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ABSTRACT This paper proposes a novel multifunctional topology for a grid-connected voltage source
inverter to control the speed and power flow of a squirrel-cage induction motor. For high-inertia loads
during startup, the issues faced include a large transient current and high heat generation. However, the
solutions proposed by existing startup methods are inadequate. The topology presented in this study not only
addresses the problems related to these methods, i.e., creating a smooth startup, but also presents a flexible
alternative for power factor correction using capacitor banks. First, the proposed technique accelerates the
motor smoothly to its operating point through the sinusoidal voltage provided by an inverter with an LC filter
in its output. In the second step of the control method, after achieving stability in the desired operating point,
a converter with an LC filter is assigned the task of power factor correction. Thus, the proposed topology
achieves a smooth startup and unity power factor. It includes a new control strategy in which the rotor
field-oriented control method is employed for the speed control mode. Finally, the validity of the proposed
theory is verified.

INDEX TERMS Field-oriented control, grid-connected inverter, induction motors, power factor correction,
startup process.

NOMENCLATURE fr Resonance frequency.
Grid: I Switching frequency.
u Grid voltage in the bus bar. Ve DC link voltage.
Vg, Iy Grid voltage and current in coupling point.
Ry, Ly  Grid resistance and inductance. Motor:
wg, fg  Grid frequency in rad/s and Hz. Vs, Is Stator voltage and current.
0, Voltage phase measured in rad. imr Rotor-magnetizing current.
R, R, Stator and rotor resistances.
Power converter with filter: Li, L., L, Stator, rotor and mutual inductances.
v, i Filter output voltage and current. o Total leakage factor.
Vi, I Inverter output voltage and current. T Rotor time constant.
ic, iy Capacitance and damping resistance currents. WOmr » O Angular speed of the rotor flux vector and
Ry, Ly, Cy  Filter resistance, inductance, and capacitance. rotor.
Or» Om Angular position of the rotor flux vector and
The associate editor coordinating the review of this manuscript and rotor.
approving it for publication was Meng Huang . T,, T, Electromagnetic and load torques.
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J Total moment of inertia.

B,, Coefficient of friction.

n,  Number of pole pairs.

N,, Motor nominal speed.

S, Motor nominal apparent power.
V.,  Motor nominal voltage.

I, Motor nominal current.

fa Motor nominal frequency.

Subscripts and superscript in an arbitrary variable x:

Xa, Xp, Xc  Phases in the stationary abc frame.
Xd, Xq Components in the dgq frame.

x* Control reference value.

x*! x*2 References for control modes 1 and 2.
Xy, Nominal (rated) value.

I. INTRODUCTION

Induction motors (IMs), particularly squirrel-cage induction
motors (SQIMs), are interesting for industrial applications
as they are compact, economical, and mechanically robust
for operation under rush conditions [1]-[3]. These motors
can be employed for various loads; however, medium- and
high-inertia fan-type loads are the most dominant industrial
loads for SQIMs.

The high inertia significantly affects the acceleration time
and motor heating. These factors are more critical for IMs,
given that, typically, the torque for the first half or more
of the torque—speed curve is relatively low, particularly for
high-efficiency IMs. Depending on the application and cost,
there are several methods for starting three-phase IMs driving
high-inertia loads; among them, the most common can be
classified into three main categories: full-voltage starting,
electromechanical reduced-voltage starting, and solid-state
starting [4], [S].

Full-voltage starting is the simplest method as it does not
require additional pieces of equipment. During full-voltage
(or across-the-line) starting, an IM is connected to the grid
through a contactor. Direct across-the-line starting is associ-
ated with a large initial current, known as the inrush current,
which is typically six to seven times the full load current and
is only used if the line disturbances can be tolerated, and
the driven load can withstand the shock of an instantaneous
application of full voltage to the motor. Although an IM
draws the inrush current for a short time, the duration is
directly proportional to the load inertia. Thus, for medium-
and high-inertia loads, it can result in more severe prob-
lems. For instance, the voltage drop at the incoming power
connection point resulting from the inrush current can make
the network unstable for other grid-connected equipment.
A voltage dip and its associated problems will increase in
severity if this large current cannot be handled simply in
in-plant capacitive buses. Moreover, the inrush current can
deteriorate the insulation between the windings by induc-
ing large transitory magnetic forces in the stator windings,
forcing the windings to move and distort from their actual
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position. During acceleration, the temperature rises rapidly
within both, the rotor and stator. As aresult, a higher heat level
due to a prolonged startup time associated with high-inertia
loads can cause serious problems, particularly for the winding
insulation; hence, it may not be possible to start the motor
again until it cools [4], [6].

Electromechanical reduced-voltage starting has been in
existence nearly as long as the IM itself. Auto-transformer
starting, wye-delta (star-delta) starting, and resistor/reactor
starting can be referred to as electromechanical reduced-
voltage starting methods, which can be implemented using
a mechanical switch or contact. These methods allow for
the limiting of the transient current peak. By considering
factors such as core saturation and skin effect, a reason-
able linear reduction for the drawn current can be expected
with decreasing voltage. However, these methods still present
some challenges; auto-transformer starting, for example,
causes a current spike at the transient instant and the resultant
transient torque may cause problems for the driven equip-
ment. Moreover, this method is more expensive than both
wye-delta and resistor/reactor starting. On the other hand,
overload protection for both the wye and delta connections
and additional contactors are some of the issues associated
with wye-delta starting. In a series-connected element, there
are problems such as the wastage of energy as heat in the
resistor and torque pulsations while switching the resistor or
reactor out of the circuit [7], [8].

Solid-state starters, introduced in the early 1970s, led
to the development of electronic soft starters as well as
inverter-controlled variable frequency drive (VFD) starters.
These devices employ programmable logic controllers in
combination with sophisticated power electronic circuits to
provide a smooth start. Electronic soft-starting techniques can
be classified into voltage ramp starting and current limit start-
ing methods. Voltage ramp starting progressively increases
the voltage supplied to the motor through control of the firing
angle of the switches (SCRs) [9]-[11]. Although voltage
ramps have a simple form, the voltage harmonics associated
with this method contribute to additional resistance losses
in IMs, while only the fundamental harmonic of the voltage
creates the working torque. In current limit starting, the user
can set a predefined maximum current that will be supplied
to the motor. However, similar to electromechanical starting,
the disadvantage associated with this type of starting is a
reduction in torque resulting from a reduction in current.
VEDs control an IM such that it operates on the right side
of the breakdown on the speed—torque curve at a low slip
(near-synchronous speed) through supplying a variable fre-
quency voltage. Using this method, a high torque can be
achieved across the entire speed range, implying that the
motor can rotate the load as slowly as desired and maintain
maximum torque. Its other advantages include eliminating
the mechanical stress and inrush current. As rotor losses are
associated with slip speed, a significant reduction in rotor
losses, and consequently, relatively little rotor heating during
startup is observed using VFD starting, and the problem of
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thermal stress (overheating) is not experienced. VFD offers
maximum control over the starting characteristic for any load
type. However, this method is considerably more expensive
than the other techniques discussed above and takes up more
space than other electronic soft starters. In addition, VFD
starting results in a relatively long acceleration time because
the maximum drive currents and accordance torque are typi-
cally 150-200% of their full load values. If faster acceleration
times are desired, the drive must be suitable for supplying
higher current during the startup period [12]-[14].

On the other hand, as existing motors are usually not
designed for inverter supply, feeding an SQIM through a
pulse-width-modulated voltage source inverter (VSI) subjects
it to voltage and current surges. This can result in several
issues, such as additional losses in the motor, insulation fail-
ure, high bearing current, and electromagnetic interference.
As a solution, an LC filter can be employed between the
VSI and the motor to create sinusoidal output voltages and
provide conditions for the machine similar to those for the
grid operation [15].

Clearly, all the methods described above present some
problems; moreover, after starting, the employed starting
equipment does not have any use in motor operation.
Although VFD is the most efficient method, it is expensive,
particularly when used with an LC filter to provide sinusoidal
voltage to feed the motor.

Therefore, this study proposes a multifunctional technique
for driving an IM with high-inertia load. We selected an
SQIM as it is the most popular IM in a wide range of indus-
trial applications. Although an SQIM has been considered
as the case study in this paper, the proposed theory can be
extended to other types of single- and three-phase motors,
including rotor-wounded IM. This study involves an inverter
with an LC filter to drive high-inertia loads. However, using
an inverter for only the purpose of starting a high-inertia load
can be expensive. Therefore, using the proposed multifunc-
tional topology, once the motor reaches a steady-state running
condition, the inverter can be used to supply reactive power to
the IM. Thus, the power factor can be significantly improved,
and the cost that utilities often charge for a lagging power
factor load because of the additional losses in the feeding
transformer and distribution line can be eliminated. In the
proposed theory, the inverter not only resolves the problem of
motor heating and helps adjust the machine torque, but also
injects the required reactive power to achieve a unity power
factor.

The proposed method offers a cost-effective solution to
improve startup and power factor features. It has been men-
tioned as a cost-effective technique because, generally, when
an inverter serves as a soft-starter, it goes out of the circuit
after completing the startup process. It means it does not
participate efficiently in the whole motor operation. Besides,
bank capacitors include several capacitors so that some can
be assigned to correct the power factor when it changes for
different loads. It also means that all capacitors are not always
in the circuit. Providing several capacitors in high powers and
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FIGURE 1. Proposed scheme of multifunctional grid-connected voltage
source inverter to drive induction motor with high-Inertia Load.

replacing the broken ones cost a lot, while these capacitors
only provide a unity power factor for a few discrete loads.

In contrast, for the provided topology, the inverter partici-
pates in the whole motor operation. Also, only one capacitor
bank as a filter is used in the system. This capacitor is
smaller than the general capacitor banks used for power factor
correction because it is not required to provide all reactive
power. Moreover, this topology provides a continuous range
of reactive power injection proper for different loads.

The rest of this paper is organized as follows. Section II
presents the novel topology to resolve the startup and power
factor issues. Section III describes the proposed control sys-
tem to control the speed and power flow. Section IV presents
the detailed verification results for both steady-state and
transient response of the SQIM for speed control and power
flow control modes, and demonstrates the effectiveness of the
proposed topology and its associated control technique. The
conclusion of this paper, including a summary of the main
points, is presented in Section V.

Il. PROPOSED MULTIFUNCTIONAL TOPOLOGY TO
CONTROL SPEED AND POWER FLOW
IMs are used in most industrial applications because they
are compact and economical. In such applications, IMs are
often integrated with heavy mechanical loads. This section
provides a better alternative for the challenges encountered
in starting high-inertia loads. In addition to the methods
described in the previous section to start up IMs, another solu-
tion employed by manufacturers is the use of a double-cage
induction motor to produce extra starting torque. However,
the torque of the machine under such a condition is not
adjustable; one of the problems addressed by the proposed
topology is shown in Fig. 1.

Fig. 1 shows a simplified diagram of the proposed multi-
functional topology. According to this scheme, by using an
inverter, the starting problem of the induction machine can
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be resolved. In the first operating state, when the system
is disconnected from the grid (offline mode), switches CB2
and CB3 are closed, while CB1 and CB4 are open; CB4
is to connect the auxiliary resistance bank. This operating
state aims to control the motor speed in such a way that
the motor accelerates while maintaining the torque, current,
and voltage within a safe limit; it can then provide a safe
connection condition to connect to the grid (online mode)
through a synchroscope. However, the usage of the inverter
solely for starting the induction machine would be costly.
Hence, the inverter can serve to improve the power factor
of the system during the steady-state operation in the online
mode (connected to the grid) because of its capability of
providing reactive power. Under such a condition, the inverter
will keep powering the induction machine with balanced
input voltages and currents. Thus, in the second operating
state, CB1, CB2, and CB3 are closed, while CB4 is open,
so that the grid provides the required active power and the
inverter injects the reactive power.

It should be noted that the encircled symbols in Fig. 1
indicate the electric and mechanical variables requiring mea-
surement for the control system.

IIl. PROPOSED SPEED AND POWER FLOW CONTROL

As mentioned above, the proposed algorithm involves online
and offline operating modes. The first mode involves speed
control (Step 1), and subsequently, the online mode controls
the power flows (Step 2) when the motor is fed through the
grid. A simple diagram of the control algorithm is shown
in Fig. 2. In Step 1, the SQIM is started up and acceler-
ated to reach its nominal speed and torque. Step 2 of the
control algorithm starts when the motor is stabilized at its
desired operating point and connected to the grid during a
safe connection procedure. Next, in Step 2, the SQIM is fed
by the grid, while the inverter is controlled to inject a desired
current to keep the power factor of the grid as unity. The two
steps create voltage references to command a VSI, as shown
in Fig. 2, where CM is the signal of the control mode to
command for switching between modes.

The control system involves transferring the system vari-
ables from the stationary abc frame to the dg frame. It also
adops an active damping (AD) technique to suppress the
resonant harmonics described below.

A. DESCRIPTION OF THE SYSTEM MODEL

The studied system is a three-phase two-level VSI-fed
15 kVA, 400 V, 21.7 A, 4-pole, 50 Hz, 1475 r/min, 3-phase,
star-connected SQIM with 3-phase second-order low-pass
sinusoidal LC filter. The system parameters are detailed in
Table 1, and the nomenclature used is shown on the first
page.

The control algorithm is based on the system model in the
dgq reference frame. In what follows, the mathematical models
of both SQIM and LC filters are derived through Park and
Clark transformations.
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FIGURE 2. Block diagram of speed and power flow control modes.

1) MATHEMATICAL MODEL OF SQIM

The dynamic behavior of an induction machine can be
described in rotor field coordinates by the following equa-
tions, where the effects of the core and eddy current losses
have not been accounted for [16]:

. disq . dipy
Vsd = Ryisg +0Lg dr - Ustmrlsq + U —o0)L

dr’
()
. digg . .
Vsq = Rslsq + ULs? + 0 Lswmrisa + (1 — 0)Lspmr iy,
(2)
: : di
lsd = Imr + Trﬁ, 3
1 iy
Oy = —(—) + npWm, 4

Tr lmr
where o =1 — L,%/(LSLV) and t, = L, /R,. The equation of
motion is
dwp
J—— =T,—Bywn —TL. 5)
dt

2) MATHEMATICAL MODEL OF LC FILTER
In the dg frame, the differential equations of the LC filter can
be presented as the following inductor current equations [16]:

. diig .

Via = Ryijg + Lfd_; — Ly wiig + Vs, (6)
. diiq .

Vig = Rfliq + Lf? + Lfa)lid + Vsq» (7)

and the capacitor voltage equations can be presented as fol-
lows.

. dvsa .
i = Cr d; — Crwvgg + isq (8)
. stq .
lig = Cf7 + Crovs + igg ©)]
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In the offline control mode, where the d-axis is oriented
in the direction of the rotor flux, & = 6, is used for dg
transformation, while in the online control mode, the angular
position of the reference frame is § = 6, to control the system
based on the phase and frequency of the grid voltage. Thus,
in (6)—(9), w for the offline and online modes is indicated as
wpyr and wg, respectively.

3) CALCULATION OF FILTER PARAMETERS

According to the method proposed in [17] and [18], which
forms the base of the LC filter design in this study, the
resonance frequency of the system should be in the range
between ten times the rated frequency (10 x 50 Hz = 500 Hz)
of the motor and one-third of the inverter switching frequency
(5000/3 Hz = 1666 Hz). The inverter switching frequency
that is acceptable for thermal reasons lies only slightly above
the resonance frequency of the LC filter. However, it causes
problems related to dynamic stator current control.

The selection of Ly is a tradeoff between the inductor cur-
rent ripple amplitude and inductor size. The filter inductance
is chosen such that the voltage drop across the filter inductor
and inverter current ripple can meet the following two criteria.
First, the voltage drop calculated from (10) should not exceed
the allowable value of 10% of the rated phase voltage of the
motor (400/+/3 V) at the rated frequency and current of the
motor (50 Hz and 10 A). Second, the current ripple defined
as (11) must be within 15-25% of the peak value of the rated
inductor current; in this case, the nominal value of the inverter
current is assumed to be equal to I,.

v = iR} + Qfuly)? (10)

Aip = e (11)

8fsLy
The capacitor value is determined such that the resonance
frequency of the system f, calculated based on (12) meets
its constraints. There is a tradeoff between the filter size and
attenuation of the resonance frequency by the control action.

1

R Niwe

where the equivalent inductance L., derived by the Thevenin
equivalent circuit of the motor and filter can be obtained as
follows.

fr (12)

Lf (Lis + L)

== 13
“d Ly + Lig + Lyy (13)

B. ROTOR FIELD-ORIENTED CONTROL FOR VSI-FED SQIM
WITH LC FILTER (OFFLINE MODE)
This study employs an active damping-based RFOC for a
SQIM with an LC filter for the offline mode when the system
is fed using a VSI only. Fig. 3 shows a scheme of the block
diagram of the speed control mode (offline state) [19].

The RFOC system for a SQIM is often used in adjustable
speed drives of the IM. This closed-loop cascade control tech-
nique is developed based on the motor equations expressed in
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FIGURE 3. Block diagram of the speed control mode.

a synchronously rotating dg reference frame aligned with the
rotor flux vector. In Step 1, as Fig. 3 shows, speed control is
performed to accelerate and stabilize the motor to its nominal
operating point through the outer loop of the cascade struc-
ture, when the rotor field is controlled by applying the ref-
erence rotor-magnetizing current. The output of the speed PI
controller, ijq, is used to provide the required electromagnetic
torque to track the reference speed. Instead of providing the
d and g reference currents, as shown in Fig. 3, an alternative
solution is to adopt the maximum torque per ampere (MTPA)
strategy in the speed control mode [20], [21]. This strategy
can be used to obtain optimum current references to mini-
mize the heat generated due to the resistance losses. MTPA
can provide the desired torque using a minimum current
during the accelerating time and before connecting to the
grid, to minimize the resistance losses. As shown in Fig. 3,
after decoupling the reference stator voltage components by
adding the decoupling terms, ey; and ey, given as

. dipy
esqd = —0 Lswprisg + (1 — o)L dr (14)
esq = 0 Lswmrisa + (1 — 0)Ls@myrimr, (15)

the resultant signals must be passed through a damping pro-
cess to generate the inverter voltage references. Applying v§
and vf] directly to the space vector modulation block results
in high-magnitude resonance oscillations in the stator voltage
and current. The proposed control algorithm, in the whole
offline mode, adopts an efficient current-based active damp-
ing technique to damp out the resonance frequency oscilla-
tions and to stabilize the unstable operating point added by
the LC filter to the closed-loop system through the generation
of Vig and V;, signals for the current control loops (Fig. 3).
Besides offering simplicity, this damping method does not
require retuning of the controllers of the conventional RFOC
without an LC filter.

The general equation of the electromagnetic torque in a
synchronous dg reference frame is given as

3 . .
T, = Enp(ksdlsq — Asqlsd)- (16)
However, in the rotor flux reference frame, where the ¢
component of the rotor flux A4 equals zero, (6) can be

rewritten as follows [20].

3 o
T, = Enp(l — 0)Lslnyrisq 17
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In the steady state, (d/dt = 0), i,y = igs, and thus, the
electromagnetic torque equation can be given as

3
Te = Snp(1 = 0)Lsisaisg. (18)

Referring to (5) and (17), the inverter must have the capa-
bility to provide the current needed to generate the required
electromagnetic torque to accelerate the motor to its operating
speed.

The motor must reach its nominal operating point before
reaching its voltage limitation. Due to the DC link voltage,
the VSI has limitations in generating its terminal voltages.
Omitting the possible overmodulation, the maximum inverter
output voltage V; max, defined in (19), is Vi./ V3.

Vizd + Vizq = Vi%max (19)
1) ACTIVE DAMPING TECHNIQUE

Similar to RFOC, the equation of the adopted AD technique
is formulated using dg variables in the rotor flux reference
frame. To implement the AD technique, the d and g com-
ponents of the inverter currents are first passed through a
low-pass filter to extract the dc component i, and then the
high-frequency components are obtained as (18).

lixy = tix — i, x = {d, q} (20

Next, the compensating voltage signals can be constituted
from (21). This method damps out the oscillations in the res-
onance frequency and stabilizes the unstable operating point
by subtracting these components from the stator reference
voltage signals (Fig. 3).

Vix = Kdamplix, ¥ = {d, q) (21)

The adopted AD is based on shifting the poles and zeros of
the unstable operating points of the closed-loop drive to shift
in the left-half s-plane. Thus, the damping coefficient must be
appropriately selected to meet this goal [22]. This study uses
the method presented in [19] to design the AD method and
select Kiamp-

It is possible to connect a proper value of resistance in
series with the capacitor to replace the system’s poles in a
proper position of the s-plane and make the system stable.
Resistance can be connected in series with the capacitor to
damp out the LC resonance. However, this solution increases
power loss in the system. An AD method can be used to
achieve lossless damping. In this way, a fictitious resistance
value is multiplied by the individual capacitor currents at the
resonant frequency and subtracted from the source voltages.
Thus, a damping effect of the resistance is emulated but in a
lossless manner.

C. POWER FACTOR CORRECTION (ONLINE MODE)

When both inverter and grid are synchronized through a
phase-locked loop before switching to the grid, and the SQIM
stabilizes at its operating point, Step 2 begins, in which speed
control through RFOC is not involved. In the proposed mul-
tifunctional topology shown in Fig. 1, the VSI is connected

196770

to a three-phase grid through an inductance working as a
filter. In this study, the grid resistance and inductance, R,
and Lg, are assumed to be zero, and a balanced state of
the grid is assumed. To design a control system for power
factor correction, the three-phase model of the AC side of
the inverter system can be expressed in the rotating reference
frame synchronized with the grid voltage using the Park
transformation, such as (6) and (7), when w = w,.

In industries, where most load is inductive load because
of the use of electric motors, capacitor banks are utilized
to correct the power factor to near unity. The capacitors are
switched in and out through mechanical contactors. However,
because these contactors are relatively slow, they cannot react
to sudden momentary dips in voltage, commonly observed
in a weak grid, and can add significant stress to the utility
grid [23]. In addition, these capacitance banks are designed
to provide a unity power factor only in a few specific loads.
A multifunctional VSI is proposed here as a dynamic volt
ampere reactive (VAR) compensator system. Through this
topology, the required reactive power is calculated, and then
instantaneously compensated by injecting leading or lagging
reactive power at the common point with the grid. Through
the VAR control system, reactive power is supplied to the
network within a fraction of a second. The control system
computes the amount of active and reactive power needed in
the synchronous frame, given by

P = vgiqg + v4ig, (22)
0 = v4iqg — vgig. (23)

The basic principle of the adopted method is to control the
instantaneous active and reactive grid currents, and conse-
quently, the active and reactive power through separate con-
trollers that are independent of each other. The grid voltages
and currents are first sensed, and through a phase-locked loop
(PLL), the grid phase angle and frequency are detected. The
amount of power required is first estimated from the utility
grid at the desired power factor; this allows the reference
currents in a synchronous frame synchronized with the grid
voltage to be calculated. Consequently, the current controllers
attempt to bring the actual currents to their references [24].

The reference currents i; and i} can be calculated from
the power equations (22) and (23), such that

Vsdp;k + Vqu;k

PGl BN o (24)

id V%d + V%q

i quP:'k + VsdQ;k

iy =~ (25)
Vid + vsq

Assuming zero active power command and given that in the
grid reference frame, vy, = 0, the current command equations
can be obtained as

: of
= 27)
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FIGURE 4. Block diagram of the power flow control mode.

To provide all reactive power using a VSI, capacitance Q7
in (27) can be calculated as follows.

Qi =05+ Q¢ =V Isqg — V_%d wa (28)

Although it is not the most accurate method for calculating
the reference reactive power due to variations in filter capac-
itance, it is the simplest one. As shown in Fig. 4, by cancel-
ing the effect of the coupling term between the d-axis and
g-axis, the PI current controllers can be employed to generate
controller voltages vfd and qu, and then form the inverter
reference voltages, as follows.

*

Vi = Vi 4+ vsa — Lywiig (29)

v:-kq = qu + vsq + Ly wiig 30)
The steady-state model of SQIM in the grid frame (stator

synchronous reference frame) can be expressed as [24]

Vsd = Ryisq — woLsisq — WgLinirg, (31)
Vsq = Ryisg + wgLgisqg + wgLiirg, (32)
0 = Ryisy — wglipLmisqg — wsiipLyirg, (33)
0 = Ryisq + wstipLmisd + wstipLyira. (34)

Solving these equations for the current components, and
then substituting the obtained values in the steady-state form
of LC filter equations, derived from (6)-(9), the voltage
limitation V; max and minimum DC voltage can be calculated,
as will be described in Section I'V.

IV. RESULTS AND DISCUSSION

Considering the values of voltage drop, current ripple,
and resonance frequency as 14.5 V (6.3%), 7.4 A (24%),
and 790 Hz, respectively, the per-phase filter parameters, Ly
and Cy, can be calculated, as listed in Table 1.

For the studied SQIM with parameters listed in Table 1,
from (5), the required torque was calculated as 145 Nm when
the motor was close to its operating point with an acceleration
of 590 r/s2. With a magnetization current of 19.1 A, under the
steady-state condition, and using (18), the dg component of
the current can be calculated to generate the required torque.
The inverter voltage components can now be derived from
(1) to (4) and (6) to (9) in the steady state (d/dt = O0).
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TABLE 1. Parameters of the studied system.

Parameter  Value
Ry 0120
3 Ly 2.1mH
’q;a Cy 40 uF
E 790 Hz
fs 5000 Hz
Ve 620V
Sn 15 kVA
Vn 400 V
In 21.7A
Rs 020
Ry 0.22 Q
¥ L 53.5mH
S L 53.5mH
= Ln 52.6 mH
J 1.2 kg.m?
Bm 0.0092 Nm.s/rad
np 2 pairs
Ny, 1475 r/min
Ty, 69.5 Nm
These values were obtained as viy = —26.3 V and v;; =

327.8 V. Therefore, the voltage limitation V; max defined as
(19) was calculated as 351.1 V, where a minimum DC voltage
of 608.2 V was required in the speed control mode.

For the power control mode, by solving equations
(31)—(34) for the current components when vg; = 400/ V3V,
vsq = 0V, and the slip speed wyjjp = wg — npwy,, the current
components of the stator were obtained as i;; = 8.5 A and
is = —13.7 A. Substituting these values in the steady-state
form of LC filter equations derived from (6) to (9), and
applying the same method as that explained for the speed
control mode, the voltage limitation V; max was calculated
as 138 V and the minimum DC voltage as 239.1 V. The DC
voltage must be considered as the maximum value between
608.2 and 239.1 V. Thus, the DC link voltage was taken
to be 620 V, based on the maximum value of the voltage
calculated for the speed and power control modes.

The required DC link can be provided using a rectifier.
However, as it is not the main focus of this study, the DC
link has been modeled using a battery.

Two scenarios were applied to the motor to examine the
proposed theory: a) startup through a direct connection to
the network and b) startup and power factor correction using
multifunctional topology.

The reference magnetizing current was . = 19.1 A
and it was applied at t = O s. The reference speed was
w;, = 1475 rpm, applied at = 0.5 s, when the magnetizing
current was stabilized at its desired value. The reference
speed was applied as a ramp function; the reference speed
rose from 0 to 1475 rpm (acceleration of 590 r/s?) in 2.5 s.
In addition, the fan load reached a value of 69.5 Nm at the
nominal speed.

Fig. 5 shows the motor speed achieved in the mentioned
scenarios. Clearly, if the motor constraints, including the
winding and mechanical constraints, allow a direct connec-
tion to the grid, it can accelerate the motor faster to the desired
speed. However, the gradual speed increase achieved through
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FIGURE 7. Stator phase current and electromagnetic torque (proposed
topology).

the proposed topology in the speed control mode results in
maintenance of the electromagnetic torque and current within
their safe constraints (Figs. 6 and 7). It also avoids intense
heat generation, especially for high-inertia loads, where the
starting time is longer. In addition, as fast speed-tracking
is not usually as important as a safe startup in the aimed
applications of this paper, a reasonably longer startup time
would not be considered an issue.

When the motor reached its operating speed, and after
synchronization with the offline system, it was switched to
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FIGURE 9. Grid voltage in coupling point and grid current (the nominal
load).

the grid at s. Fig. 5 shows that when the motor connects to the
network and when the voltage in the stator terminals is syn-
chronous with the grid, it keeps rotating at its nominal speed.
In addition, Fig. 7 shows that the studied SQIM draws the
same current and generates the same electromagnetic torque
in the online mode. However, the current injected by the VSI
changes based on the desired reference current components
in the power flow control mode. After going through the
transient state, the steady-state current has a lower magnitude
compared to the speed control mode, because in the online
mode, the inverter only injects the current contributing to the
reactive power, and active power is provided through the grid.
This causes the current drawn from the grid to have the same
phase as its voltage, as shown in Fig. 9. In contrast, when
the SQIM is only fed through the grid, there is a 41° phase
lag between the current and voltage. Due to the nature of
capacitance, the current is related to the voltage derivation.
Smaller ripples in the voltage cause smaller ripples in the
capacitor phase current when the capacitor is connected to
the grid (Fig. 8). As shown in Fig. 8, there is an increase
in the inverter current after switching to the grid. It is an
overshoot on inverter current when it tracks the step refer-
ence to achieve the unity power factor. While designing the
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FIGURE 12. Magnified phase current and voltage while connecting to the
grid.

current controllers in Fig. 4, the overshoot must not exceed
the current constraint of the inverter.

Same as Fig. 9, Figs. 10 and 11 show the grid voltage and
currents for both startup methods when the motor operates
with 80% and 50% of its nominal load. These figures verify
that the proposed topology can continuously inject the proper
amount of reactive power to achieve a unity power factor for
all range of loads without requiring several capacitor banks
for different loads.

Fig. 12 provides a horizontally magnified view of the
voltage and currents from t = 3.98 s to t = 4.02 s showing
the detailed changes when the mode is changed from offline
to online (for full load operating condition).
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V. CONCLUSION

This study proposed a new multifunctional topology that
achieves a smooth startup and unity power factor. The pro-
posed topology implemented using a VSI and an LC filter
solved the problems related to previous startup methods and
at the same time injected reactive power to correct the power
factor when the motor was fed through the grid. The proposed
topology was associated with a new control strategy covering
both speed and power flow control modes. The investigation
of the proposed topology confirmed that it can decrease the
heat generation, particularly for high-inertia loads, by con-
trolling the starting current. In addition, the proposed topol-
ogy offers the potential benefit of using the LC filter and
VSI to correct the power factor in the online mode, making
this topology an optimum solution in terms of cost for such
applications.
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