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Abstract—This paper describes an efficient; low-cost; high-
availability; induction motor (IM) drive system with intelligent
supervisory control for water distribution networks including storage
tank. To increase the operational efficiency and reduce cost, the IM
drive system includes main pumping unit and an auxiliary voltage
source inverter (VSI) fed unit. The main unit comprises smart
star/delta starter, regenerative fluid clutch, switched VAR
compensator, and hysteresis liquid-level controller. Three-state
energy saving mode (ESM) is defined at no-load and a logic
algorithm is developed for best energetic cost reduction. To reduce
voltage sag, the supervisory controller operates the switched VAR
compensator upon motor starting. To provide smart star/delta starter
at low cost, a method based on current sensing is developed for
interlocking, malfunction detection, and life—cycles counting and
used to synthesize an improved fuzzy logic (FL) based availability
assessment scheme. Furthermore, a recurrent neural network (RNN)
full state estimator is proposed to provide sensor fault-tolerant
algorithm for the feedback control. The auxiliary unit is working at
low flow rates and improves the system efficiency and flexibility for
distributed generation during islanding mode. Compared with
doubly-fed IM, the proposed one ensures 30% working throughput
under main motor/pump fault conditions, higher efficiency, and
marginal cost difference. This is critically important in case of water
networks. Theoretical analysis, computer simulations, cost study, as
well as efficiency evaluation, using timely cascaded energy-
conservative systems, are performed on IM experimental setup to
demonstrate the validity and effectiveness of the proposed drive and
control.

Keywords—Artificial Neural Network, ANN, Availability
Assessment, Cloud Computing, Energy Saving, Induction Machine,
IM, Supervisory Control, Fuzzy Logic, FL, Pumped Storage.

I. INTRODUCTION

LOUD computing and information through Web are now

commonly used for modern optimal control and
management. Thanks to the advances of Internet of Things
(IoT) technology, various social and industrial Web-based
applications are now feasible such as; medical diagnosis,
information services, smart meters and billing, building and
factory management, transportation control, and many other

O. S. Ebrahim, Dr., is with the Dept. of Electrical Power and Machines,
Faculty of Engineering, Ain Shams University, Egypt (e-mail:
osama.shawky@eng.asu.edu.eg).

K. O. Shawky is a student at the Civil Dept., Faculty of Engineering, Ain
Shams University, Egypt.

M. A. Badr, Prof., is the Vice President of the Future University, Egypt (e-
mail: mabadr@fue.edu.eg).

P. K. Jain, Prof., is the Director of ePOWER Research Center, Queen's
University, Ontario, Canada (e-mail: praveen.jain@queensu.ca).

International Scholarly and Scientific Research & Innovation 17(3) 2023

opportunities.
Tr
I & .
....... x
LS I IO NN .
Control starter H
o Fluid Clutché
: H Control I3
Fixed Switched ] o .
VAR Comp. VAR Comp. : :
Reduced ratin H :
( g; vsDPump | FSD Pump :
(30%rating) i (100% rating) §
Cloud - * :
mputing

v

Supervisory

Controllar

T Measurements

UPsS

Fig. 1 Blok Diagram of the Proposed Drive System

Fig. 1 shows block diagram of the proposed drive system
for a water network that includes storage tank and connected
to cloud via internet. The cloud receives massive information
from the plant’s sensors, controllers, and users. Then, it
performs extensive data manipulations and mathematical
programming, considering various factors and physical
constraints, in order to achieve optimal system management in
terms of global impacts such as; reliability, power quality,
load demand satisfaction at attractive energetic cost,
sustainability, etc. Accordingly, the decisions of a localized-
public (i.e., supervisory) control have to be linked, by way of
design and objective, to these global impacts [1], [2]. In
particular, the operational continuity of water distribution
networks has a high priority.

More often than not, optimization of water network’s
operation requires a hydraulic tank, acting as energy storage or
load time-shifter, to achieve cost reduction without violating
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the service quality [3], [4]. Hourly and semi-hourly
optimization periods are reported to be suitable for pumped
hydro-storage in isolated power systems with large penetration
of renewable energy [4]. For optimization errors reduction,
coordinated operation between hydro-power storage and
battery or flywheel energy storage systems has been proposed
in [5]. Fig. 2 (a) shows a hydraulic storage tank having input
flow rate g; and load flow g, independent of the liquid-level h
or head. The governing dynamic equation is given by (1)
where, A is the tank cross-section area.
R(t) = [ (g — qo)dt (1)
The cloud computing generates the head command h* which
satisfies the optimization problem over the specified time
period. The supervisory controller achieves this command
using on-off control or hysteresis control. Hysteretic controller
offers ease of implementation, fast response, and good
accuracy against un-modeled dynamics (for instant; tank with
variable cross section area) and its adaptive version can
resemble the deadbeat control [6]. However, (1) represents a
pure integrator that is sensitive to sensor noise and DC offsets
[7], [8]. Therefore, online estimation of the liquid-level for
fault-tolerant sensor control (i.e., the ability of the controller to
operate with satisfactory performance under sensor defects) is
problematic especially; q; and g, normally are slow time-
varying quantities. Despite that there are various adaptive
filtering and estimation algorithms in the literature that could
be applied to fault-tolerant control of water tank level [9], the
RNN based estimator, shown in Fig. 3, has the advantages of
inherent redundancy, noise immunity, memory, and learning
ability [10]. These features make RNN-based estimation a
viable approach for fault-tolerate control of systems with
partial state measurements or under sensor failure.
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Fig. 2 Storage tank control (a) and plot of input-flow, water-level,
and control times (b)
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Fig. 3 Three-layer feedforward RNN

In water pumped storage, the energy conservation principle
and component’s efficiency are the factors, rather than the
pump affinity law, for cost and energy savings assessment.
Recent recommendations and regulations to replace standard
and high efficiency class motors with premium and super-
premium ones; make IM a viable choice for the gross cost
reduction [11]. The IM driving pumps are cheap, robust and
relatively  straightforward to operate. However, some
precautions have to be taken due to high starting current. It
can cause voltage dips and thermal overload which are
problematic for the end users of the same power network and
for the motor itself. Those problems can be alleviated by
choosing suitable motor starting method and appropriate
power supply connection [12]. Fig. 1 shows an uninterruptable
power supply (UPS) feeding critical (control and protection)
system components with electricity in order to make them
insensitive to the unavoidable electrical grid disturbances.
However, thyristor based soft starter requires expensive fast
acting fuses for short circuit protection and malfunction
diagnosis [13]. Further, insulated gate bipolar transistor
(IGBT) or integrated gate commutated thyristor (IGCT) based
pulse width modulated-voltage source inverter (PWM-VSI) is
costly to be used as a starter only, [14]-[16], and requires
complex connection and synchronization circuits for multi-
motor starting system. On the other hand, the star/delta starter
is a cheap and effective starting method but;
electromechanical contactors suffer from electrical health
degradation due to aging [17], [18]. In [18], a sample-data
based ANN model is developed to estimate the remaining life-
cycles utilizing monitored contact resistance. However, the
method is expensive since accurate measurements of the
contactor voltage and current are needed. In [15], the inverse
model of [18] is proposed to reduce the cost and a software
life-cycle counter is used to develop a contactor electrical
health assessment algorithm.

Furthermore, implementation of the hysteresis tank level
control using motor starter increases the motor thermal stress
and adds difficulty to the optimization problem. In such a
case, missing the motor thermal information could lead to
insulation failure. On the other hand, imposing the maximum
permissible number of consecutive start/hr as a constraint in
the optimization problem reduces the effectiveness of its
solution. This is because the permissible number of
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consecutive cold start/hr is different from the permissible
number of consecutive hot start/hr [19].

This paper presents an IM drive system for water pumping
applications, see Fig. 1, with intelligent; fault-tolerant;
supervisory controller. The system includes a fully-rated;
fixed-speed; IM pumping unit working at high and medium
flow rates using hysteresis liquid-level control and a low-
rated; VSI-fed; pumping unit working at low flow rates using
efficiency optimized speed control [8], [14]. Since only
fraction of the total power is processed through the VSI, the
overall system has high operational efficiency, low cost, and
flexibility for distributed generation operating in the stand-
alone mode with insufficient reserve and high level of
uncertainty [20]. Compared with wound-rotor; DFIM having
low-rated back-to-back converters [21], the proposed one
ensures 30% working throughput under main motor/pump
fault conditions. This is critically important in case of water
distribution plants. Further, the system has higher efficiency
and marginal cost difference as a result of advances in the
field of fluid regenerative actuation that is motivated by
widespread use of robotics and mobile machines [22],[23].
The paper exploits the full controllability of a fixed-speed
pump drive by utilizing star/delta starter and fluid
(hydrodynamic) coupling. Since the efficiency of variable-
speed fluid coupling as well as the driving motor decreases as
the slip speed between the motor shaft and pump shaft
increases, their combined rated efficiency is exploited here
using hysteresis liquid-level control to fully load/no-load the
motor driving pump (i.e., clutch mode) where the regenerative
actuation can easily be implemented [23]. Besides, three
motor states, during inflow off period, are distinguished and
named analog to the computer’s ESMs. A logic algorithm is
constructed to select the best motor state for energetic cost
reduction considering motor thermal information and grid-
combatable tariff structure. These have the potential to provide
safe motor operation and alleviate power quality concern.
Since there is no fast inrush starting currents, the supervisory
control operates the switched VAR compensator (having one
third of the normal motor starting VAR consumption)
simultaneously with the motor starting using simple delay
compensation control and electromechanical contactors.
Hence, the system can comply with the connection
requirements of p-grids having limited VAR support and
avoid high penalty on voltage dips. In order to obtain highly
reliable and smart star/delta starter, a current-based digital
method is synthesized here for the contactor life-cycle
counting, primarily interlock, and malfunction alarming. An
improved FL availability assessment is designed for the starter
to be deployed on cloud computing with machine learning.
This has the potential to provide pre-fault tolerance for the
contactor and preventive maintenance service at low cost.
Furthermore, RNN-based full state estimator is developed
along with Wald's likelihood ratio test in order to provide
post-fault tolerance for the feedback control against sensor
defects.

In the following sections, the controlled drive system will
be introduced. In Section II, RNN based hysteresis liquid-level
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controller is presented with supervision capability to detect
and tolerate sensor defects. In Section III, the IM drive is
described and a closed-transition star/delta starter has been
adopted considering techno-economic reasons. Three-states
for the motor connection at no load have been identified and
named analog to the popularly used computer's ESMs. The
problems associated with the motor on/off operation are
alleviated, in Section IV, by designing a logic algorithm which
selects the least expensive motor state at no-load. Section V
introduces a smart electrical health prediction system to
manage preventive maintenance for the star/delta starter using
current based life-cycle counting, interlocking, and
malfunction detection method. Cost analysis and efficiency
study, using time-based cascaded energy-conservative systems
describing the main motor operation, are carried out on IM test
ring. The results are introduced and discussed in Section VI.
The conclusion is outlined in Section VII.

II. RNN-BASED SUPERVISORY CONTROLLER

A. Hysteresis Liquid-Level Control

Hysteresis liquid level control is based on direct pumping of
liquid such that its level or head h approximates its reference
value h” in average sense. The hysteresis block in Fig. 2 (a)
compares the difference between h™ and h with a defined band,
A, as follows

1 h*—h>A
nochange —A<h*—h<A 2)
0 h*—h<-A

The pump on-off operation depends on whether the
measured head reaches the upper or lower value of the
hysteresis band. Fig. 2 (b) demonstrates an example for the
liquid level and input pump flow at steady state. The variation
of hysteretic control period (T = TontTorr) due to operating
point changes can be predicted, compensated, and
synchronized with the optimization period by using a fully
digital technique and variable hysteresis band as in [6].

B. RNN-Based State Estimator

For fault-tolerant capability, the measured head h is
replaced by its estimate value & in the feedback control loop.
The problem of pure integrator windup in (1) is cured by
proposing full-state estimator based on feed-forward neural
network with recurrent architecture (i.e., RNN) as shown in
Fig. 3. The RNN has one input layer, one hidden layer, one
output layer, and biasing source. The input and output layer
neurons are dictated by the number of respective signals and
the hidden layer neurons with sigmoid activation function.
Since the number of input neurons exceeds what is necessary
to determine the output pattern, i.e. over-determined or
redundant NN, it can work after training with one (or two) of
its input neurons inhabited. This is similar to the case if one
(or two) of the plant sensors is defected.

The fault-tolerant ability of the proposed RNN state
estimator has the potential to improve the overall availability
of the sensing elements. To demonstrate this, we assume that
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Jo, @i, and h sensors have availability A of 80% each. The
resultant availability of a RNN estimator, trained with one out
of three sensors defected, will be [1 — (1 — 4;4,)(1 — 434,)(1 —
A1A43)] =1—0.36%0.36 x 0.36 = 95.3344 %. Furthermore, if the
load flow q, is dependent variable or its profile is known, the
RNN can be trained as a best fit estimator with two sensors
defected, i.e., of two out of three sensors, which increases the
overall availability to [1—-(1—-A4,)(1-4,)1-43)]=1-
0.2%0.2%0.2 =99.2%. Here, we assume that the availability
of microprocessor-based data acquisition card = 100% and the
availability A=1-failure rate.

The RNN training data comprise o, 0i, and h measurements
as the input and also as the desired output pattern while, their
corresponding estimates are the RNN output pattern. We
consider that the network is being trained by the input pattern
n, the weights and biases of the network are updated using the
back-propagation technique to minimize the network
performance function. A common performance function for
the feed-forward networks is the mean squared error, MSE:

MSE =32, (d} = 7i)? ?3)
where 37,: = output of the k™ neuron in the output layer, d the
corresponding desired output, and Q = dimension of the output
vector (in our case Q = 3). The weights of the neurons are

altered to minimize the value of MSE by gradient descent
method [10], [14].

C.Sensor Fault Detection and Discrimination

For RNN training, measurement sets of tank variables shall
be collected online during periodic phases of data acquisition.
An averaged signal for each channel is computed and
considered as a reference pattern. Cross correlation between
coefficients of single samples and the averaged pattern are
calculated. The samples with very low correlation coefficients
are discarded. Fig. 4 (a) demonstrates simulated time response
(using MATLAB/Simulink) of RNN based estimator for the
pump outflow during training, testing, and validation phases
using input signal with white noise. Fig. 4 (b) shows the
samples autocorrelation-error curve and the corresponding
level of confidence.

The confidence limit is similarly determined for sensor fault
detection using Wald’s likelihood ratio test. The method is
based on choosing between two hypothesis Hy (normal
behavior) and H; (abnormal behavior) according to signal
signature [24]. For each error signal Ex(t), we define P(E./H,)
and P(E}/H,) as a priori density probability where E/ is a
vector of J samples of the signal Ex(t). The likelihood ratio is
given by

P(Ek/Ho)
P(E /H1) H

P(Ek/Ho)
=1 p(E}/H,)

ke = “)

Then the formulation of Wald’s test is given by (5):
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normal A> vy
no decision A<y, <B 5)
abnormal B <y

where A = PMF/(].-PRA) and B = (1-PMF)/PRA with Pyr is the
probability to miss faulty measurement and Pra is the
probability of wrong alarm.

Wald’s test for sensor fault detection can be formulated in
terms of significant deviation of the reference mean value p
assuming, P(Ej/H,) and P(Ej/H, ) are Gaussian:

normal 2{=1Vi <T,
no decision T, < Z{zl V,<T, (6)
abnormal Z{zl V,>T,
The two test frontiers are as in (7):
e e = g
and
v = - Lot ®)
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Here, we assume that the mean value 1, and the variance *
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are determined during learning phase using sensor data-sheet
and u, is the increase (or decrease) in p checking in which the
sensor fault detector will be triggered as illustrated on Fig. 5
(a). Consequently, the output of Wald’s test will inhabit the
defected sensor signal and the corresponding input neuron will
be assigned to its delayed estimate signal as depicted
schematically in Fig. 5 (b). Further, Wald’s test can be
repeated more than once (analog to the automatic circuit
recloser operational sequence) in order to discriminate
between temporary/transient and permanent sensor failures. In
case of wireless sensor network (WSN), modeling of WSN
under transient failures can be given by the manufacture or
developed through simulation and experimentation [25], [26].
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Fig. 5 Mean value, boundaries, and sensor fault detection (a) and
schematic diagram of defected signal replacement (b)
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Fig. 6 Inrush current due to core saturation

III. MAIN IM DRIVE

A. Closed-Transition Star/Delta Starter
In application such as pumped storage, the energy

International Scholarly and Scientific Research & Innovation 17(3) 2023

conservation principle and components efficiency, rather than
the pump affinity law, determine the energy savings.
Therefore, dynamically varying the pump speed is less
important than the pump starting, stopping, and drive train
isolation. In such a case, the combination of electromechanical
star/delta starter with a fluid clutch, as shown in Fig. 1,
represents a good fit. Such a drive is controllable and enable
the motor to be rated on running rather than starting torque
and experiences lower thermal stress than on/off motor control
[19], [27].

%@H @
<> o
Lﬂ%ﬁ] %
> b
Fig. 7 Closed-transition sequence of operation [27]

The motor starts at no load with star connected stator
windings, reducing the starting current and torque to one third
of their nominal values. When the motor speed approaches the
synchronous speed w;, the stator connection is changed to
delta. Then, the fluid coupler gradually starts to load the motor
by gradual coupling of the pump shaft to motor shaft.
Mechanical clutches that operate too early or too suddenly will
also produce severe current peaks or catastrophic pressures in
the pipelines and motor shaft [14]. But current surges may
occur for another reason even when care is taken to avoid
premature operation of a change over switch. In fact, any
starting method that involves a momentary disconnection of
the supply main (such as; autotransformer and star/delta
switch) may cause transient current surges of a very severe
nature due to remaining voltages across its terminals that
decay gradually with a rate depends on the rotor open circuit
time constant in the temporarily open circuited stator
windings. When the star switch now closes in delta position,
the supply voltages are reconnected to stator windings that
have induced emfs of comparable size but with a relative time
shift that may be anything between coincidence and
opposition. In the former case, there will be a very large
current surge in all phases and possibly reinforced by the
magnetic saturation effect.

Accordingly, by considering negligible speed drop at no
load and waiting till the remaining voltages nearly vanish and
then closing the star switch in the delta position will not
guarantee safe starting because of core saturation. In such a
case, high inrush current may flow if the switching occurs
while voltage passes near zero due to doubling of the magnetic
flux (@) as illustrated graphically in Fig. 6. This inrush current
will last many line frequency cycles, due to high rotor
impedance at no load speed, and its energy could be sufficient
to trip the circuit breaker, CB shown in Fig. 1, or causing
severe voltage dip. To avoid these current surges, a star/delta
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starter with closed-transition is adopted here to maintain the
connection between stator and supply line, by inserting an
external resistance, while changeover is made [27]. The star to
delta closed-transition sequence of operation is shown in Fig.
7. The motor is switched on in star (a), resistors are paralleled
with the phases (b) leaving the motor itself unaffected; the
motor star point is opened (c) putting the windings in delta
with series resistance; and (d) the resistors are short-circuited.
The method is limited to normally delta connected motors up
to rated voltage of 3000 V since, high voltage motors are
usually star connected for techno-economic reasons.

B. Three-State ESM

By considering the controllability of the main drive, three
possible states for the motor during inflow off period (T,ff)
can be discriminated. They are named, analog to the popularly
used computer’s ESMs as follows [15], [27]:

1. Sleeping Mode

The motor is decoupled from the pump shaft and runs at no
load with delta connected stator windings. The active and
reactive energy consumptions, Wy, and Q,;a respectively, are
given by

3¢ 3vE
Wy =~ =T, s & ~=—LT
nia = 2= Tory Qnia %, Loff

©
where Vi, Rc and Xm, respectively, are the per phase nominal
voltage, no load resistance and, magnetizing reactance.
Thanks to the fluid clutch, this mode of operation achieves
remarkable energy savings compared with preventing the
pump flow using throttling valve.

2. Hibernate Mode

The motor runs at no load with its terminals star connected.
The energy consumptions, W,,;y and Q,,;y respectively, will be
reduced to one third of (9) assuming linear magnetic circuit,
ie.,

3(1/V3)? 3(1n/V3)?
WnlY =~ 1R—CToff&inY ~ }—mToff (10)

However, the motor-pump system in this mode takes
relatively longer time to re-operate at full load than the
sleeping mode.

3. Shutdown Mode

The motor is disconnected from the grid supply and
consumes no active and reactive power. However, it loses the

L 1 . L

kinetic energy 5 Jw?  stored in its moment of inertia J. For

restarting, the motor will dissipate amount of energy equals

1 . . 1

E Jw? as a heat in the rotor resistance r, and (:—1) S Jw? asa
2

heat in the stator resistance 1; (see the Appendix A).
Assuming r; = ry, the total active and reactive energy
consumptions associated with the shutdown decision, Wsn and
Qsh respectively, are

Wsp = 1.5]wi & Qs = Wyptan(@s) (11)

International Scholarly and Scientific Research & Innovation 17(3) 2023

where, ¢, is the motor phase angle at starting. Here, we
assume that the reactive energy in (kVARh) is measured by
measuring the active energy (kWh) and its power factor [15].

IV. ESM LOGIC ALGORITHM

A logic algorithm is synthesized to select the least
expensive motor state during inflow off period (Tof)
considering the motor thermal information and grid-
compatible tariff structure (see Appendix B). This is critically
important in the event of repetitive overload (starting) where,
missing the motor thermal information could lead to numerous
problems such as insulation failure. On the other hand,
imposing the maximum permissible number of consecutive
start/hr as a constraint in the water network optimization
problem adds difficulty. In the followings, a logic flowchart
that can relax this burden will be presented based on the
following assumptions:

(i) The fluid clutch uses regenerative actuating method such
that its energy loss can be neglected [22].

(i) The variation of hysteresis control period (T=TontTof)
with the operating point changes can be compensated [6].

The algorithm’s flowchart is shown in Fig. 8 and described
in Table I where, 6 and 7 are the temperature-rise (above
ambient) and thermal time constant, respectively (see

Appendix A).
TABLEI
DESCRIPTION OF THE LOGIC FLOWCHART OF FIG. 8
Step Description

1 Read the data base file. The following data must be supplied; motor
thermal rates, cost of 1 kWh, cost of 1 kVARh and any power quality
(PQ) indices if existing, no-load active and reactive losses.

2 Input the motor temperature 6 and T,grperiod.

3 Calculate the costs of motor being delta or star connected during Togr
from (9) and (10), cost of shutdown from (11), and any existing PQ
index term, the depreciation cost of star/delta starter. The depreciation
cost is calculated based on the gross cost of star/delta starter divided by
its expected number of switching operations before failure; typically
(500,000-1000,0000 times) or (250,000-500,000 life cycles).

4 If the star connection cost is greater than shutdown cost, go to step8.

5 If the cost difference between delta and star connections is less than or
equal to the depreciation cost, go to step7.

Change the motor connection to star (hibernate mode).

7 Keep the motor delta connected (sleeping mode).

8 If 0 is greater than By, go to stepl0. The safe temperature Ogae is
calculated using starting current ratio and the acceleration time.

9 Shutdown mode.

10 Calculate the time (t) needed to reach O from (17).

11 If(t) is less than (T,¢) go to stepl2else go to step5.

12 Wait time (t) to cool the motor to Ogyg.

13 Update the cost functions in terms of (To-t).

14 Go to step4.

V. SMART STARTER ELECTRICAL HEALTH ASSESSMENT

Automatic star/delta switch comprises electromagnetically
actuated 3-phase contactors that change the motor connection
in cyclic making and breaking operations. This results in
inevitable wear and tear and impacts the electrical health of
the contactor. Since highly reliable contactors are required,
studies have been carried out in order to predict the contactor
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failure by monitoring its operational parameters [17], [18]. In
[18], a sample-data based ANN model is developed to
estimate the remaining life-cycles utilizing the monitored
contact resistance. However, the method is expensive since
very accurate measurements of the contactor voltage and
current are required. In order to overcome this problem, we
adopted using the inverse model of [18], i.e., the contact
resistance as a function of the contactor (on-off) switching-
cycles [15].

A simplified piecewise linearized model has been used as
shown in Fig. 9. The trend of the resistance variation changes
with the number of switching-cycles. Accordingly, the contact
resistance can be evaluated at low cost. Unlike [15], the digital
counter proposed here is based on current sensing, as shown in
Fig. 10 for the a-phase current is, which is also needed for the
digital thermal protection. Therefore, no additional sensor cost
is required. The routine to assign the gating signal of the a-
phase delta contactor Spa to its command, in the proposed
algorithm, is shown in Fig. 10 and explained in Table II.

(1)
Read Data Base

(2] Input 8, Tos
b 4
(3] Cal. Connections
cost

¥ cost =

shutdown

cost?

& toY cost

caving <=

Can motor
Restart

Thermally
afe?

No:3, 2023

TABLEII
DESCRIPTION OF THE LOGIC FLOWCHART OF FIG.10
Step No. Description

1 Sample i, current using Analog/Digital converter.

2 Calculate the current r.m.s value 12, = %Z’Q:l i? (k).

3 If l;ms equals to zero-threshold go to step4 else go to step6.

4 If the gating signal of a-phase star contactor Sy, is high go to
step10.

5 Set the Enable line of the a-phase delta contactor to 1 and the
Disable line to 0, go to step8.

6 If the gating signal of the a-phase star contactor Sy, is low go to
step10.

7 Set disable line of a-phase delta contactor to 1 and the Enable line
to 0.

8 Assign the gating signal of a-phase delta contactor Spa to its
command and wait proper delay for executing the closed-
transition.

9 Calculate the switching count from its previous value and Enable
and Disable values, go to other routines.

10 Set malfunction alarm for inspection after checking delta position

status.

(10}

Cal. (t) to reach to B
safe.

(12) Wait ( t)

(13)

Update the cost

functions (Tas-t].

Fig. 8 Three-state ESM Logic selector
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Contact resistance gn)

Expected contact failure

Expected fully healthy

contactor

e

Fig. 9 Contact resistance variations with the life-cycles

Delta

(2)

County=County ;+
En. + Dis.

(9)

The routine to assign the gating signal of the a-phase star

Disable Sp,

0]

(8)

Fig. 10 Digital counter, interlocking, and malfunction detection
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contactor, Sva, to its command is obtained by interchanging Sva
and Spa in blocks (4) to (10) in Fig. 10. The procedure for b
and c phases are straightforward similar and in case of 3-phase
contactor we have; Syapc = Sy and Spapc = Sp. The algorithm
services as a counter for the contactor's operational life-cycles,
preliminary interlocking, and malfunction alarming. These
features, in addition to estimation of the remaining life-span of
star/delta switch, have the potential to provide smart starter

MNo. of cycles

with highly reliable operation.

117
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i FL Availa-
Motor Resist. -
Current Counter Model |——>( bility Asse-
ssment
Pre-processing
Operator, E
Manufacture, g API
Supplier 5
o
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Fig. 11 Starter health prediction system: Information flow
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Fig. 12 Output membership function

Compared to [15], an improved availability assessment is
designed here using FL computing to evaluate the electrical
health of the starter. The FL computing has the advantage to
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handle such multi-valued, nonlinear, and probabilistic
knowledge with more accuracy [28]. The information flow of
the proposed smart availability assessment is shown in Fig. 11.
The system composed of layers such as; data collection layer,
data preprocessing layer, availability assessment or starter
health prediction layer, and communication layer. The FL
algorithm is deployed in the cloud layer and has two inputs
and one output. The output membership is demonstrated in
Fig. 12 with initial parameters settings where HA, MA, LA,
and VLA stand for high, medium, low, and very low
availability, respectively while the FL rules are demonstrated
in Table III. The parameters (O, s) of the fuzzy membership
function can be adjusted on cloud with a reference to the
manufacture’s reliability database and enclosure ingress
protection (IP) code. The communication layer sends warning
messages to the operator, manufacture, and supplier in case of
low starter availability as well as a prediction for the
remaining life-span. This has the potential to interactively
manage a preventive maintenance for the starter and reduce
the risk factor of wear and tear, and downtime [29].

TABLE III
FL RULES
W Small life Medium  Large life  Very large
Life cycles  cycles life cycles cycles life cycles
Large Resistance MA MA LA VLA
Medium Resistance HA MA MA LA
Small Resistance HA HA MA LA

}<1|=||=

PCC

(b)
Load

Fig. 13 IM Testing setup (a) and radial distribution system feeding
the motor with a marked location for PFC (b)
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VI. CoST AND EFFICIENCY STUDIES

Preliminary testing has been carried out on a 3-phase, 50
Hz, 4-poles, 240 V, delta-connected IM using a laboratory
setup shown in Fig. 13 (a). The objective of the tests is to
determine the various motor characteristics required for the
logic flow ESM selector (such as; no load active and reactive
power losses, per unit starting current, rotor and stator
resistances, moment of inertia, motor thermal rates...etc.)
considering the following conditions: ambient temp. Oamp = 30
°C, Trip temp. Otrip= 90 °C (Y class of insulation), and safe
temp. for restarting Ogwre = 70 °C. Furthermore, a radial
distribution system as shown in Fig. 13 (b) is assumed to
supply the motor and emulated in the Lab where the reactance
of the transformer and motor feeder is 4.3%, starting current =
3.2 pu, and acceleration time =~ 4 s. The voltage dip at the
point of common coupling (PCC) is considered as a sudden
reduction of the rms voltage followed by recovery after a
period of time from half cycle to one minute over 10% and
less than 100% [31], [32]. Here, we put a PQ penalty of 1% pu
cost for each voltage dip occurrence due to motor shutdown
and restarting that is over 10% and less than 20%.

A per unit cost analysis is performed assuming that the
following parameters; C. = 1 pu, Cq = 0.4, and T = 30 min,
respectively, are the cost of 1 kWh, cost of 1 kVARAh, and the
optimization control period. The parameter Cq is set greater
than the cost of reactive power device needed for
compensation (see Table IV). The cost analysis results are
shown in Fig. 14, in percent at constant head, with and without
fixed VAR compensator installed at the upstream feeder end
as a power factor correction (PFC) method, respectively,
indicated by the red and blue curve. The relative cost savings
are calculated with respect to the throttling cost.

The throttling power losses are emulated in the Lab. as a
brake during the temperature-rise test which is carried out
using two identical IMs connected to the same shaft. The first
motor (the driving one) runs at rated positive sequence
voltages while the second motor is supplied by reduced
negative sequence voltages and rotates as a brake against its
rotating field. In that test, the temperature-rise curves of the
driven motor (brake) are determined, as well as; the throttling
power losses are approximated to the input powers to the
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driving machine. Fig. 14 depicts noticeable effects of delta/
star transition on pu cost savings at medium flow rates. The
reduction of cost savings by using restrictive tariff structure
(blue curve) can be justified, from the utility point of view, by
limiting the electric voltage disturbances due to repetitive
starting and as a motivation for using reactive power
compensation method (red curve) [12], [27], [30].

In case of p-grids with limited VAR support or remote
locations with high penalty on voltage sags due to motor
starting, the shutdown mode will disappear and hibernate
mode will be extended to the low flow region. The cost
difference indicates that more energetic cost reduction at low-
flow rates can be achieved by either: (a) using an auxiliary
VSI-fed IM pumping unit with efficiency optimized speed
control at low flow rates [14] or (b) using a low-rated (one
third of the normal starting VAR) switched VAR compensator
to start/shutdown the main motor economically. Since, the
voltage sag at the PCC would decrease from about 14% to less
than 7%. Thanks to the closed-transition star/delta starter, this
solution can easily be realized using electromechanical
contactors with simple delay compensation control.

VSI decreases sharply at small power ratings.

For comparison, typical costs of the main components of
the proposed drive system and a DFIM are estimated from
three different suppliers on the internet. Table IV depicts the
results where; the base X is the cost of a fully-rated squirrel
cage motor/pump. The DFIM is assumed to be able to operate
over wide speed control range. The machine operates as a
single fed IM at low speed range and as a DFIM at medium
and rated speed ranges utilizing star/delta switch for efficiency
improvement. The common items between the two systems
are removed for clarity whilst the extra cost includes the cost
of crowbar protection and synchronization circuits in case of
DFIM and represents an additional installation cost for the
proposed drive. The results indicate that the presented drive
system is more expensive than DFIM by about 3% which is
marginal. A comparison between the operations of DFIM and
the proposed drive system will explicitly lead to higher
efficiency for the latter one due to lower power electronic
converter losses and rating of the auxiliary machine.

TABLE IV
COST COMPARISON BETWEEN PROPOSED DRIVE SYSTEM AND DFIM

Here, we adopt using the two solutions to ensure flexible W Motor &  30% VSI VAR Extra-
30% of the system throughput in case of main motor/pump System _ Pump Compensators _ cost
failure or p-grid operating in the stand-alone mode. In Proposed Drive S?;)l(rfol g%’e (SOIHS%?) (X53) 0.3X
addition, employing the two solutions could increasg .the DFIM Wound rotor Dual X) } 02X
system efficiency and hence revenue because the auxiliary (1.5X+X)
machine will have higher pu loading at low flow rates than the Cost Difference 0.1X -0.5X/ X/3 0.1X
main unit due to base rating difference. As well, the cost of

Sysl Sys2
Input
Mwe | \

P (ESM) Output

.:‘: e Trar‘m""'-—..;; I‘tl I

< > .u? '
Ton Tos

Losses Losses

Fig. 15 Timely-Cascaded systems for efficiency evaluation
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i “."_._“.'__..__'___........o‘._.,__.......-.........
ot®

Eff.

0.1 0.2 03 04 0.5 06 07 0.8 [X:] 1

Duty ratio

Fig. 16 Estimated motor efficiency with (dashed line) and without
(solid line) ESMs
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For efficiency evaluation, the principle of energy
conservation is applied to the main drive. The Ton and Tox
control periods are represented by two timely-cascaded
systems Sys1 and Sys2, respectively, as depicted in Fig. 15. In
Sysl, the motor efficiency is considered to vary linearly
during the ramp time Tramp and constant at its rated value Mwmr
otherwise. The efficiency of Sysl averaged over Ton is given
by (12) where the duty ratio D = Ton/T and T= Ton+ Tosr:

Mo = Tagr (1 — 222 (12)

The efficiency of Sys2 over T period is given by (13)
where Pn (ESM) is the pu no-load loss as a function of ESM
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(see Section III B):

_ Non=(1=D)Pni(ESM)/D

Mofs om (13)
The combined efficiency is then given by:
Tqu = (nonnoff)nclr (14)

Here, the efficiency of the fluid clutch is assumed to be
constant at its rated value mer as a result of regenerative
actuation. Fig. 16 shows the estimated efficiency of the IM,
shown in Fig. 13, with (dashed line) and without (solid line)
the introduced ESMs assuming: tramp = 12 s, Neir = 95%, and
constant head. The results depict efficiency improvement at
medium and low duty ratio (i.e., output flow rates). However,
more energy savings could be achieved at low flow rates by
employing the low rated; VSI-fed; auxiliary unit. Fig. 17
demonstrates an optimistic expectation where the efficiency of
the auxiliary drive is assumed to be equal to that of the main
unit with ESMs and a base loading shift. The efficiency
increase (gray bars) is 25% maximum and 15% as an average.
The actual efficiency improvement could approach the
optimistic one provided that the PWM-VSI losses and the
machine iron losses are minimized using efficiency optimized
inverter module and a flux optimization technique [33], [14].
In [14], it was shown that the excess machine losses due to
PWM voltages and harmonic currents have noticeable impact
and therefore; were considered in the flux optimization
problem using closed form equations since using hard
switched IGBT or IGCT modules working at moderate
switching frequency and impulse overvoltage protection is the
common industry practice to provide economical pump drive
at high power rating. This is because most soft-switching
techniques, to realize high switching frequency and compact
sinusoidal output filter, require extra active components and
hence; increased cost. These difficulties were cured in [33],
where the inverter output filter is used to achieve current
harmonic minimization as well as zero voltage switching. This
is especially beneficial in case of distributed generation and
machine drive with WSN where; cost, efficiency and
electromagnetic compatibility are important design factors.

VII. CONCLUSION

This paper described an efficient IM drive system having
high availability at low cost and control over the whole range
for water pumped storage. The paper utilized three-state ESM
at no load and logic selector for the main drive with smart star/
delta switch and fluid coupler working in regenerative clutch
mode. The procedure implements the motor thermal
information and grid compatible tariff structure to reduce
energetic cost. Current-based digital method for the
contactor’s life-cycle counting, primary interlocking, and
malfunction detection is presented along with improved
contactor electrical health predictor. These have the potential
to manage interactive preventive maintenance and provide
reliable contactor’s operation at low cost. The paper also

International Scholarly and Scientific Research & Innovation 17(3) 2023

proposed a hysteresis liquid-level controller with sensor fault
tolerance utilizing RNN estimator and Wald’s likelihood ratio
test for fault detection and discrimination. An auxiliary,
efficiency-optimized, VSI-fed drive is proposed to increase
the system availability, revenue, and flexibility for green
Power-Water networks during islanding with insufficient
reserve and high level of uncertainty. Investigations using
computer simulations, theoretical analysis, cost and efficiency
studies using a laboratory IM setup have been conducted and
the results showed the validity and effectiveness of the

introduced system and control.
- 07
- 06
- 05
- 0.4
- 03
- 02
- 01
; ; . . ; : - o
0.05 01 01 02 025 03

0.15
pu output flow

Eff

Fig. 17 Estimated efficiency difference (gray bar) between main (blue
bar) & auxiliary (orange line) units
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APPENDIX A

Basically, digital thermal overload protection depends on
the It principle and is derived from the first order thermal
model in (15) [15], [19]:

de

_ 1, -
=70 ~9)

(15)

where 8,0, and 7, respectively, are temperature-rise (above
ambient), final temperature-rise (above ambient), and thermal
time constant. The recursive temperature solution to (15) is
given in (16):

At
Op =0p1+ (0 —0,_1)(1—e 7) (16)
where 6,0, 1, and At, respectively, are the calculated
present temperature, temperature at previous time step and
time step between calculations. Further, 8 = (I/l.¢f)?Tyef
where |, lrer, and Trer, respectively, are the motor phase current,
set current reference, and set temperature rise reference.
Thermal Capacity Used (TCU) is calculated based on rated
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motor current with an overload factor applied and expressed as
a percentage of maximum temperature. The thermal protection
trips when TCU reaches 100%.

Calculation of the time to reach a specified temperature 6
based on load and preload temperature is given by

6¢—6
t=1ln (9"—9")
p

(17
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