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Abstract—This paper proposes an intelligent, supervisory,
hysteresis liquid-level control with three-state energy saving mode
(ESM) for induction motor (IM) in fluid transportation system (FTS)
including storage tank. The IM pump drive comprises a modified
star/delta switch and hydromantic coupler. Three-state ESM is defined,
along with the normal running, and named analog to the computer’s
ESMs as follows: Sleeping mode in which the motor runs at no load
with delta stator connection, hibernate mode in which the motor runs
at no load with a star connection, and motor shutdown is the third
energy saver mode. Considering the motor’s thermal capacity used
(TCU) and grid-compatible tariff structure, a logic flow-chart is
synthesized to select the motor state at no-load for best energetic cost
reduction. Fuzzy-logic (FL) based availability assessment is designed
and deployed on cloud, in order to provide mobilized service for the
star/delta switch and highly reliable contactors. Moreover, an artificial
neural network (ANN) state estimator, based on the recurrent
architecture, is constructed and learned in order to provide fault-
tolerant capability for the supervisory controller. Sequential test of
Wald is used for sensor fault detection. Theoretical analysis,
preliminary experimental testing and computer simulations are
performed to demonstrate the validity and effectiveness of the
proposed control system in terms of reliability, power quality and
operational cost reduction with a motivation of power factor
correction.

Keywords—Artificial Neural Network, ANN, Contactor Health
Assessment, Energy Saving Mode, Induction Machine, IM,
Supervisory Control, Fluid Transportation, Fuzzy Logic, FL, cloud
computing, pumped storage.

I. INTRODUCTION

HE use of cybernetic computing and information through

Web has become a common approach to modern optimal
control and management. Thanks to the advances of Internet of
Things (IoT) technology, many social and industrial Web-based
cybernetic applications are now feasible such as; medical
diagnosis, information services, smart meters and billing,
building and factory management, transportation control, and
many other opportunities.

Fig. 1 shows generic block diagram of FTS connected to
cloud-based cybernetic computing via internet. The computer
center 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;
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reliability, service quality, power quality, load demand
satisfaction at attractive energetic cost, sustainability, etc.
Accordingly, the decisions of a localized-public (i.e.,
supervisory) control policy have to be linked, by way of design
and objective, to these global impacts [1], [2].
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Fig. 1 Generic Blok Diagram of FTS connected to Internet

In a typical FTS, IMs driving pumps are the main consumers
of electricity and most of them are squirrel cage. These motors
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 [3]. 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 electrical grid disturbances [3],
[4].

More often than not, the FT process optimization requires
hydraulic tank, acting as energy storage element or load time-
shifter, to achieve cost reduction without violating the service
quality [5]-[8]. 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 [7].
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Fig. 2 (a) shows a hydraulic storage tank having input flow rate
q; and load flow q, independent of the liquid level 4 or head.
The governing dynamic equation is given by (1) where, A is the
tank cross-section area.

(D) = [(a; = qo)dt (1)
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Fig. 3 Three-layer feedforward RNN

The cybernetic computer generates the head command 7"
which satisfies the optimization problem over specified time
interval. The supervisory controller achieves this command
using on-off control or hysteresis control. Hysteretic controller
offers good accuracy against unmodeled dynamics and ease of
implementation. However, (1) represents a pure integrator that
is sensitive to sensor noise and DC offsets [9], [10]. Therefore,
online estimation of the liquid-level for fault tolerant control
capability (i.e., the ability of controller to operate with
satisfactory performance under sensor defects) is problematic
especially; q; and q,, are normally slow time-varying quantities.
In order to overcome these difficulties, this paper exploits the
full controllability and thermal capability of a motor pump drive
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comprising; IM, modified star/delta starter, hydromatic (fluid)
coupling, centrifugal pump and a storage tank. Three motor
states, during inflow off period, are distinguished and
introduced. A logic flow-chart is constructed to select the best
motor state for active and reactive energy cost reduction
considering the motor thermal information. A FL based
availability assessment is designed for the star/delta switch in
order to estimate its electrical health. Besides, a recurrent neural
network (RNN) state estimator is developed along with Wald's
likelihood ratio test in order to provide fault-tolerant capability
for the proposed control under sensor defects.

In the following sections, this control system will be
illustrated and introduced. In Section II, RNN based hysteresis
liquid-level controller is presented with supervision capability
to detect and tolerate the 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.
Also, the thermal problems associated with the motor on-off
operation are discussed in Section III. These problems are
alleviated, in Section IV, by designing logic selector for the
least expensive motor state at no-load. In Section V, a simple
contactor health estimator based on FL cloud-computing is
introduced as ancillary software modification to the closed-
transition star/delta switch control in order to guarantee highly
reliable contactors operation. Cost analysis based on
preliminary testing is introduced in Section VI and the
conclusion is outlined in Section VIIL.

II. RNN-BASED SUPERVISORY CONTROLLER

A. Hysteresis Liquid-Level Control

Hysteresis control as in Fig. 2 is a simple method of
controlling the tank liquid level. The main principle is based on
direct pumping of liquid such that its level or head 7
approximates its reference value 4" in average sense. The
hysteresis block in Fig. 2 (a) compares the difference between
k" and h with a defined band, A, as follows

1 h*—h>A
no change —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. Fig. 2
(b) demonstrates an example for the liquid level and input pump
flow at steady state.

B. Recurrent NN Estimator

For fault-tolerant ability, the measured head / is replaced by
its estimate value A in the feedback control loop. The problem
of pure integrator windup in (1) is cured by proposing full state
estimator based on feedforward neural network with recurrent
structure (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
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activation function. The synthesized RNN configuration has
noise immunity and dynamic processing ability. 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 g,
¢, and A 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 — A1 A5)] =
1—0.36 * 0.36 = 0.36 = 95.3344 %. Furthermore, if the load flow
. 1s 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—4;,)(1—A4,)(1—A43)] =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.

We consider that the RNN is being trained. The training data
comprise ¢, ¢; and s measurements information as input as
well as desired pattern while, their corresponding estimates as
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 feedforward networks is the mean squared
error, MSE:

MSE =350, (d} — yi)? 3)
where y’v,’(1 = output of the & neuron in the output layer, d}
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. The weight update equation is then given as

OMSE
n oW’

Wil+1) =w;(D - 4

where 1 = learning rate, W;;(l + 1) = new weight between i
and j™ neurons, and W;;(l) = corresponding old weight. The
weights are iteratively updated and a momentum term g[W;;(l +
1) — W;;(D] is usually added to the right hand side of (4), where

B is a small value, in order to improve training performance
[11], [12].

C. Data Conditioning and Fault Detection

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
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(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 Ho (normal
behavior) and H; (abnormal behavior) according to signal
signature [13]. For each error signal E(t), we define P(E]/H,)

andP(E] /H,) as a priori density probability where E/ is a vector
of J samples of the signal E(t). The likelihood ratio is given by

P(Ek/Ho) P(Ek/Ho)
G =M=, P(EL/H1) )
Then the formulation of Wald’s test is given by (6):
normal A>y
no decision A<y, <B (6)
abnormal B <y

where A= PMF/(I-PRA) and B = (I-PMF)/PRA Wlth PMF iS the
probability to miss faulty measurement and Pgrs 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(E}/H,) and P(E]/H,) are Gaussian:

normal Z{zl vV, <T,

no decision T, < 2!:1 V,<T, @)
abnormal Z{zl V,>T,
The two test frontiers are as in (8):
2InA a%inB
T. =2 =
0 Ho—H1 1 Ho—H1 (8)
and

V,=E — ](Hoz—lh) 9)
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Fig. 4 (a) Time response of the RNN
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Here, we assume that the mean value y, and the variance o2
are determined during learning phase when it is sure that the
sensor works in normal condition and p; 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 output signal as depicted schematically in Fig. 5 (b).

III. IM DRIVE
A. Star/Delta Starter

Recent recommendations and regulations to replace standard
and high efficiency class motors with premium and super-
premium ones; make IM a viable choice for FTS gross cost
reduction [14]. However, higher the IM efficiency is, the higher
its inrush starting current will be. The state-of-the-art electronic
voltage source inverter can yield excellent dynamic speed
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response by varying the motor frequency but; it is not
economical to be used as a starter only [11], [15]. Therefore, in
applications such as on-off controlled IM pump, where
dynamically varying the operating speed is less important than
pump startup, stopping, and drive train isolation, the
combination of electromechanical start/delta starter with
hydromatic (fluid) coupling as shown in Fig. 6 represents a
good fit. Such a drive is controllable and enable the motor to be
rated on running rather than starting torque [15], [16].

3 phase supply
L
.:..- Il.
| A4
Ff
Stalor _|
Winding

— 5
g, TFOT _— Start
oA Swith || | Star
i Squimel Cage Rabar
Hydromatic(fluid)
coupling

é Pump

Fig. 6 IM drive with star/delta starter and hydromatic coupler
Fig. 7 Closed-transition sequence of operation [16]

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 hydromatic 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 [11]. 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
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current surges of a very severe nature due to remaining voltages
across its terminals that decay gradually 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. To avoid these current surges, a
star/delta starter with closed transition is used here to maintain
the connection between stator and supply line, by inserting an
external resistance, while changeover is made [16]. 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 full controllability of the proposed drive,
three possible states for the motor during inflow off period
(Tosy) can be discriminated. They are named, analog to the
popularly used computer’s ESMs as follows:

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 are given by

V2

3
& Qup ==+

mToff (10)

3§
WnlA ~ R_Cl To ff
where V;, R. and X,,, respectively, are the per phase nominal
voltage, no load resistance and, magnetizing reactance (see Fig.
14). Thanks to the hydromatic coupler, 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 consumption will be reduced to one third of (10)
assuming linear magnetic circuit, i.e.,

. 3(11/V3)?

Why = R, Toss & Quy = (11)

3(V1/V3)?
. Tosr

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 will loss

the kinetic energy stored in its moving parts % Jw? . For
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restarting, the motor will dissipate amount of energy equals

1 . . 1

> Jw? as a heat in the rotor resistance 7, and (:—1) > Jw? asa
2

heat in the stator resistance r; (see the Appendix). Assuming 7;
= 13, the total active and reactive energy losses associated with
the shutdown decision are

Wenp = 1.5/wi & Qsnp = Wepptan(es) 12)
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.

C. Thermal Capacity Used

Basically, thermal overload protection depends on the I%t
principle and is derived from the first order thermal model in
(13) [17]:

a0 1
—==(0,—10)

a1 (13)
where 0,0y, and 7, respectively, are temperature-rise (above
ambient), final temperature-rise (above ambient), and thermal
time constant. The recursive temperature solution to (13) is
given in (14):
At
Op =61+ (0 —Op_)(1—e7) (14)
where 6,,, 8,,_, and At , respectively, are the calculated present
temperature, temperature at previous time step and time step
between calculations. Further, 8y = (I/l,¢f)?Tye Where I, L
and T, respectively, are the motor phase current, set current
reference, and set temperature rise reference. TCU is calculated
based on rated 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
05—6o
t=rtln (—gf_19 ) (15)
The advantage of using thermal protection instead of
overcurrent protection is that it has thermal memory. 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 FTS optimization
problem adds difficulty and reduces the effectiveness of the
solution. This is because the permissible number of consecutive
cold start/hr is different from the permissible number of
consecutive hot start/hr. In the followings, we will construct a
logic flow chart that relax this burden up to scale it becomes
useful even for the human operators.
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Fig. 8 Three-state ESM Logic selector

Iv.

A logic flow chart is synthesized to select the least expensive
motor state during inflow off period (7,5), based on the
following assumptions:

1) The distribution system feeding the motor and the motor
branch circuit are not poor designed such that starting of an
IM using star/delta starter can lead to supply interruption
(i.e., comply with NEC430-52 standard).

In deregulated electricity market with the suggestion of
power quality market, we expect using suitable meters and
tariff structure such that the customers are paying for their
emission of electrical disturbances and harmonics into the
distribution network. These emissions may be caused by
excessive reactive power consumption during IM starting
or harmonic currents generated by electronic source
inverter with input diode bridge rectifier. In such a way,
these customers are encouraged to install power factor
correction (PFC) or harmonic filter to mitigate their power
quality problems [3], [16], [18].

iii) The load profile is known, so that the variations of hysteric

LoGic FLow CHART

ii)

International Scholarly and Scientific Research & Innovation 16(12) 2022

control period (T = Ton + Torr) due to operating point
changes can be compensated.
The procedure consists of the following steps shown in Fig.

8.

Stepl. 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.

Step2. Input the motor temperature 6 and Tofrperiod.

Step3. Calculate the costs of motor being delta or star
connected during Tofr from (10) and (11), cost of
shutdown from (12), and any existing PQ index term,
and 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).

Step4. If the star connection cost is greater than shutdown cost,
go to step8.

Step5. If the cost difference between delta and star connections
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is less than or equal to the depreciation cost, go to step7.
Step6. Change the motor connection to star (hibernate mode).
Step7. Remain the motor delta connected (sleeping mode).
Step8. If 0 is greater than Ogee go to steplO0. The safe
temperature O is calculated using starting current ratio
and the acceleration time.
Step9. Shutdown mode.
Step10.Calculate the time (t) needed to reach Ogf. from (15).
Step11.If (t) is less than (Tofr ) go to stepl2 else go to step5.
Step12.Wait time (t) to cool the motor to Osas.
Step13.Update the cost functions in terms of (Tofe-t).
Step14.Go to step4.

A counter can be added to the mode decision blocks in order
to estimate the expected life-time of the star/delta switch and
the time to maintain. In addition to use of mechanically
interlocked switches, these modifications have the potential to
improve the starter’s reliability.

V. FL AVAILABILITY 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 due to high pressure arc produced during current cut
off. On closure, the contactor may experience 5 times its rated
current which can be seen as important cause of contact erosion.
In addition to debris, high temperature, in the contact area,
causes undesirable growing up of braze alloys. Excess of braze
alloys results in rising the sides of the contact tip and reduces
its thickness [19]. Since highly reliable contactors are required,
studies have been carried out in order to predict the contactor

Contact resistance gnl)

contactar

Expected fully healthy

failure by monitoring its operational parameters [20], [21]. In
[21], a sample-data based ANN model is developed to estimate
the remaining life cycles utilizing the monitored contact
resistance. However, the method yields high errors and it is
expensive, since accurate measurements of the contactor
voltage and current are required. In order to overcome this
problem, we adopt using the inverse model of [21], i.e., the
contact resistance as a function of the contactor (on-off) life
cycles. For simplicity and scarcity of data, a piecewise
linearized model has been used here as shown in Fig. 9. The
trend of the resistance variation changes with the number of life
cycles. By adding a digital counter to the mode decision blocks
in Fig. 8, the contact resistance variations can be determined,
based on the number of contactor’s life cycles, at low cost.

A FL availability assessment is designed to evaluate the
contactor electrical health. The FL based computing has the
advantage to handle such multivalued, nonlinear, probabilistic
knowledge with more accuracy [22]. The information flow of
the proposed FL availability assessment of the star/delta switch
is shown in Fig. 10. The algorithm has two inputs and one
output. The output membership is shown in Fig. 11 where HA,
MA, and LA stand for high, medium, and low availability,
respectively while the FL rules are demonstrated in Table 1.

TABLEI
FL RULES
W Small life ~ Medium life ~ Large life
Life cycles  cycles cycles cycles
Large Resistance MA MA LA
Medium Resistance HA MA MA
Small Resistance HA HA MA

Expected contact failure

Mo. of cycles

Fig. 9 Contact resistance variations with the life cycles
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VI. COST ANALYSIS

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. 12 (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. Oamy= 30 °C, Trip temp. Or:, = 90
°C (Y class of insulation), and safe temp. for restarting Osas. =
70 °C. Furthermore, a radial distribution system as shown in
Fig. 12 (b) is assumed to supply the motor and emulated in the
Lab where the reactance of the transformer and motor feeder is
4.3% of the motor KVA base, starting current = 3.2 pu, and
acceleration time =~ 4 s. The IEEE definition of voltage dip at
the point of common coupling (PCC) is considered as a sudden
reduction of the voltage followed by recovery after a period of
time from half cycle to one minute over 10% and less than
100%. 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, Co= 0.4, and T = 30 minutes,
respectively, are the cost of 1 kWh, cost of 1 kVARh, and the
optimization control period. Hourly and semi-hourly
optimization periods are found to be suitable for pumped hydro-
storage in isolated power systems with large penetration of
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renewable energy. The hysteresis control period can be
predicted, compensated, and synchronized with the
optimization control period using the technique presented in
[23].

The cost analysis results are shown in Fig. 13, in percent at
constant head, with and without PFC method installed at the
upstream feeder end, respectively, indicated by the upper and
lower curves. 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 a 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 driving machine. Fig.
13 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).
Consequently, with higher penalty on voltage sags due to motor
starting, an efficiency optimized variable-speed pumping unit
as in [11] could achieve more energetic cost reduction at low
flow rates than fixed speed unit.

VII. CONCLUSION

This paper presented a three-state ESM and logic selector for
on-off controlled IM drive with a modified star/delta switch and
hydromatic coupler. The procedure implements the motor
thermal information and grid-compatible tariff structure. These
have the potential to alleviate burden on the FTS optimization
and PQ concern. AC contactor electrical health predictor has
been developed based on FL cloud computing. This has the
potential to provide highly reliable contactor’s operation at low
cost. The scheme can be extended to wind turbines utilizing
induction generators at low wind conditions. The paper also
proposed a hysteresis liquid-level control with fault-tolerant
ability utilizing RNN state estimator and Wald’s likelihood
ratio test. Investigations using computer simulations and
theoretical analysis on a laboratory IM setup have been
conducted and the results show validity and effectiveness of the
proposed control system in terms of reliability, PQ, and cost
savings.
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APPENDIX
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Fig. 14 An equivalent circuit for IM

The motor acceleration-time under pure inertia loads can be
calculated from the dynamics of rotating mass as follows

dwy

M:] dat

(16)
where J, M, and, o, respectively are the motor inertia, motor
torque and rotor angular speed. From the IM equivalent circuit
shown in Fig. 14, the motor torque is related to the maximum
torque by

M

- =2/G+9): (17)

where s = @;-o,/m; and a = r;>’/(x;+x;’) respectively are the slip
and the slip for maximum torque. Now from (16),

Joy 4 (ur) _ Jor s (1)

My~ dt \wq My, dt

Combining the two expressions yields

—Joi s @
dt = T (a + S)ds (19)
which for acceleration from standstill to slips gives
= Jor A=s® ey
t= ZMm( 13 In S) (20)
Fors=0.1;
Jw; ,0.25
tace = %(7 +1.15q) 1)

Rotor Heating: The current equation can be arranged to give
I = B[y (xy + x3)% + (15/5)? or I = I /\[1 + (a/5)?.

The rotor heat loss is[ I7,dt joules per phase from which
(21) and (19) for a pure inertia load start is W, =

_ Ll [ sds = Loy 175 During acceleration from s =
2aMp, 20My, 2

1 to negligible slip, the rotor heat is therefore; [47,] w, /4aM,y,

joules per phase. Now the maximum torque in synchronous

watts is 0.5 E I per phase, and o = I»/E; so that W,; reduces

quite simply to 0.5Jm%, identical with the kinetic energy that
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has been stored in the rotating parts. The heat loss W,, is
unavoidable and the only way to reduce this loss is to transfer
part of it to an external resistance in case of slip ring motors.

Stator Heating: A heat loss comprising (ri/r2) W, will be
consumed in the stator resistance 7;.
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