displays the aforementioned changes visually. The recommended controller, as illustrated
in Figure 7, maintains appropriate EMS during this process. The PVMs and wind turbine
create varying amounts of power in response to variations in solar irradiation and wind
speed. Because this study takes into account a two mass drive train, wind turbine
production is gradually reduced by lowering wind turbine speed. However, the power
utilized by the engine remains constant until the tank level reaches its maximum (i.e., A=1.
As a consequence, the battery reacts in accordance with the imbalance between total
generation and motor load. Upon automatic shutdown of the motor at t=6.0sec, the BBU
efficiently utilizes the surplus power generated by both PVMs and wind through the
management of a bidirectional circuit. The BBU charging and discharging are regulated by
a bidirectional circuit that maintains the DC-link voltage at its designated value (i.e., 240V),
thereby determining the motor speed. Figure 8(a) depicts the DC-link voltage, which is set
at 240V.The comparable SoC for the battery is also depicted in Figure 8(b). The charging
and discharging processes of the BBU are clearly shown in Figure 8(b), as is the reaction of
the BBU power, which is shown in Figure 7. The rising line depicts the battery's charging
mode (increasing SoC), whereas the falling line represents the BBU's draining mode. On
the contrary, the water level in the tank will increase steadily until it reaches the upper level
indicator. Upon reaching the maximum water level, the engine will be automatically turned
off by the designated seamless controller, allowing the tank to sustain a constant level until
it is emptied through the outflow. Figure 8(c) depicts the tank's water level as well as the
necessary operation areas.
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The control decision will be depends on both tank level and SoC of the BBU. Therefore,
the motor will be run continuously with constant speed until water tank reaches its upper
level until BBU having sufficient storage. Consider that the voltage reference signal in this
operation is 240V, which is the rated voltage of the motor at 157 RPS speed. This speed,
however, may be controlled by adjusting the DC to DC circuit's reference voltage signal.
As a result, the motor continues to spin at 157 RPS until the single 'A' becomes a '1'.As a
result, this is run as a continuous process. This procedure is performed indefinitely until the
user sets fresh reference signals. Because of the system is designed to operate under user
friendly mode.
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Figure 8(a) Voltage at DC-link, (b) SoC, (c) level of the water and speed of the motor.

5. CONCLUSION

In this work, an efficient EMS and a novel control method for a wind, battery-powered
WPM is developed. Based on the battery SoC and tank water level, the proposed controller
can able to functions automatically. Because the power provided by wind and PVMs is
always changing, a bidirectional circuit is used to manage the BBU. To keep costs low, no
extra converter is required to control the speed of the PMDC motor. However, the motor
speed may be modified to fit our demands by adjusting the DC to DC circuit controller's
reference voltage signal. The HIL of the proposed system is created with OPAL-RT
modules, and the results are presented on a PC connected to the HIL. In this study,
satisfactory findings are obtained and presented under a variety of conditions in order to
validate the designed model.
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