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Abstract: Although this is a fact that is not very explored in the literature, there are two possible
forms to connect the stator winding of an induction motor in the delta. The choice for one of these
forms defines the amplitude of the stator transient current during the switching from star to delta
connection when the motor is driven by a star-delta starting system, which is the most widely
used and diffused method for starting an induction motor. One of the possible forms of the delta
connection gives rise to a switching current with a relatively small amplitude, which gives it the
denomination of preferential. The other form has a relatively higher amplitude of switching current,
but it is the most recommended and indicated in diagrams of catalogues and motor plates. Therefore,
it is here called “common”. With the aim of evidencing how the differences between these two
forms of delta connection are manifested, this paper approaches the issue experimentally, through
a methodology with statistical support, for a better characterization of the performance of each of
these forms of delta connection, in the case of the widely popular star-delta starting method.

Keywords: induction motor; delta connections; star-delta starting

1. Introduction

Despite the growing availability and the consequent increase in the use of electronic
devices for the soft starting of the induction motor, such as the soft starter and the VFD
—Variable frequency drive—the traditional star-delta starting method, mainly composed
of contactors and timing relays, remains one of the most usual and preferred options for
most drive systems in the industry [1]. This is especially true in the case of relatively small
automation systems, be it new or an already running one [2], due to its relatively low cost
as well as the wide availability of services for its installation and maintenance, besides its
robustness as a whole [3].

Currently, many electrical drives perform with equipment that has switched convert-
ers; these have a flexible application and become economically advantageous as the power
of the motors has increased. However, this type of starter has disadvantages such as noise
from its switching and high cost for low power motors. The use of static converters is
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gaining more and more space as they are robust equipment and have become economically
viable with developments in semiconductor materials; this expansion means that fewer
and fewer starts are used that need to change the way the motor is connected, such as the
star-delta starting, compensating start and parallel start [4]. The definition of a preferred
way to start engines is rarely addressed in the literature, considering that there may be
variations when engines of different powers are evaluated.

The preferred start is rarely addressed in the literature, although some works address
the variations of possible delta connections and their consequences in the electrical sys-
tem [4]. Some surveys are focused on starting with drives [5] and in a large part of the
research the improvement of the engine efficiency is evaluated through the use of more
modern materials [6] and optimization of machine parameters [7-9].

In fact, the star-delta starting is one of the most classic methods of starting an induction
motor [10]. As with many other starting methods, it is based on the reduction in the voltage
amplitude applied to the stator winding at the start, to decrease the stator current [11]. In
this case, the value of the amplitude of the applied voltage is 1/+/3 of the rated voltage
at the start, because of the star connection of the stator winding, which causes an equal
reduction in the value of the amplitude of the stator current [12]. Thus, a while after the
start of the motor, which is adjusted by the operator, the connection of the stator winding
is automatically switched to the delta, and so it remains in the steady-state [13].

For this purpose, there is a wide variety of models and manufacturers on the market
for the star-delta switch, which can bring together several devices to perform this type of
start in a single device. In addition to contactors, these switches should have overcurrent
relays, fuses, and timing relays, which allow the operator to adjust the time interval
during which the motor will run as star-connected. After this interval has elapsed, the star
connection of the stator winding is undone, and the motor runs idle for a short period,
usually At = 100 ms, adopted by most manufacturers of these switches, before the delta
connection of the stator winding is performed. Then, at the instant that this connection
is made, there is a sudden increase in the amplitude of the stator current, which must be
accepted by the motor protection system, so as not to unduly take it as a fault current [3].

Figure 1 shows a graphic with the expected performance of the stator current of the
motor along this process, with an indication of the sudden increase in the current. Figure 1
is a representation of the variation that occurs in the transient. Right after receiving the
command to break the circuit, the contactor opens its contacts by generating an arc per
each phase that is properly quenched within a chamber until it passes to zero. Therefore,
the three-phase current continues to flow for some milliseconds, approximately.
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Figure 1. Stator current behavior in star-delta start-switching overcurrent.

Although the graphic of Figure 1 shows that the sudden increase in the stator current
may be a natural consequence of switching from the star to the delta connection, the
real reasons for this sudden increase are not so obvious. In fact, the amplitude of such
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an overcurrent is strongly influenced by the form of connection adopted for the delta
connection of the stator winding [14].

According to [15] and [16] in the choice between delta connection forms, one of them
will present a relatively smaller amplitude of switching current and is therefore considered
as a delta connection in the preferential form. Consequently, the other form presents an
amplitude of switching current with higher values but, curiously, it is the most commonly
found form in motor plates and/or recommended by installation diagrams.

Therefore, it is called the common form. The difference between both forms of delta
connection is only in the inversion of the connection of the terminals of one of the stator
windings, without which there may be a reversal of the rotation direction of the motor
shaft since the phase sequence of the power supply is not inverted [17]. Thus, with a few
exceptions in the literature, as in [18] and [19], the importance of the correct choice between
these two forms of connecting the stator winding in the delta is not properly diffused or
explored, and so this is the essence of this work. The diagrams in Figure 2 show the two
possible forms of delta connection.
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Figure 2. The two possibilities of connection in delta. Preferential on the left and common on
the right.
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According to [18], this difference in the amplitude of the switching current occurs
because, invariably, there is a residual magnetic field, both in the rotor magnetic circuit and
in the stator magnetic circuit. Therefore, the rotor movement causes both residual fields
to mutually induce a voltage in the respective circuits during the short time interval in
which the motor runs idle, At. Thus, depending on whether the delta connection is made
in the preferential form or in the common one, the combination of the mutually induced
voltage will give different results, causing the amplitude of the switching current to have
significantly different values at the right instant of the delta connection.

As can be seen in Figure 2, there are two ways to connect a star-delta starter in an
induction motor; however, this difference is little discussed considering that the industry
determines a preferred way to start the induction motor. In this way, this paper addresses
an important subject for the study of induction motors, evaluating the differences in the
alteration of the preferred form of connection for induction motors.

In [18] there is a proposing explanation for this fact, with the help of phasor diagrams,
which does not consider any residual magnetic field and thus requires some refinement.
On the other hand, it is important to consider that the influence of the form of the delta
connection superimposes on the effect of the inertia of the rotor, which naturally causes
the reduction in its speed. This reduction in the speed is due to the time elapsed (At) since
the star connection of the stator winding is undone until the instant they are connected in
delta [20].

Therefore, since the motor runs idle along with this time interval, an additional
amount of stator current will be necessary to accelerate the rotor and compensate for the
loss of its kinetic energy [21], which represents a part of the total switching current. Thus,
since this part of the switching current does not depend on the form of delta connection,
for the same load condition of a given motor, the reason for the common connection to give
a total switching current with a higher amplitude relies on the residual magnetic field of
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the magnetic circuit of the motor. Specific projects are needed to improve the efficiency of
electrical machines [22-24], and thus meet the development of the industrial sector in a
sustainable manner [25].

To improve energy quality and increase machine efficiency, specific projects have been
developed [26], as highlighted by Orosz et al. [27], who present a study highlighting open
problems related to electric machines and highlighting how optimization can help in the
development of emerging technologies. Optimization is undergoing this great evolution
due to the higher analysis capabilities and can be used in various applications, such as elec-
trical transformers [28] and autotransformers [29], among other applications [30]. Research
that applies artificial intelligence and modern methods of evaluation of the consequences
of parameter changes is promising for addressing the optimization problems [31,32].

However, since there is an influence of the residual value of the magnetic field that
varies sinusoidally over time, this value itself is not constant but depends on several factors
that are difficult to evaluate or to assess, especially the instantaneous values of the current
and voltage on the stator before and after the switching, as well as the motor temperature,
among others [33]. Thus, the occurrence of a greater amplitude of the switching current for
the common form of star connection is of a statistical nature. Consequently, several starts
of the same motor are required, with each of the forms of delta connections to evaluate the
behavior of the switching current.

It is important to mention that the peak current does not depend on the residual mag-
netic field and the residual voltage induced by this field in the stator winding only, but also
significantly on the phase difference between the residual voltage and the supply voltage in
the instant of the reconnection of the motor to the supply in the delta connection [34]. This
phase difference, as well as the residual voltage, is not only influenced by the switching
time At and the alternative chosen for delta connection, but also by parameters like inertia,
load torque, and stator leakage [35].

For this purpose, an experimental arrangement was elaborated to, firstly, check the
occurrence of differences in the amplitude of the switching current according to the form
of the delta connection, and then to characterize this difference in amplitude.

2. Materials and Methods

In view of the analysis of the differences in amplitude of the switching current for
the common and the preferential forms of delta connection, a prototype of a drive system
was assembled in the laboratory to enable the sequential use of each of the two forms of
delta connection, with the start of the motor in star connection of the stator winding. As a
sample, a standard three-phase induction motor was used. It was a 380-Y/220-AV, 4 poles,
0.75 kW, 1730 rpm, squirrel cage, SF = 1.15 and continuous duty S1 type of motor. The
power circuit of the drive system, with an indication of some contactors providentially
taken for the proposed type of drive, is shown in the diagram in Figure 3.

The channels shown in Figure 3 represent the connection of the experiment for mea-
suring voltage and current that was used in the laboratory analysis. As shown in the
diagram, four contactors are used. Initially, the contactor K1 energizes the terminals 1, 2,
and 3 of the stator winding. Then, the contactor K4 short-circuits the other terminals, 4, 5,
and 6, making the connection in star. After the time interval (At) is previously set to the
timing relay, the star connection is undone through the opening of the contactor K4, and the
stator windings are then connected in delta. By doing so, the contactor K2 allows the delta
connection in the common form, whereas the contactor K3 allows the preferential form.

Regarding the control circuit, although there are many commercial models of star-delta
starting solutions, fitted with timers or not, Misir et al. [36] developed a specific solution,
since most of them do not allow the choice between the common or the preferential form.
Moreover, commercial switches do not allow adjustment of the time interval between the
star and the delta connections (At) which hinders the analysis of the influence of the inertia
of the motor rotor on the amplitude of the switching current to the delta connection. For
example, this time interval could then be set to 50 ms, besides the usual 100 ms. To do so, a
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PLC-Programmable Logic Controller was chosen for use in the control circuit, allowing
significant simplicity in implementation of the desired actions and easy communication
through a serial interface.
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Figure 3. Diagram of the power circuit (main) of the proposed drive system.

The PLC model adopted was Siemens® $7-200, Blumenau, Brazil, and Figure 4 shows a
photo of the complete arrangement, containing the command and power circuits, assembled
on a laboratory bench, proper for induction motor tests. In the foreground are the contactors
and the fuses in one of the boards, whereas on the right is the adopted PLC. Between the
motor, taken at the idle mode, and the contactors/fuses board there is an autotransformer
to adjust the available mains voltage from 380 V to 220 V as required by the windings of
the motor stator.

Figure 4. Arrangement of star-delta starting tests for analysis.

A star-delta starter is a low voltage starter used to reduce the starting current of the
motor. The great advantage of the star-delta starter is its need to use 1/3 of the peak current



Energies 2021, 14, 1318

6 of 15

compared to a direct starting. For this consideration, having V} = supply line voltage,
I1s = supply line current and, Ips = winding current per phase and Z = impedance per
phase winding at stand still condition.

When the winding is star connected, the Ips is equal to the I; 5. Then, the voltage in
each phase of the winding is V;/+/3. Since here, the Ips equals to the I, it can be written

V V
lps = — s =

When the winding is delta connected, the (I;p) supply line current is root three times
of the winding (Ipp) current per phase, the voltage in each phase of the winding is V.
Thus, the winding current per phase is V} /Z. Rewriting the equation

V3V,
Ip= V3Ipp = 7 L. )

@

In this way comparing the equations

>

%3

Iip  ~—F7—
1o=—%-=3 ®)
V3727

In this way, it is possible to say that the starting current of the network in the case of
delta star is one third of the direct switching in the delta.

The voltage equation for a motor consists of the evaluation of the following compo-
nents: the voltage drop of the winding resistance R, the induced voltage proportional to
the rate of change over time of the winding flow connection A, as follows:

d[L(6y)i(t)]
dt !

v(t) = Ri(t) + My _ Ri(t) +

T 4)

wherein 6, = w;,t.

Considering a three-phase and bipolar induction motor, whereas the stator wind-
ings have a number of effective turns N;, resistance R;, leakage inductance L, and self-
inductance L;. Likewise, the equivalent rotor windings have a number of effective turns Nr,
resistance Rr, leakage inductance Ly, and self-inductance. 6, is the angular displacement
between the stator and rotor axes, disregarding nonideal features such as groove effect,
saturation of the iron core and toothed torque [37].

The winding voltage is given by the sum of the voltage drop of the winding resistance
and the voltage induced by the variation of the winding flow connection. Thus, by deriving
the voltage range of an induction motor, the six voltage equations for the stator and rotor
windings can be calculated by

Vas = Rsins + % ®)
Ops = Raips + d;‘fs (6)
Vs = Reics + % @)
Vor = Ry + 20 ®)
o'y =Ry, + dzltb’ )
ooy = R 4 er (10)

dt
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wherein v,s, vys, Ucs are the stator voltages, igs, ips, ivs are the stator currents, v/ 4y, v/, 0y
are the rotor voltages, 7’4, i’ are the rotor currents, Ags, Ay, Acs are the stator flux linkages,
Aar, Apr, Acr are the rotor flux linkages.

To solve these voltage equations, it is necessary to know the flow connection of each
winding. Considering that there are six windings, each of them will be influenced by the
flow produced by the current flowing in the other five windings. Therefore, the full flow
connection A from the phase as the winding has the following six components:

7\{15 = Aasas + Ausbs + Aascs + )\asar + )\asbr + Aascr (11)

Therefore,

/\as = Lususius + Lasbsibs + LﬂSCSiCS + Lasuriar + Lasbribr + Lascricr (12)

where the flow connection Axsys represents the flow, which is produced by the current z'ys
flowing in winding ys and connecting winding xs. The inductance Lysys is determined as
the ratio of the flux that connects the winding xs to the current iys that generates the flux.
Thus, the six flux linkages in the stator and rotor windings can be calculated by:

)\as Aasas /\asbs )\ascs Aasar /\asbr )\ascr
Abs )‘bsas /\hsbs )\bscs )‘bsar /\hsbr Abscr
Acs _ Acsas Acshs Acses Acsar /\csbr Acscr (1 3)
)\ar Aams /\urbs /\arcs )\amr /\arbr /\urcr
Abr )‘bms /\hrbs /\hrcs )\bmr /\hrbr /\hrcr
Acr Acras /\crhs Acres Acrar /\crhr Acrer
wherein,
)\us Lusas Lasbs Luscs Lasur Lasbr Lascr ias
)Lbs Lbsas Lbsbs Lbscs Lbsar Lbsbr Lbscr ibs
Acs _ Lesas Lcsbs Leses Lesar Lcsbr Leser ics (14)
Aar Laras Larbs Lares  Larar Larbr Larcr Loy ’
Abr mes Lbrbs Lbrcs Lbrar Lbrbr Lbrcr ibr
Acr Lcras Lcrbs Leres Lerar Lcrbr Lerer icr

Writing in compact form the inductances can be divided into four groups, according to:

l: Aubcs :| — [ Ls T Ly :| |: l:abcs :| (15)
Aabcr [Lsr] L, Laber
thereby, L; is the inductance matrix of the stator windings, L, is the inductance matrix
of the rotor windings, and L, is the mutual-inductance matrix between the stator and
rotor windings.

The L; stator inductance matrix consists of the mutual inductance between the stator

windings and the self-inductances of each stator winding. The stator self-inductances con-
sist of the sum of the leakage L;; inductance and L;;s magnetizing inductance, according to

Lasas = thbs = Leses = Lls + Ls (16)

Lis = VONSz(;l) (%) (17)

wherein, pg is the permeability of air, r is the radius of the air gap, and [ is the axial length
of the air gap.

where,
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The mutual inductances between the two stator windings are all equal and related to
the inductance of magnetization as:

2n 1
Lasps = Lases = Lbsas = Liscs = Lesas = Leshs = Lins COS(3> = *ELms' (18)
The inductances of the stator windings are given by
LI’IlS Lms
Lasas Lusbs Lascs Lls “ZLms — T2 _L2
L; = Lpsas  Lpsbs  Lpscs = -5 Lis + Ls — =5 . (19)
Lesas Lesps  Lescs —% - Lins Lis + Lins

For the inductance of the rotor windings L,, the rotor self-inductance Lsrar, Lypspr, Lerer
consist of the leakage inductance L;, and the magnetizing inductance Ly, so it has:

Larar = Lbrbr = Lerer = Llr + Loy (20)

= 0(3)5) - () =

The mutual inductances between the two rotor windings are all equal and related to
the inductance of magnetization as:

27 1 1/N\?
Lawpr = Larer = Lyrar = Lirer = Lerar = Leypr = Ly COS( 3 ) =—zLy = ) (r) Lins (22)

where,

2 NS

where Nr/Ns is the turns ratio of the stator and rotor windings #, inductances of the rotor
windings are given by

2 _72Lys — 2 Lws
Larar Larbr Layer Lls —i—LTl Lms ! 22 n2 L2
— Lms _ 72 Lms
L= Lyrar  Lipror  Lprer 2 Lis +n"Lus = (23)
Lerar  Lepr Lerer —n? Lg:s —n? Lg:s Lis + n2 Lons

The same analysis is performed to inductance between the stator and rotor windings
Ls;, considering the rotating at a speed w;, the relative position 8,, which is the displacement
angle [37]. Considering the turns ratio between the two windings, we have:

Lasar = Ly (ﬁ) COS(Gr) = (zs)Lms COS(Qr) (9r = / w,dt). (24)

So we have the other mutual-inductances

N,

Lasar = Lyspr = Leser = > L5 cos 9r) (25)

[

N;
Lyspr = Lpscr = Lesar = (N) Lins COS( ) (26)

N; T
Lascr = Lpsar = Lespr = <N) Lms cos (Gr 3) (27)
So the matrix L, is given by:

Lasar Lusbr Lascr COS( ) cos (9” + ZTH) cos (9 27)
Lsy = Lbsar Lbsbr Lbscr = nLps | cos (97 ZTT() COS<97> COS(Qr 2??) (28)
Lesar Lespr - Leser cos(0, + &) cos(0, — &) cos(6y)
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Finally, from Equations (19), (23), and (28) for the calculation inductance of the stator
and rotor windings, and mutual-inductance the full flow connections of the induction
motor are obtained.

As an analytical approach for trying to elucidate this problem, the authors consider
the hysteresis model suggested by [38] that was applied to transformers. In this case,
minor but providential adaptations were added to that model by including the leakage
inductance, for its inherent and significant influence, as well as by considering the value of
the circuit parameters of the stator and the rotor as being the equivalent and referred to the
primary, that is the stator.

The basic principle of hysteresis can be described through two principles; the first is
related to the magnetization curve, with the presence of saturation, which is mathematically
fitted with any function that adds signal coherence. In the second, the magnetization
current will always present the static and dynamic components, described by:

i(At) =i(A(t)) + kd/;igt), (29)
where A(t) is the magnetic flux linkage along the time and k is a constant of proportionality.
Considering that the Equation (29) must be derived for Ohm’s and applying Lenz’s
law to the winding circuit we obtain:
V(t)=ri(t) + kM. (30)
dt

Based on this, it seems to be clear how effective the influence of the residual magnetism
is on the instantaneous value of the current by including the fact that it contributes for not
allowing us to affirm that the initial value of this current should be null. Moreover, it shows
how the instantaneous voltage has similar influence on the instantaneous values of the
current. Nonetheless, the influence of the choice for the preferential or common connection
does not seem clear, since any choice does not represent a change in the phasor voltage
sequence that would cause the rotor to invert its rotating direction.

At last, due to its key influence, the observed difference in the behavior of the residual
magnetism for the common and preferential connections seems to be the most important
item to be researched. For its turn, its initial value and behavior also have not electrical
or magnetic influences but mechanical, as the percent of the rated load, instantaneous
speed and even thermal conditions of the magnetic circuit of the inductions motor. This
challenging scenario has made the authors investigate this problem experimentally in view
of contributing to addressing this very unclear issue.

In the analysis, the current of 10 starts are evaluated, for which the average and
standard deviation are calculated. The standard deviation is given by:

std_Dev =

1 n _
p— Y (ip— 7% 31)
p=1

wherein, y; , is the value of the predicted output i in object p and ¥; is the average of the
variable i.

3. Results

To check under what conditions the difference between the values of the switching
current to the delta commutation occurs in the common and preferential forms, ten starts
were performed for each of these two forms. In each of the starts, the motor was in the
resting state without any load on its shaft and was run for only a few minutes. In order to
record the transient current, the current probe Tektronix® model A-622, Blumenau, Brazil,
was connected to an oscilloscope and applied to the same phase.

First, the model was applied to the common form of delta connection, to serve as a
reference. Ten starts were performed and the waveform of the switching current of the delta
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connection was recorded (see Table 1). The presented results show that, except for two of
the occurrences, with 9.4 and 11 A, the amplitude of the switching current is characterized
by an average and homogeneous value of about 18 A. However, the most important
result is that the value of the amplitude of the switching current is not repetitive, which
confirms the statistical nature of the event and the influence of the residual magnetism, as
previously mentioned.

Table 1. Amplitude of switching current—At = 100 ms.

Amplitude (A) for the Amplitude (A) for the
Start .
Common Form Preferential Form
1 18.2 13.0
2 11.4 10.2
3 17.8 12.2
4 18.0 13.0
5 18.0 7.8
6 18.0 9.2
7 17.8 13.0
8 18.2 9.8
9 9.4 14.4
10 11.0 13.6
Average 15.8 11.6
Std Deviation 34 2.1

For the sake of illustration, Figure 5 shows a typical waveform of the switching current
of the delta connection for the ten different starts performed.

Tek JL. M Pos: 64.00ms MEDIDAS

M 50.0rms
13=dun=17 20:27

Figure 5. Typical current waveform for the common form of delta connection—At = 100 ms. (Vertical
scale—5 A /division; Horizontal scale—50 ms per division).

In the sequence, ten starts were performed for the same motor, under the same
conditions, except for the delta connection in the preferential form. Table 1 shows the
experimentally obtained values for the amplitude of the switching current for each of the
ten starts, with the time interval between the star and delta connections (At) set to 100 ms.

As expected, for the preferential form of the delta connection, the average value for
the amplitude of the switching current is significantly lower than that obtained for the
common form, which justifies it being given the designation. In addition, it can be noticed
that the variation of values around the average value, or the mean deviation, is also smaller
than in the common form.

Thus, for the sake of illustration, Figure 6 shows a typical waveform of the switching
current for the preferential form of delta connection, with the same value of At, 100 ms.



Energies 2021, 14, 1318 11 of 15

Tek EHE M Pos: 64.00ms MEDIDAS

I 50, 0rns
13=dun=17 20:25

Figure 6. Typical current waveform for the preferential form of delta connection—At = 100 ms
(Vertical scale—5 A/division; Horizontal scale—50 ms per division).

In this case, the value of the amplitude of the switching current was about 13 A, with
negative polarity. In the sequence, ten other starts of the same motor were performed, in
the same conditions as before, with the connection in the common and preferential forms,
but with a value of At set to 50 ms.

The expectation for the results of these tests was that the average value of the ampli-
tude would be significantly smaller than that for the similar conditions of before, since
a smaller time interval (At) does not allow a significant loss of the rotor speed due to its
inertia, and thus, a smaller amount of power is required from the power grid in the form of
part of the switching current to compensate for the unavoidable loss of speed (see Table 2).

Table 2. Amplitude of the switching current—At = 50 ms.

S Amplitude (A) For the Amplitude (A) for the
tart .
Common Form Preferential Form
1 10.8 9.6
2 11.4 94
3 15.2 6.2
4 114 11.2
5 15.2 7.2
6 15.2 7.0
7 15.2 12.0
8 9.2 6.8
9 15.6 11.0
10 11.4 11.6
Average 13.1 9.2
Std Deviation 2.3 2.1

From a comparison with the results obtained with those of this same form of delta
connection, but with At set in 100 ms, shown in Table 1, it is observed that, on average,
the amplitude of the switching current becomes significantly smaller, although the value
of the mean deviation is the same, which confirms the expectations. On the other hand,
it is interesting to note that, on average, the amplitude of the switching current for the
common form of delta connection with At = 50 ms is still significantly higher than that for
the preferential form with a higher value of At, 100 ms.

A typical waveform of the switching current, in the function of time, is shown in
Figure 7 for the common form and At set to 50 ms.
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Figure 7. Typical current for the common form of delta connection—At = 50 ms. (Vertical scale
—b5 A/division; Horizontal scale—50 ms per division).

For the tests with the delta connection in the preferential form and common form, At
with a value of 50 ms, the results of the values of the amplitude of the switching current
are shown in Table 2.

From the results of Table 2 and a comparison with all the previous results, it is noted
that the reduction of the value of At causes a significant reduction in the amplitude of the
switching current, regardless of the form of connection, as expected. On the other hand, the
results confirm that, as also expected, for the same form of delta connection the reduction
of At tends to decrease the amplitude of the switching current.

In Figure 8 the waveform of the switching current, in the function of time, is shown in
one of the ten starts.

Tek S M Pos: 64.00ms MEDIDAS

1 S0.0ms
13-Jun-17 20:24

Figure 8. Typical current waveform for the preferential form of delta connection—At = 50 ms (Vertical
scale—5 A/division; Horizontal scale—50 ms per division).

In this case, the current peak also has negative polarity.

4. Conclusions

The results presented in this work show that for the widely spread option of the
star-delta start of induction motors, for which there are two possible forms of the delta
connection of the stator winding, one has a switching current with a lower average value of
amplitude and is, therefore, considered the preferential form. The other form, on average,
has a greater value of the amplitude of the switching current and is, curiously, the most
commonly indicated and recommended form.
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Thus, the choice between one of these forms has important consequences, since the
amplitude of the switching current is one of the most recognized disadvantages of this
starting option due to the need for careful analysis and setting of the relaying system for
the motor’s protection.

This situation becomes even more critical since the star-delta start shall remain for a
long time as the very first choice for drive motor systems despite the undeniable growing
competition offered by the other start options, based on power electronics components.
Thus, the methodology of comparison of the options available for the star-delta start
proposed and implemented here, based on an adequately developed arrangement of tests
for an induction motor of common use, running idle, experimentally indicates that the
influence of the connection effectively exists, which is significant and overlaps with the
effect of the loss of speed during the switching time interval, along with the inertia of the
motor shaft rules.

The results also confirm the influence of the residual magnetism of the magnetic circuit
of the motor, which explains why the peak of the switching current may have a statistical
nature, by including the negative polarity. The evaluation in different phases did not result
in a variation in the results, so the results of the three-phase system were not presented,
since the results are equivalent for each phase.

Lastly, it is important to reinforce that, although this analyzed issue is not so widely
present in the literature, the obtained results favor the deepening in studies looking for
economically feasible ways to mitigate this switching current, even for the case of the
preferential form. This paper shows that there must be an evaluation of the preferred
connection depending on the conditions in which the motor is used; using a standard
form in all conditions can cause greater losses. For this reason, the evaluation of the motor
connection type is a matter that must be checked in order to improve the efficiency of
electric motors. Other time intervals can be evaluated to check their influence on the shape
of the star-delta starting.
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