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Abstract: A technique to improve the performance of grid-connected induction motors by exploiting
an auxiliary winding set is proposed in this paper. This auxiliary winding features the same distribu-
tion of the main winding, although with a reduced number of turns and it is fed by an inverter a
fraction of the power in comparison with the rated size of the induction motor. As shown in the paper,
through the auxiliary winding, it is possible to set the machine power factor, increasing the efficiency
of the power conversion system and mitigating speed oscillations due to torque disturbances. A
mitigation of the grid current peaks due to motor start-up is obtainable. First, the proposed technique
is theoretically introduced, then a feasibility assessment is accomplished by simulations.

Keywords: power factor correction; efficiency; induction machines; pulse width modulation invert-
ers; dual stator winding machines; harmonic compensation

1. Introduction

The replacement of obsolete electric motors with new, more efficient ones could pro-
vide considerable advantages in terms of polluting emissions, energy resources exploitation,
and manufacturing costs. For this reason, the mandatory compliance of industrial electro-
mechanical systems with gradually increasing efficiency requisites has been enforced all
over the world in the last decades. This can be accomplished either by increasing the
efficiency of motors, for example, according to European Union (EU) IE2 and IE3 efficiency
levels [1], or by replacing direct online electric motors with electric drives.

Despite the wide variety of electric motors available on the market, low- and medium-
power three-phase direct online induction motors (DOL-IM) are by far the most dominant
in the industrial sector, providing a wide variety of constant speeds and variable load
applications where dynamic response requirements are not critical, such as pumps, fans,
and compressors. Affordability, durability, easy functioning, and easy maintenance are
some of the major factors driving the ever-increasing demand for induction motors. High-
efficiency DOL-IMs [1] in industrial applications provide a significant reduction in energy
consumption and environmental impact; however, they are still burdened by a low power
factor (PF) at partial loads, which can be only mitigated by adding power factor correction
capacitors. Moreover, large in-rush current is very commonly generated at start-up, leading
to voltage dip, speed loss, torque pulsations, and possible activation of protection devices.
A wide diffusion of variable speed drives (VSDs), featuring either torque or speed control,
has been experienced in the past thirty years due to the advances in power electronics
technology and control strategies, which have allowed an increase in the efficiency and
reliability of electric drives [1-4]. Suitable Pulse Width Modulation (PWM) strategies
have been developed that are able to cope with adverse effects related to shaft voltages,
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bearing currents, motor insulation breakdown, and electromagnetic interference (EMI)
issues [5-11]. However, despite clear advantages achieved in terms of efficiency, induction
motor drives are much more expensive than DOL-IMs, leading to the development of
some intermediate or hybrid solutions. One of these solutions is represented by direct
online double-winding IMs (DOL DWIM) [12-14]. They were proposed to overcome some
typical drawbacks of conventional induction motors, mainly poor efficiency and power
factor, by exploiting a partial power converter, which means an inverter rated at only a
fraction of the motor rated power, cutting the cost. According to the DOL-DWIM approach,
a special induction machine is used, encompassing two full sets of stator windings: one
being directly connected to the grid and a second one being fed by an inverter supplied
through a floating capacitor [12-17]. According to the basic DOL-DWIM configuration,
the two winding sets feature the same number of turns; thus, the inverter supplying the
second set is rated at the grid voltage, although at remarkably lower power. DOL-DWIMs
are generally managed by simple control algorithms, mainly developed in order to control
the PF under sinusoidal steady state operation [12-17].

An advanced DOL-DWIM configuration is presented in this paper, aimed at achieving
new valuable functions in a cost-effective way, such as dynamic, active, and reactive power
control; a reduction in in-rush current; and the mitigation of torsional vibrations generated
by periodical torque disturbances or distorted grid voltages [18], which lead to acoustic
noise and additional mechanical stress.

As shown in Figure 1, the proposed DOL-DWIM configuration features a grid-
connected main winding and an auxiliary three-phase winding set featuring a lower
number of turns, located in the same stator slots of the main one. The auxiliary winding
is supplied by a voltage inverter featuring a floating DC-bus capacitor. As the auxiliary
winding has less turns than the main one, the inverter power and voltage ratings are much
lower than those of the motor.

Induction Machine Equipped with Auxiliary Winding Set

""""" Vasi TP Vas2
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Figure 1. Double-winding induction motor (DWIM) featuring an auxiliary winding set, fed by a
three-phase low power, low voltage, Voltage Source Inverter (VSI).

The outline of this paper is as follows: First, the modeling of the electromechanical
system is presented in Section 2, and the control strategy implemented in the auxiliary
winding set is described in detail in Section 3. Thereafter, the capability of the combined
multi-winding sets motor, floating capacitor inverter, and control strategy to efficiently
control the power factor PF, mitigate the detrimental effects related to distorted main grid
voltages and mechanical torque vibrations, and reduce the large inrush current driven
by the induction motor during the starting period is thoroughly investigated in Section 4.
Finally, the conclusions are stated in the last section.

2. DWIM Model

It is assumed that the two polyphase stator windings [19-23] are distributed in order
to produce sinusoidal magneto-motive forces; moreover, the effects of the saturation of the
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magnetic core are neglected, while iron losses are considered according to [24]. The voltage
and flux equations of the DOL-DWIM, written in complex form f,4 = f; — jf4, according
to an orthogonal gd reference frame rotating at the angular frequency w, of the input stator
voltage vector, are given by [23]:

. qudsl .
Ugds1 = Ts1lgds1 + T + ]we)qusl @
/ Y Y] d)\;dﬂ . /
qusZ - rsZquSZ + dt +jwe qds1 @)
dA!
. roo.

Updr = Trigay + TZ + j(we — wre)Agy, @)
Aqul = Llsliqul +Lm [iqul + i;dsz + i;dsr} 4
A;dSZ = L;SZi(/]dSZ +Lm [iqdﬂ + itlydsz + itfqur} ©)
A;dsr = L;sri;dsr +Lm [iqul + i;dsz + i‘/qur} (6)

. d/qur . .
RFelque T +]w€/\qdm /\qdm = LMlqdm 7)
iqul + i;dsz + ii]dsr = iqdm + ique (8)

where vgg51, Agas1 and v; oy A; 4sp are the stator voltages and fluxes of the two winding

sets, separately; v and A; 4 are the rotor voltages and fluxes, respectively; 11, rs1 and

/

dsr
r;z are the rotor ar?d stator resistances, respectively; Ly is the mutual inductance; and L;r,
Lis1, and Lf s, are the rotor and stator leakage inductances. All electrical quantities of the
auxiliary winding set are referred to in the main stator winding. Moreover, wy. = ppwsm,
where w;y; is the angular rotor speed and pp is the number of pole pairs. The equivalent

circuit of the DWIM is depicted in Figure 2.

2 o
Idsi o Welgst Llsl L’h‘ (we'wre)/‘-qr i’

(b)

Figure 2. Equivalent circuits of the DWIM in the synchronous reference frame: (a) g-axis and (b) d-axis.

The electromagnetic torque is expressed in Equation (9), [25,26], and the relationships
between the total electromagnetic torque T, applied to the motor shaft and the torque
related to the mechanical inertia J, the load torque T}, and the frictional torque F are
described in Equations (10) and (11). 8,4, is the rotor position.

T, = 3/2PPLM[(iqsl + i,;sz - iqu)i‘lylr - (idsl + inlisz - idFe)i;r} (9)
dwm

Te=Tp+ =" + Fom (10)

Wy = Gad (11)

dt
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3. Control System

The main stator winding set of the DOL DWIM is directly connected to the grid and
it is tasked with handling the main power flow toward the mechanical load. Differently,
the additional stator winding set is supplied by a floating power inverter, which enables
a current vector control according to Figure 3. Low-cost devices are used to measure the
AC quantities in both windings. An analysis of the different blocks composing the control
system is presented in the following.

~

Vasl I Vas2 +
§ ' M —= — — Vde Control
AC I B VST 5
a o Vbsi o Vbs2 . Vae _
GRID I ]J Aux. T C PI
Vest| Winding Set ||| Ves2 1% - — e
- - - -
L >
. £ k
labs! Vabsi 'ij Orm vang vl vkl
Ty +AT, abs2
las1—» lgsl [timer
. as2 + : .
e / o B
dsl + <
vk | )
[' bs2  _+ ! N;i/Nso -5
las2—» 92 + <
Tps2—> g li‘ks." + Inrush Current Comp.
+
PF Conrol
T Vabeharm Decoupled qd Current Control
P~
a 0,0 PI
( (K
v, i Pi
qharm +¥! ghar
Pl | BPF
v e Vi i3 A\ - ‘abs1
. abcharm ; _ cos
P (e | v Pl | BPF| lgs1 ; PF |cosp
abeharm = 1 0 | .._If als! | Calc.
O \o 1 —t
gharm harm : C
PI BPF . : A
= Vaharm i? f\ T Vs | Grid Synch. @,
PI = ‘I ™ Algorithm —>§e
:..aT ......... _'1'”'- ....... § r{f.j’
Harmonics Compensation I Harmonic Selection (FFT) E;

Figure 3. Block diagram of the proposed direct online (DOL) DWIM control solution.

3.1. Grid Synchronization

The control system driving the floating capacitor inverter is mainly based on a stan-
dard vector control approach approximating a stator flux orientation, which is achieved
by transforming the three-phase utility voltages abc into a reference frame synchronous
with the grid voltage vector phase f,.. The last quantity can be determined with one of
the well-known grid synchronization algorithms available in the literature [27,28]. In this
work, a decoupling algorithm was exploited to remove all of the unwanted harmonic
components from the measured voltages in order to keep the phase-locked loop (PLL)
locked to fundamental harmonic, positive-sequence component at all times [29]. The block
diagram of the grid synchronization algorithm based on a multi-harmonic synchronous
reference frame (SRF) filtering (MSF) structure is shown in Figure 4. The basic idea is to
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estimate each voltage harmonic set by applying a low-pass filtering after a reference frame
transformation synchronous with the corresponding harmonic frequency.
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Figure 4. Block diagram of the multiharmonic SRF filtering (MSF) algorithm.

3.2. Active and Reactive Power Control

The machine active and reactive powers are functions of auxiliary winding currents
igs2 and 45, which can be managed to control the PF under different load conditions. By
neglecting the voltage drop due to stator resistances and leakage inductances, the active
and reactive power generated by the auxiliary winding can be expressed as:

Py = 3/2(vgs2igs2 + Vasaias2) Q2 = 3/2(vgsaias2 — Vaszigs2) (12)

If the g2-axis is aligned to the main grid voltage vector v 451, the active and reactive
power can be approximated to:

Py = 3/20452i4520Q2 = 3/ 204521452 (13)

Hence, it is possible to control the machine reactive power by acting on the d-axis
current of the auxiliary winding i, in order to track a desired power factor at the main
stator winding terminals. The g-axis current iz can be managed to control the active
power required to hold a stable voltage in the floating capacitor of the isolated two-level
inverter supplying the auxiliary winding. A certain amount of active power is required
by the floating capacitor inverter to compensate for power devices and capacitor losses.
Hence, two external control loops were included in the control structure in order to achieve
the desired PF and DC bus voltage V.

3.3. Active Mitigation of Mechanical Vibrations

The auxiliary winding can be also exploited to mitigate vibrations generated by peri-
odical torque disturbances or distorted grid voltages. Torque disturbances AT, generate
harmonic components in the stator currents iz and iy, yielding vibrations in the me-
chanical system. They can be mitigated by generating compensating components of the
electromagnetic torque by means of the auxiliary winding set. In particular, in case of

(k)

motor operation under a highly distorted grid voltage, some current harmonics set i, ,

ib(fl), if(skl) of amplitude Ik and angular frequency kw, are superimposed to the fundamental
current set iﬂls " igs " iil , of magnitude I; and angular frequency w,. Therefore, it is possible

(k) (k)

to identify each couple of current harmonic components i,/ and i, in the gd current plane

by applying a suitable reference frame transformation:

: iasl 2 2 Z.asl

ig1 | _ o } _ 2| cos(wet) cos(wet — 57)  cos(wet + 57) } 14

{ ise1 (6e) ;hsi 3| sin(wet)  sin(w,t — %7‘() sin (w,t + %7-() ;bf (14)
CcS cS

=i 4 0 = O B gk Vet 1—if - k=2,5811
igs1 = gy + L dggg =g + L Iy cos|( )wet] +1—if - k=257811,...

) = ) ) = ) —-1—if -k=4,7,10,13,... (15)
g = i) +L i =il + k);l 19 sin|(k + 1)co,t] 0—if »k=36912,...
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where i gsl and i,; are the DC components related to the fundamental current harmonic.
These current harmonics are identified through a standard harmonic identification algo-
rithm based on fast Fourier transform. Each undesired harmonic present on the main
winding current is then reproduced with the opposite sign on the auxiliary winding
through a specific closed-loop current control. A control structure composed of some paral-
leled current control modules is thus required to mitigate mechanical vibrations featuring
different frequencies, each module being threshold-activated on the basis of the actual mag-
nitude of the specific stator current harmonic to be attenuated. Similar considerations are
valid in case of mechanical vibrations caused by shaft eccentricity, mechanical imbalance
phenomena, or bearing aging.

3.4. Inrush Current Mitigation during Startup

The large line currents that occur on the grid at motor start-up can be mitigated by
exploiting the charge stored in the floating capacitor by implementing a proper control
strategy in the DOL DWIM. For achieving this additional feature, a suitable selection of the
floating capacitor and of the inverter current rating is required. In particular, the inrush
current in the main stator winding can be reduced by exploiting the energy stored in the
floating capacitor to reduce the power drawn from the grid. This can be accomplished by
generating a set of currents exactly in phase with the currents flowing in the main winding
during the first few cycles of the grid voltage. The measured main winding currents iz
and iy are firstly scaled by the turn ratio of the two stator windings; then, they are used as
references of the closed loop current controllers managing the auxiliary windings voltages
in order to generate three phase currents i, in phase with i,;.1, thus allowing a sharing
between the inrush currents of both windings.

4. Performance Assessment of the Grid-Connected DWIM

The control strategies described in the previous section were assessed via a simula-
tion analysis realized in Simulink/MATLAB, as shown in Figure 5a. The model of the
electromechanical system, shown in Figure 5b, was realized according to the data listed
in Table 1. Implementation of the multiharmonic SRF filter and harmonic compensation
system are presented, respectively, in Figure 6a,b. According to Table 1, the considered
machine features a turns ratio between the main and auxiliary windings Ng1/Ns» = 5. The
floating capacitor inverter was driven with a space vector modulation (SVM) at a switching
frequency fs of 10 kHz and the DC bus voltage control held an average voltage V. of 150 V.
The inverter was equipped with a 5 mF floating DC bus capacitor.

Table 1. Multi-winding induction motor data.

Winding 1 Winding 2
Stator Voltage Vs 400 Vrms 60 Vrms
Stator Current Is 25 Arms 60 Arms
Stator Resistance Rs 0.2147 Q) 0.01Q
Leakage Inductance Lis 0.991 mH 40 uH
Rotor Resistance r'r 0.2205 Q)
Magnetizing Inductance LM 64.2 mH
Iron Losses Resistance RFe 700 Q)
Nominal Rotor Speed wrm 1460 rpm

Mechanical Inertia | 0.102 kgm2
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Vs s

Ve ;
s
Vabcs :’,:ss: "“5(*“_'-

t=ta
Belooh | Lo wy visten—<Tas1C1]
ransformation
oplqd (+1)
etvas1
o o]
Bs1
o L o ]
Transformation
afiqd(-1)
[>T
WETsz"
Vds1(+1) Vs i(+1) THWFT s 1) m
i
et (1) LPF Trapez !
{
VEED e T ]
i e T 051+ 1) |
— LPF Trapez |
OC 1) |
!
[Vas1 [-1) |
s s |
gty Vet | TrwiTe Tz Vast ety ‘
|
) LPF Trapez |
51 (+
wi*Tsz - |
Wi Trds 1) — ‘
vatey 0w R <astn) ! o U v 1
T LFF Trapez ' 10 Fr_ - *‘Ltp‘ I
SeTET | FERDEEE ] | ==l =--wVg i ;
L 1 (g} I »
e F s e Ve Vabelvabeham
| BFF T L gy P T ;
—————— - 5 | .
ete_sst] L ocieta est Lo merEeE L T i
rast Cap—ves: e ' qdtoabe
& weesth—Dwe est BPF iteta_sst—
iteta_est>

(a) (b)

Figure 6. Simulink block diagram of the: (a) MSF algorithm and (b) harmonics compensation.



Energies 2021, 14, 2178

8 of 16

A first set of tests dealt with assessing the capability of the proposed solution to
regulate the reactive power exchange between the power conversion system and the AC
grid in a wide operating range. The performance of a standard IM featuring a single stator
winding was compared with that of the DWIM under same load conditions. Active and
reactive power flows associated to the fundamental harmonics in both main and auxiliary
windings are shown in Figure 7. The simulation results are shown in Figure 8.
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Figure 8. (a) Active and reactive power (P; and Qj, respectively), (b) power factor PF, (c) main winding current magnitude

I51, (d) auxiliary winding current magnitude Iy, (e) p.u. back-electromotive force (EMF) variation AE;;, computed at 20%

and 40% of rated torque T}, for different values of i;4, (solid lines—standard IM; circles—DWIM).

The active power P; and reactive power Q7 absorbed by the DWIM are reported in
Figure 8a,b as a function of the current izs. The magnitude of currents in both windings,
PE, and the per-unit (p.u.) variation of the back-electromotive force (EMF) E,; are displayed
in Figure 8c—e, respectively, considering two different load conditions: 20% and 40%
of the rated torque. The same figures include the corresponding quantities computed
for the single-winding IM configuration (the same electrical machine without auxiliary
winding) operating under the same load conditions, whose values are indicated in the
figures with horizontal solid lines. By varying i;,, a beneficial effect is achieved, consisting
of a reduction in Q7 and leading to an improved PF (Figure 8c). This causes a reduction
in the current flowing through the main winding, as shown in Figure 8d. This last result
is justified even by the increase in the back-emf E;; of the DWIM in correspondence with
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an increase in iy, as clearly shown in Figure 8e; the last variation is in any case limited
to a few percentages of the back-EMF of the DWIM with iy, = 0. The variation in E,, is
associated to a variation in the magnetizing current.

The proposed approach can lead to a reduction in the active power P; absorbed by
the DWIM at partial load, leading to an efficiency improvement. This result is confirmed
by the analysis summarized in Figure 9, where the iron and total Joule losses are computed
for the standard single-winding IM configuration and the considered DWIM as a function
of the current ijs. In particular, Figure 9 displays the difference between the standard
IM and DWIM total Joule losses APj (stator and rotor) and iron losses APf., with both
motors operating under the same loads. The joule P; and iron P, losses referring to the
single-winding IM are the points displayed in the three graphs at iz;; = 0. Notably, in
DWIM, by increasing iz, iron losses rise and total joule losses initially drop and then rise.
Thus, by suitably selecting 45, the balance between iron losses increase and joule losses
drop may lead to a neat reduction in total power losses and to a higher efficiency compared
with the conventional IM. This beneficial result is strictly related to the motor design, load
condition, and desired power factor PF. If we assume to operate the DWIM at PF = 0.9,
thus requiring iz ~ 25A (Figure 8c) and a load equal to 40%7T},, a total loss reduction
APy equal to 3% can be achieved compared with the standard IM configuration. On the
contrary, the same DWIM operated at PF = 0.9 and a load equal to 20%T},, will require
a iz = 404, yielding a AP}y / Pjyss less than 0.8%, significantly reducing the efficiency
improvement of the DWIM. The implementation of a losses minimization algorithm is
not the focus of the paper, and more details on how to approach this aspect can be found
in [30].

Simulations were performed over a wide load range and the results shown in Figure 10
confirm the effectiveness of the proposed approach in increasing the power factor by acting
on izs with marginal variations in the additional power losses, although the improvement
becomes progressively less relevant as the load increases.
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Figure 9. (a) Total loss variation in p.u. AP, (b) joule losses variation in p.u. APj, and (c) iron losses variation in p.u. APp,
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points displayed in the three graphs at i, = 0.
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Figure 10. (a) PF, (b) APloss, (c) root mean square (RMS) value of the main winding current IRMS1, determined under
different loads TL.
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According to Figure 10b, for a given load condition, negative losses AP s can be
achieved by suitably selecting i, leading to higher efficiency compared with the standard
IM. Figure 11 deals with some results obtained by holding the PF at 0.9 by means of the
control system. As shown, under constant PF operation, i;5, and the reactive power Q»
decrease when decreasing the load torque and the absorbed active power. Moreover, only
a small active power P; is transferred from the grid to the auxiliary winding. Finally, both
the active power P; and reactive power Q; are changed by the controller in order to keep
the power factor constant. The power handled by the auxiliary winding in the worst-case
scenario, i.e., a very light load, is roughly one-fifth of the standard IM rated power.

The dynamic behavior of the PF controller was also evaluated and some results are
shown in Figure 12, dealing with a sequence of step loads T} using a standard DOL IM
and the proposed DOL DWIM. A rather satisfying dynamic behavior was achieved with
the DOL DWIM, which was able to hold the PF constant.

The test results shown in Figure 13a confirm the effectiveness of the proposed approach
in mitigating the oscillations of the rotational speed caused by an externally applied
sinusoidal shaft torque disturbance AT}, = 20 Nm (20% of rated torque) at 100 Hz. We note
the remarkable speed ripple reduction after the instant ¢;, when the current control in the
auxiliary winding set is activated.

Figure 13b depicts the mitigation of the speed ripple generated by a fifth harmonic
component (f; = 250 Hz) superimposed to the fundamental AC grid voltage. At t;, the
compensation algorithm is turned on, leading to the reduction in the speed ripple. A very
small V. ripple was also observed in both cases.

The effects of the harmonic compensation on motor quantities are shown in Figure 14.
The obtained results confirmed the theorical harmonic distribution given by Equation (15).
Specifically, a second-order harmonic disturbance on the electromagnetic torque and on
the mechanical speed produced a harmonic of the same order on the gd axis currents and
therefore a third harmonic disturbance in the phase currents on both main and auxiliary
windings. A different case is considered in Figure 15, where a fifth harmonic component is
superimposed on the AC grid voltage. Th theoretical findings and the effectiveness of the
harmonic compensation were also confirmed in this case.
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Figure 11. (a) Power factor control: TL and PF vs. ids2; (b) P1, P2, Ptot = P1 + P2; (c) Q1, Q2 and Qtot = Q1 + Q2.
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Figure 12. Dynamic transients under different torque load TL conditions: (a) in standard IM configuration and (b,c) in the
proposed DWIM configuration.

Finally, the effectiveness of the proposed approach in mitigating inrush currents was
evaluated by considering two motors rated at 3 and 15 kW. Figure 16 shows the currents in
the two windings during the start-up without and with using the proposed technique for
peak current reduction on the two motors. Figure 16a deals with the 3 kW IM using a 5 mF
flying capacitor, whereas Figure 16b deals with the 15 kW machine using 120 mF capacitor.
In both cases, at t = t2, the current control is disabled and the PF and V. controls are
activated instead. A remarkable mitigation of the grid current was obtained, as well as an
increase of the electromagnetic torque, although at the cost of rather high transitory currents
on the auxiliary winding. The floating capacitor has to be charged before the start-up of the
DOL DWIM. This goal can be reached in different ways by using low-power, low-voltage
circuitries. A viable solution is presented in Figure 17, where a cascade connection of a
small power transformer and diode rectifier was used to charge the floating capacitor. The
performance in terms of inrush line current mitigation clearly improved by increasing
the capacitance of the floating capacitor because this reduced the power drawn from the
grid. However, a large flying capacitor may be impractical in some applications; hence,
a smaller capacitor complemented by a parallel connected battery can be used instead.
An alternative approach consists of operating the start-up at a higher DC-bus voltage in
order to increase the energy stored in the floating capacitor. A cost-benefit analysis is also
required to establish the inverter ratings and thus the overcurrent mitigation level during
the start-up.
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Figure 15. Harmonic content of motor quantities with and without harmonic compensation when a 5th harmonic component
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5. Conclusions

The main aim of this paper was to demonstrate that the performance of direct line
connected induction motors can be improved by introducing an auxiliary stator winding
supplied by a partial power inverter. The auxiliary stator winding features fewer turns
than the main one, and thus has lower voltage and power ratings. However, if suitably
controlled, the additional winding allows for the achievement of an effective power factor
control and a compensation of torque oscillations produced by the mechanical load or by
distorted utility grid voltages. Moreover, under certain conditions, it is possible to mitigate
the line overcurrent occurring during the start-up of the induction machine. The proposed
solution is expected to be mainly applied for medium-high power range motors, where
the cost of the system could be more affordable.
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