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Abstract. Hydroelectricity is a viable resource for production today. Being renewable, delivering
system services and producing the cheapest electricity possible, these are facts that recommend
hydroelectricity today. Oftentimes power plants work together with storage pumping stations.
Simulation and multiple-speed experimental testing work together to ensure their efficiency
increase when redesigning and/or refurbishing. Very important also is the operating cost reduction.
Eliminating cavitation regimes lead to a longer life for the machine. The net result is a reduced
maintenance activity therefore cost cuts. Operating these stations remotely, offer the possibility to
reduce the operating and maintenance costs. Data acquisition feature helps managers to better
schedule the maintenance activity with the net effect of reducing the operation cost. This paper
presents a testing platform retrofitted with remote control capability and camera vision to
demonstrate the remote control and monitoring. Built in the lab, the experimental facility is a
valuable hardware platform allowing the researcher to target different research directions.

1. Introduction

The electricity is today mass-produced using: nuclear, thermal and hydro. The first two work in a
similar manner: steam forces the turbine-generator bundle into rotation. On the other hand, the
hydro uses water to produce electricity. According to [1] 20% of world’s electricity is delivered by
hydro (in Romania, this percentage is around 30%). Hydroelectricity advantages are: the price (it is
the cheapest electricity), the absence of pollution, and its renewable character.

The need for electricity is far from constant over the time. During daytime the need for
electricity is high while during the night time it decreases considerably. The demand-pattern varies
during the day of the week and during the season. Since the electricity cannot be stored, there is an
obvious need to adjust the production in order to ensure the production of the needed amount of
power. Taking into account that nuclear-based and thermal-based plants allow small adjustments
only, it is up to the hydro to ensure them (they are usually known as system services). Due to the
variation of the demand, the energy price varies as well. Ensuring system services means that hydro
has to be able to produce the energy (when there is demand — during day time) and to absorb the
energy when there is no demand (during night time). Indeed, it is possible to use electricity to pump
the water back into the lakes using an extra pump. In this regard, the engineers have designed the
so-called pump-turbine units (a single unit able to operate as a turbine or a pump). Storage pumps
may be used just as well to pump water back into the lakes. Such an ensemble offers a more
intelligent way of operation which has a significant economic advantage. The rapid increase of
energy price during the last decades has created the need for new control ways able ensure cost
reduction. An increasingly important source of revenue is the so-called energy forecasting [2].
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Another form of electricity is gaining importance at fast pace: the wind energy. Being free is its
main advantage. However its integration into the power system poses a significant challenge due to
its intermittent character. In an attempt to protect the power grid stability, a significant number of islands
have imposed restrictions on direct penetrations of wind power according to Bueno and Carta [3]. Luickx
[4] et al, indicate storage plants for wind integration. From all examined storage types (compressed
air, fuel cells, flywheels batteries, heat pumps, and pumped hydro energy storage) they recommend
the Heat Pumps (HPs) and the Pumped Hydro Energy Storage (PHES). Wind power integration
using a cell-type structure consisting of wind turbine and PHES has been proved in [5].

Increasing the power plants off-design efficiency, modeling and testing is perhaps the most
targeted research domain. Savar el al [6] is concerned with increasing the pumping efficiency by
trimming its impeller. Their experimental tests have targeted a set of seven impeller diameters.
Reducing operation cost can be achieved also by avoiding the so-called cavitation regime which is
responsible in time for impeller destruction. This destructive regime is responsible for often
maintenance, repairs, and dead times.

Another direction targets the operation cost reductions. Controlling the plant remotely allows
cost reduction. This idea is not new. The implementation however, differs from application to
application. Bekiroglu and Daldal [7] control remotely an ultrasonic motor. Using a tone decoder
and the GSM mobile phone network they are able to control the speed, position and direction of the
motor. Abdul Aziz et al [8] also employed the GPS infrastructure to remotely monitor an
agricultural greenhouse using the Short Message Service (SMS). Their remote monitoring
temperature system is able to alert the personnel regarding temperature changes. Bashkar and
Manohar [9] use GSM to build a remote motor controller. The system they’ve built can control up
to 8 devices by sending SMS from a mobile phone. Tan et al [10] presents an internet-based which
allows process-monitoring from a distributed control system. Ko et al [11] describes a web-based
virtual lab for teaching an undergraduate class. Swamy et al [12] have developed web-based
automation. Al-Ali et al [13] introduced a Java-based, low-cost remote control for home
automation.

Unlike the middle-size power plants which usually require personnel to operate, storage pumping
stations may function without operators. Their simple task (turn on and off) allow remote control. A
remote operation which includes turning on and off and data recording will decrease operating
costs. Processing the recorded data allows a more efficient maintenance schedule and the use of a
single team to maintain all the plants.

This paper presents a vision-equipped-remotely-operable experimental facility retrofitted with
remote control and video for hydro-units testing. Section 2 discusses the infrastructure. Section 3
describes the remote control system. Using a client-server backbone an application is being created
to completely and remotely control the experimental facility. A video system was also
implemented. Its serves for two different purposes: deliver images from the station and for
monitoring. So far only one camera is used. However multiple cameras can be installed. The images
can be recorded on the computer and reviewed once needed. The video system is described in
Section 4. Conclusions are drawn in the last section.

2. The experimental facility

Testing is used by researchers for various meanings. Validating their numerical results is an
important purpose. The numerical analyses results are compared against the experimental ones to
assess them. Faults can also be diagnosed through testing.

This experimental facility developed in the Pumps Laboratory at “Politehnica” University of
Timisoara for testing purpose can be seen in Fig. 1. It is composed of a closed hydraulic circuit, two
reservoirs of each, vanes, a PCN 80-200 pump, sensors (for pressure, temperature, discharge and
electrical power), and data acquisition system to acquire sensors data. The inlet and outlet pipes
diameters are 0.1m and 0.08m, respectively. The pressure sensors height with respect to the pump
are Zasp=0.01m and Zref=0.75m. To be able to perform measurements and record operating data,
an acquisition system was built. The features of interest are the inlet and outlet pressures, the speed,
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the discharge, the electrical power and the fluid temperature. Called “SES-A1” and built as a
distinct module, it has 32 channels (with voltage/current differential inputs), 12 bits resolution,
100kb/sec acquisition frequency, 512k sample memory and allows computer connection. The
Electronic Interface module provides the compatibility needed for computer interfacing using the
RS232 standard. This board allows the adaptation to the input signal levels of the sensors.

A 37KW asynchronous motor was chosen to actuate the rig’s pump. Its parameters can be
seen in Table 1. This actuator is the industry’s workhorse today due to its constructive simplicity,
the absence of brushes and the low-cost maintenance, feature that make it the preferred actuator. Its
single drawback is related to the speed adjustment. Fortunately, an inverter sidesteps this drawback.
The actuation data is reported by the inverter which powers the motor. The hydraulic and actuation
data is sent to the remote controller which may use it to estimate the hardware condition in order to
schedule maintenance.

: Table 1: The motor parameters

Parameter (nominal) Values

Power (at shaft) [W] 37000
Voltage [V] 400
Current [A] 66.58
Efficiency [%] 89.64
Power Factor 0.895
Speed [rpm] 2958

Torque [Nm] 119.56
Slip [%] 1.4

To be able to efficiently adjust the
flow rate, a Direct Torque Control
(DTC) inverter was installed. The
DTC technology allows large speed
adjustments and thus, many different
Fig. 1 — The experimental facility in the lab values of flow rate. This approach was
preferred after examining several
possibilities (gearbox, motor-generator group, etc.) and taking into consideration the already
available actuators.

Adjusting remotely the actuation speed

" H=HQ) comes handy when storage pumping stations
== #500rpm will be equipped with high-power inverters.
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Gllis [14]

A software platform ensures the complete
control of the experimental facility. Developed
inside the lab, it acquires the variables (the
motor’s speed, the temperature, the inlet and outlet pressures, and the discharge) and stores them in
an Excel file. Having real-time plotting capability (it contains a graphical area which plots the
H = £(Q) ) the platform performing all the necessary calculations. A A = £(Q) family of curves for

multiple speed values can be seen in Fig 2. Its Graphical User Interface (GUI) displays the
instantaneous values received from the SES-A1. The platform was developed in C#.

Fig. 2 - The H = f(Q) for several speed values
for our infrastructure’s pump
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To be able to successfully control the inverter a Modbus communication module was integrated
into the software platform. Modbus messages are being built and sent to the inverter to set the
speed, start or stop the motor or to periodically read the parameters of interest (the speed, the
current, the electrical and mechanical power). Modbus-related information is also displayed by the
software platform’s GUI (the slave address, the accessed register, the function code and the data
retrieved from inverter). Every message accesses a specific register in the inverter. The Modbus
functions 06 — writing to a single register (for start/stop and setting the speed reference) and 03 —
reading a single register (to read values for speed, current, mechanical power delivered at motor’s
shaft and the electrical power received from the network) are used to control the rig.

Several sensors have to

 — be used to deliver
monitoring data. Their
placement on a storage
pump can be seen in Fig.
3. For a successful remote-
control there are several
© , important  categories  of
: 1 parameters: hydraulic (the
TIP ~~ / inlet and the outlet
pressures, the flow-rate),

; actuation (the electrical
FESEs s> and the mechanical power,

) - ) o the speed, and the current).
Fig. 3 — A storage pumps cross-section showing the sensors position A, other parameter  of

(TP — for pressure, T — for temperature, V — for vibrations)

L=2669 mm

interest is the temperature
(these sensors deliver information regarding the bushes temperature). Vibration information is also
used for monitoring.

Our experimental facility has been equipped with sensors for pressure, flow-rate, and
temperature. The actuation parameters are being measured through the inverter.

3. The remote controller

The remote control is an increasing important direction in automation. Starting during the space
exploration era, it becomes more and more important today. The application sphere has also grown:
from space shuttles to autonomous robots (drones, home automation, and plant control. Many of the
remote-control implementations prefer the use of GSM infrastructure. An important advantage of
such an implementation is the wide GSM availability. However, because of their remote locations it
is possible to be uncovered by cellular networks.

Internet support was preferred when developing this automation structure. The fact that no
interfacing modules are required is an important advantage of this solution. Indeed, interfacing
modules (not available at the moment) are needed to implement the remote control using the
cellular network. Another advantage of using the Internet is represented by the implementation of
the vision system (which is this work uses IP-cameras).

The remote controller described here is built using a client-server backbone. In this approach,
two modules are required to function: a client and a server. In such an application, the server listens
while de client attempts a connection. The server was implemented in the software platform that
controls the rig. The structure of a remotely controlled application can be seen in Fig. 4. As it can be
seen, the physical support for the remote controller can be a laptop/PC, or a Pocket PC (PPC). The
remote controller sends commands to the PC in control of the plant. After indentifying them
(parsing them) the local computer issues plant commands accordingly. Several commands were
designed in order to achieve client-server communication. Together with their action, they are
presented in Table 2.
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The remote control mechanism is composed of a set of commands, two parsers (on each side),
and the client-server mechanism. A detailed structure of this mechanism can be seen in Fig. 5.
Several commands have been implemented to ensure remote control (the ones shown in Table 2
were designed to prove the concept of pump station remote operation). To distinguish between
commands, a parser is being integrated in the software platform’s code along with the webserver.
The “startmotor” command forces the software platform to instruct the inverter to start the motor
(basically starting the pump). The “stopmotor” command works similarly and stops the rig’s pump.
The “increasespeed” and the “decreasespeed” instruct the software platform to add or subtract a
constant value to the reference speed and submit the result to the inverter to modify this value. The
“startautoacq” and “stopautoacq” commands instruct the software platform to start and stop data
acquisition. The “getdata” command instructs the software platform to submit the acquisition data
to the controller.

CONTROLLED PLANT pumping
station

Ly
|

-/
i (’ —

_1> INTERNET

parser

parser

\

‘Ml software remote
>
> f platform controller
Fig. 4 — The remote control Fig. 5: The controller’s structure

Table 2: The remote control commands
When a “getdata” command is

Commands Action received the software platform constructs
“startmotor” Turns on the pump motor a string with the values for the motor
“stopmotor” Turns off the pump motor speed (reference and actual values), the
“increasespeed” | Increase the motor speed by certain | electrical and mechanical power, the input
amount of rpm and output pressure, the flow-rate, the

“decreasespeed” Decrease the motor speed by head, the efficiency, and the acquisition
certain amount of rpm interval. To make the parsing easier, each

“startautoacq” Starts the data acquisition parameter is preceded by its name and
“stopautoacq” Stops the data acquisition followed by its measuring unit. The so-
“getdata” Retrieves the acquisition data built string gets sent to the remote
which are sent to the remote controller. After parsing, the controller

controller displays the data in the screen and logs it

“setacqinterval” | Modifies the acquisition interval into a file for later analysis. The

“setacqinterval” command is the only one
taking a parameter: the sampling time (in seconds). Upon request, new commands can be added to
the modules involved. The controller saves the received operation data into a file, thus allowing for
later processing.

4. The video system

For research purpose and to better emulate the Jidoaia Pumping Station fluid flow at pump
entrance a scaled down suction elbow was installed on the experimental platform. The elbow was
made of transparent plexiglass, thus allowing for image capturing and future LDV measurements
[15]. Using a camera, one can grab fluid flow images and compare them against simulation results.

Developing a vision system has two reasons. Firstly, during the experiments, taken images can
qualitatively prove (or reject) numerical simulations. For this purpose, a scaled down plexiglass-
made elbow was mounted on the experimental platform to better emulate the flow in the Jidoaia
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Pumping Station. Flow images can now be taken using a video system. Secondly, for a remote
operation purpose, an image inside the storage pumping station offers a pretty good idea about the
station’s state. For example, mechanical failures (such as broken shafts, accidental floods, etc.) can
be successfully detected using camera images.

Useful in any of the above-mentioned situations, the vision system was designed and
implemented. This feature allows remote operators to identify possible problems in the station using
vision. Using more cameras is possible and entirely up to the customer. Indeed a multi-camera
system delivers more pumping station images (data). [P cameras were preferred due to their
advantages (good resolution, reasonable price, remote controllability, etc). They can be accessed
using HTTP commands. To be able to communicate with a camera (including receiving image) the
user has to know several camera parameters: the camera IP address and port, the username and the
password, etc. These parameters can be set using HTTP commands. The camera parameters to be
set are shown in Table 3. Two [P-cameras cameras (fixed and PTZ) can be seen in Fig. 6.

4.1. Detecting the IP cameras on the local network

An important feature of the video system is the ability to perform a so-called “automatic setup”,
thus eliminating the need for IT personnel. To access an IP-camera one must know its parameters
(IP-address, port, username/camera, etc.). For automatic setup purpose, the cameras are to be
detected on the local network and configured in an automatic fashion [15]. When first connected to
the router and powered, the cameras obtain [P-addresses assigned by the router. In order to be able
to properly setup the camera, the user (or the program) has to know the IP-addresses of the cameras.
An elegant way to detect cameras is to use the UPnP technology.

Table 3: Camera parameters

1) The “root” account setup, The UPnP standard defines the
2) New camera account setup (username and | architecture for peer-to-peer network
password), connectivity of PCs, networking devices
3) Enable/disable anonymous view, and appliances. UPnP leverages the
4) Enable/disable anonymous PTZ control, TCP/IP, UDP, HTTP and XML
5) Camera IP-address (when first powered, the | technologies, the objective being to
camera receives an IP-address assigned by the | enable networking, control and data
router), transfer between the networked devices.
6) DHCP or fixed IP address, The UPnP technology was employed in
7) Camera port (this is used when trying to access this paper to detect the IP-cameras on
the camera from outside the local network), the local network. To detect cameras, the
8) Time/zone (the time has to be displayed on | Program - Uuses the so-called
camera image), UPnPD§V1ceF11.1derCIa.SS cla}ss from the
9) Camera resolution, compression, and name UPNPLib available in Visual Studio

2005. Their specific functions are

employed to detect the camera(s) and report their MAC and IP addresses.

Fig. 6a) A fixed

fashion

i ‘
‘ . |l -
—

Fig. 6b) A PTZ IP-

IP-camera camera

4.2. Setting up the IP cameras in an automatic

Once the cameras have been found on the local
network, they can be set in a convenient way using
HTTP commands. Each command changes one
parameter after another. To change one parameter,
the code has to know the camera’s IP address and
its port. This information is provided by the code
responsible for camera detection. Once the IP and

the ports are known, to access the camera the code builds the Uniform Resource Identifier (URI)
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using the UriBuilder class. After defining an UriBuilder variable, the command string is formed
using the variables Path and Query. A request is created and sent to the camera using the
HttpWebResponse class. A function responsible for sending data to the camera was implemented.
Its schematic block diagram can be seen in Fig. 7. Every camera parameter (given in Table 3 just to
give the reader an idea about the multi-camera system setup complexity) can be set using this
structure. Because the strings that form the string differ from one command to another a set of
functions was written (one for every HTTP command). Its schematic block diagram can be seen in
Fig. 8. Each time a command is sent to the camera, the code examines the response. If the parameter
has been set successfully, another command is being sent. An error is signalized if a command does
not succed.

I set the root password I

M Y
| Bu“dl'mi’ request | [ set the first account |
| Get the response | : i A .

| set a fixed IP address |

rl m
Exception ? bl
W WV | set the IP address |

Print the exception | Retumn the response | M
message "ﬂ@""‘

Fig. 7: The block diagram of the function [ set i e |
responsible for sending HTTP commands

| Build command string |

¥
| set the time |

-

5. Experiments and results

il
With the experimental facility so equipped, _ v
several experiments were performed. The first [_display time |
one targeted the remote control. Commands were , N —STccesshur—
sent from the remote controller to the software [Report an error |

platform to prove the remote controllability.

The second experiment was performed to
visualize the hydrodynamic flow in the elbow
and to identify instabilities types generated by the suction elbow. The experiment was videotaped
using the camera (Fig. 9). A stroboscope was employed to light the elbow while videotaping. Two
counter-rotating vortices were observed developing behind the shaft (Ginga et al [16] and Van den
Braembusche et al [17]). The vortices can also be seen in Fig. 9.
= An analysis of one of the parameters of
interest mentioned above was the objective
of the third experiment and it is presented in
this  paragraph.  Conventionally, the
monitored parameter for hydrodynamic field
is the pressure. Two pressure sensors (placed
at 90 degrees) were currently employed for
measurement. The reasons behind using two
sensors are the availability of two sets of
acquired data and the possibility to
: discriminate  the  unsteady  pressure

il s — v - g } components. A schematic view of their
SRR ¢ - <k e o position on the suction elbow can be seen in
Fig. 9: A suction elbow snapshot reveals the two Fig. 10. The sensors mounted on the suction

counter-rotating vortices elbow can be seen in Figs. 11 and 12.

Fig. 8: The block diagram of the function
responsible for camera setup

umpentrance

=r
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The unsteady pressure on the outlet
elbow section corresponding to the
pump’s inlet leads to two components:
the mean value and the pulsation. The
mean value of the static pressure at the

ﬁ inlet of the pump is usually employed to

assess the reference level. This value is

| 89,9 used to determine the cavitational

Fig. 10: The schematic showing the placement of the ~ performance [18]. The pulsation
two sensors on the plexiglass elbow (view from the component is used to determine the RMS
pump’s entrance) value. This is directly related to the

dynamical behavior induced by the flow. An in-depth analysis of the dynamic behavior is
performed using the discrimination between plunging and rotational components relays on the
phase shift of the two pressure signals. The plunging wave is particularly dangerous because it
propagates in the hydraulic circuit.

Fig. 11: The two pressure sensors installed on the elbow
The recorded experimental pressure pulsations corresponding to a speed of 3000 rpm can be seen
in Fig. 12. To be able to spot the important frequencies, its spectrum was plotted using the Fast
Fourier Transform (FFT). The signal’s spectrum can be seen in Fig. 13. Several peaks can be seen
here. A peak representing the two vertices can be observed in the 0-50Hz interval. Its frequency is
20Hz. The origin of the 50Hz, 150Hz, and 250Hz frequencies in Fig. 13 is the power network. It is
also important to mention that the pump’s impeller has 5 blades.

AD3 - Qn AD3 -Qn
20 , , , , 4
Vortex frequency
10 - il 3k Power
network
g
s o g2l
E << 3x50H=z 5x50Hz
o
10 b 1 /
20, 0.01 0.02 0.0 0.04 0.05 9 100 150 200 250 300 350 400 450 500
Timp [s] 1HA
Fig. 12: The pressure fluctuation in the suction Fig. 13: The pressure signal spectrum at
elbow at nominal flow-rate nominal flow-rate

Particularly to analyse the influence of the two vortices induced in the flow by the section elbow
was performed in the frequency range of 0-50Hz. A 15™ order Butterworth Low-Pass filter was
implemented to eliminate the higher frequencies. The cut-off frequency was chosen to be 40Hz in
order to eliminate even the first power network frequency. The filtered signal can be seen in Fig. 14
(the black curve). The filtered signal was reconstructed using the Parceval’s theorem and it can be
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seen in Fig. 14 (the red curve). The two spectra (for the filtered — black and reconstructed — red
signals) can be seen in Fig. 15. Details related to the influence of these unsteady phenomena with

hydraulic operating conditions are available in [19].

1= . . B
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Fig. 14: The filtered and the reconstructed Fig 15: The filtered signal's spectrum at nominal
unsteady pressure signal at nominal flow-rate flow-rate

6. Conclusion and future work

This paper presents a multi-purpose testing platform built in the Pumps lab at “Politehnica”
University of Timisoara. Equipped with a variable speed actuator, data acquisition equipment, and
sensors, the experimental facility is controlled by a software platform.

The objective of the latest work was a client-server application allowing the remote control of
our experimental platform. A server module was embedded in this platform and a client was built to
demonstrate the remote controllability for operating cost reduction purpose. The performed
experiments have demonstrated the successful remote control. However, no protection mechanism
was implemented (or tested) to prevent or signalize the loss of communication.

A video system was also developed. Taken images can prove (or not) the numerical simulation
results. Live images can be recorded when operating remotely. An IP-camera was preferred to
ensure an easy access. The experiments revealed the existence of two counter-rotating vortices in
the suction elbow. The unsteady pressure was acquired. In an effort to determine the vortices
frequency, the data was filtered using a low-pass filter. The filtered data was reconstructed using the
Parceval’s theorem.
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