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Abstract: The satisfactory performances of the 3-@ induction motors (IMs) are greatly limited by the presence of harmonics. Many of the earlier works
on alleviation of harmonics in IMs dwell much on single speed IMs (SSIM), despite the fact that they have limited applications. This research, therefore
mitigate total harmonic distortion (THD) in double speed induction motor (DSIM) to achieve desire speed response in industrial drive system. A two-level,
voltage source inverter (2L-VSI) was modeled and realized using Pulse Width Modulation (PWM) technique to power 15 kW 415 V DSIM. A LLCL band-
pass filter (BPF) was substantiated for the 2L-VS! to filter the resulting THD separately on high and low speed. The proposed approach was implemented in
MATLAB in the Simulink environment. The performance evaluations were carried out using harmonic of orders 5th to 13th for 2L-VSI without and with
LLCL BPF with the DSIM. When the 2L-VSI was used to operate the DSIM without filter, the THD results relative to 5th and 7th order harmonics for the low
and high speed operations of the DSIM were 66.23 % and 66.29 %, and 66.11% and 66.17 % respectively. When the 2L-VSI was used to operate the DSIM
with the LLCL BPF, the THD results relative to 5th and 7th order harmonics for the low and high speed operations of the DSIM were 7.34 % and 7.41 % and
7.55 % and 7.62 % respectively. These results imply that the THDs are highly reduced to almost the same values for both speeds; and fall within the
acceptable limit of the IEEE 519-2014.
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1. INTRODUCTION

Three phase induction motors (IMs) are extensively used motors in industrial applications due to self-starting,
robust design, simple construction and high efficiency; but they are basically working at a constant speed [1][2].
Overtime, slip ring IMs are used for variable speed operations, but they have a complex design and high
maintenance cost [3] compare to squirrel cage IMs. Today, squirrel cage IMs have taken over the operations of
variable loads due to their ruggedness in harsh environments and friendly maintenance costs over slip ring IMs
[4]; but they are mostly operated through variable frequency drives (VFD) to vary the speed of operation by
changing the frequency or the voltage of the system to get the desired speed response easily [1] unlike the slip
ring IMs that the speeds of control are usually done with the help of external resistance boxes connected to the
slips of their rotors. But, the total harmonic distortion (THD) is still a subject of discussion in VFD for the operation
of the squirrel cage IMs. The VFD is made up of power electronics converters; and as such, injected harmonics
into the system. With the presence of harmonics, the sinusoidal voltage and current get disturbed; and
fundamental frequency [5] gets deviated. This distortion if not handled correctly, can cause excessive heating,
vibration, and humming among others, which will bring down the efficiency of the IM and eventually damage
it [6].

For the purpose of addressing the negative consequences of harmonics distortions in the operation of IM that
uses VFD, several pulse width modulation (PWM) techniques have been proposed like Selective harmonic
elimination PWM (SHEPWM), Sinusoidal PWM (SPWM), Z-Source PWM, and Space vector modulation (SVM)
[71[8]. Aside these methods, filters are also used for mitigation of harmonics generated through VFD and these
are active, passive and hybrid filters depending on the configuration required for the eliminations of the THDs.
For instance, the study in [9] addressed the issue of the mitigation of harmonics in adjustable speed drive using
AC choke and C-type filters. The analysis was done without and with the proposed filters using a three-phase
2.3 kW, 1200 rpm IM; 0.95 modulation index Voltage Source Inverter (VSI) with SPMW; diode and IGBT as
switching devices. Also, the work of [10] investigated the relationship between the modulation indexes of the
modulated signal injected into a VSI fed 50 HP, 60 Hz IM against THD. The result obtained by [10] shows that
the higher the modulation index, the lower the effect of the THD on the system. In order to make insignificant
the THD in the line current of the IM, the study of [11] proposed the usage of combined optimal PWM
waveforms. The study compared the results of the proposed combined PWM waveform with the SHEPWM
waveform at the pulse number of 2 per quarter of the fundamental cycle on a 2.2 kW, 50 Hz IM drive. As good
as the studies of above mentioned researchers; they are only centred on single speed IMs (SSIMs).

Meanwhile, as a result of tremendous changes in the application of IMs drive system, many industries like
robotics, water cooperation, machine tools, and manufacturing companies have resulted in using double speed
induction motor (DSIM) for most of their applications, where it is necessary to increase the output rate of their
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productions. It is very clear that none of these researchers have carried out any research in this regard except
only with SSIM; but the work of [12] examined operations and features of DSIM. In the work of [12], mechanical
and electrical features of the machine were analysed under dissimilar functioning circumstances and at unlike
rotating speeds. As good as the work of [12], the analysis of THD generated and methods that can be used in
mitigating the THD were not discussed. As a result of this development, and in order to make a meaningful
contribution to meet up with the new demand on IMs applications in industries, this study therefore,
investigated the impact of THD levels in low and high speed of a DSIM; and also proposed utilization of LLCL
BPF for reducing THDs in the DSIM fed through VFD

2. MATERIALS AND METHODS

— Dual Speed Induction Motor (DSIM)

The DSIM has two, 3 — @ stator windings separated apart, which share the same machine core and squirrel
cage rotor winding. The stator windings are spatially shifted by an angle [13] and a rotor cage. The windings of
the two stators can be supplied from a single (or

different AC voltage sources, but of the same frequency sel F o
with the help of external control circuit connection to R o \ e

avoid interactions between the two supplies) AC
voltage source. Figure 1 presents the diagrammatic
representation of the DSIM rotor and stator windings
connections. The arrangement of parts of the DSIM
resembles SSIM, except that its stator comprises of two
windings that are displaced by an angle n1/6 radians [12].
In Figure 1, a; and a, are the angles between the rotor
phase r, and the stator phases s,; and s, respectively,
6 is the offset angle between s,; and s,,. The circuits in
Figure 2 represent the individual connection for the
DSIM low and high speed configuration separately i
utilized. However, it requires an external control circuit ﬁ
connection for switching when motor is to be used at )
different times in the same operation. I
— Mathematical Modeling of DSIM ]

| Sal (STATOR 1)

Figure 1. DSIM windings [12]

Figure 3 presents an equivalent circuit of DSIM referred ’/_,/l}\_

to the stator side. In the figure, Rg; and Ry, are s,4 and /‘0/'/ he “oz

Saz  resistances  respectively, Lgjand  Lgy are o f % =
S,1 and s,, self-inductances respectively. The Ly, is the . ¥

cyclic mutual inductance between s,4, S5 and r,. And,

Wg and w, are stator and rotor speeds inrad/s.R," = i I
N , )
( )2 i ( )2 ! (N: )Ir : vvhere, T ¥ 13 4] L2 13
R, ,Lr "1." are the rotor magmtudes referred to the Figure 2. Internal and external connections of a DSIM [14]
stator. — —
The equations of the s,; and s,, voltages, in the 2- Lo
phase reference of dq axis are Loy o2 Lgos
. d(Pd Vs
Vas1 = Rsilgs1 + dt51_ WsPqs1 (1
. d(pd Vs
Vasz2 = Rsalgsz + dtsz — WsPgs2 (2)
d@gs1
Vgs1 = Rsllqsl +— qs + WsPgs1 3)
‘P 2
Vgs2 = Rszlqsz +— qs 1T WsPgs2 (4)

Figure 3. Equivalent circuit of DSIM referred to the stator side [12]
where, vgg1 and vgg, are dlrect axis voltage for s and

Saz respectively, vqs; and vgs, are quadrature axis voltage for s,1 and s,, respectively. And the equations of
the rotor voltages in the two-phase reference of dq axis are:

. d
0 = Ryigr +%— WglPgr (5)
. do
0= erqr +Tqr+ wgl(Pdr (6)
And with wg1 = wg — wy, the flux equations become
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@ds1 = Lsiigs1 + Lm(lgs1 +igs2 + lar) (7)
@Pas2 = Lsalgsz + Lin(igs1 + las2 + iar) @)
Pgs1 = leiqsl + Lm(iqsl + iqu + iqr) ©)
QPgs2 = Lsziqsz + Lm(iqsl + iqu + iqr) (10)
@ar = Lrigr + Lin(igs1 + igs2 + iar) an
Pqr = Lriqr + Lm(iqsl + iqu + iqr) (12)

where, R,.is the rotor resistance, Ly is the rotor self-inductance; @gsq and @gs, are direct axis fluxes for
Sa1 and s, respectively; @qsq and @gq; are  quadrature  axis fluxes for s,q ands,, respectively; while,
@gr and @q, are dqg axis fluxes for the rotor. Also, igs; and igs, are direct axis currents for s,q and sy,
respectively, iqs; and igs, are quadrature axis currents for s,1 and s,, respectively, while ig, and ig, are direct
and quadrature axis currents for the rotor.

The torques generated by the s,4 and s, can be easily shown to be
3 Ly

Ter = Epm((pdriqsl - (quidsl) (13)

Tez = ;pﬁ (‘-pdriqsz - (quidsz) (14)
where, p is the number of pole pairs; and knowing fully well that To = Te;q + Te ; hence the torques generated
by DSIM is

Te = %P LmL_'_rLr [(pdr(iqsl + iqsz) - (qu(idsl + idsz) (15)

Egs. (1) to (15) together with the DSIM parameters obtained from the field Table 1. DSIM Specification
are used for the modelling of DSIM in the Simulink in the MATLAB
environment. The DSIM employed in this study is a 15 kW, 415 V DSIM; and Nominal power 15 kW
its specification is presented in Table 1. MATLAB 20193, 64-bit version, was Line-to-line voltage 15V
used in the realization of the Simulink model of the DSIM fed through VFD. Frequency 50 Hz
A detailed specification of the 15 kW, 415 V DSIM used for this research was Stator resistance 8233 m()

obtained from a name plate of an ABB motor operating as a pre-heater Stator inductance 0.724mH

furnace recirculation fan motor for uniform distribution of heat in the Riﬂgﬂ:;fgfannc; 059'234%%
furnace heating recirculation system. Mutual inductance 37 11 mH
— Two level Three-phase VSl as VFD Inertia 0.37 kgm2
The synchronous speed n (rpm) of an IM is a function of the frequency Friction factor 0.02791 Nms
f (Hz) and the number of poles p it possessed as related b 4 for low-speed
(Hz) g P _p120f / Number of poles 2forhighsgeed
n = T (16)

Eq. (16) therefore reveals that when the frequency of
the power supply is varied, the speed of the IM can JS JS al Q2 Q3
be controlled to the required speed of operation; D1 D2 D3 —@9 —@) —@9
which can be achieved through the usage of VFD.
The schematic of the VFD employed in this research
is presented in Figure 4; which reveals that it consists '
of the rectification and inverter units. The figure b4 o5 o6 ZAS @> Q4@> os;@> a6
shows that a six-pulse bridge rectification unit was zls le
used as an input rectifier; and the peak voltage (¥pc)
of the rectification unit of the circuit is

Vpc = \/§Vp = \/g\/zvrms = \/gvrms (17)
where, Vi is 240 V; hence, ¥pc is 587.8776 V.
In this study, the inverter stage involves the use of two-level 3 — @ voltage source inverter (2L-VSI) to control
the speed of the 3 — @ DSIM. The power electronic switches used are insulated-gate bipolar transistors (IGBTs)
which are turned on/off as required to produce varying voltage magnitude and frequency. Each leg of the
inverter has two pairs of a combination consisting of an IGBT switch and a freewheeling diode while their
middle point is linked to the DSIM. A freewheeling diode, connected in parallel, is required to conduct the
current flow in the opposite direction to the IGBT; since IGBT can only conduct only in one direction. The six-
step PWM was used to control the six IGBTs of the VSI. However, this approach has large harmonic components
relative to the amplitude of the fundamental component of the output voltage. In order to account for
harmonic currents and voltages in the DSIM fed VFD, we employed voltage and current Total Harmonic
Distortion metrics; which are defined as

~——e

— o

Figure 4. The circuit diagram of VFD
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Zn In

THD, = Znﬂln \J *n (18)
Zn Vn

THDy = /2“31;’“ = (19)

— Determination of switching frequency
The switching frequency fg of any power electronic switching circuit, control signal frequency f;, and frequency
modulation ratio mg are related by

: (20)
Consequently, fg = fymg where f; = 50 Hz; and, it has been established that the optimal value of m¢ to give
modulation index < 1is 21 [15]. To that effect, fg = 50 X 21 = 1050 Hz, and as such used in this study.
— The LLCL Band Pass Filter (BPF)

The VFD that normally employs PWM to control switching circuit of the VSI renders the required speed
variations for the IM operations, increased IM reliability, and soft starting; but it generates large harmonics, which
would reduce efficiency of IM, and give rise to excessive heat. In order to mitigate harmonic currents that may
be flowing into DSIM, in this study, we employed and designed LLCL BPF [16]; and incorporated it in between
VFD and DSIM. This is because the filter absolved resonance

ms =

troubles, improves the system power factor, and maintains PNUSN AV
output voltage at no-load. The circuit diagram of the LLCL BPF

is presented in Figure 5; which reveals that that the filter

consists of small filter reactor Ly, shunt filter impedance Lg éLF RB

and C¢, and large filter reactor L ; hence, named LLCL BPF.
It has been suggested in [17] that IM should not be connected

in series with an inductive element, therefore, a damping TCF
resistance Rq, was connected in parallel to the filter. At rife
harmonics, the C¢ and Ly of the filter render a low-impedance Figure 5. The LLCL BPF [16]

route to the dominant harmonics over a wide frequency range;
whereas L; jams the flow of harmonic currents produced by the VFD into the DSIM, as well as, denigrates the
upshot of line voltage harmonics on the DSIM.
— Design of LLCL BPF
Itis straight forward to show that the parallel resonance (f},) of the LLCL BPF is
1

b = G 21
In conformity with [16], the choice of fy is a function of the fundamental frequency and the first dominant
frequency of the harmonics generate by the circuit in question. In this study, a 6-pulse converters were used for
the realization of the VFD, as such, its dominant harmonic orders k4 can be obtained using
kq =6kt 1 (22)
Upon using Eq. (22), it is evident that the first kq is 5; consequently, f, is 250 Hz. If it is assumed that C¢, and L¢
have the values of 3.5 pF and 2.7 mH respectively; then L; will be

2
1 1
Ll = a(m) - Lf ~ 100 mH (23)
The value of the component Ly according to [16] can be calculated by making use of
0.04V?
wPy

where, P, is the rated power of the DSIM, which is 15 kW; whereas, V is the line-to-line voltage; which is 415
volts in this study. Upon using the values of V, P, and w in Eq. (24), we obtained 1.462 mH for the value of Ly,
And in accordance with [18], Rp is defined as

2§

Rp = 25

D Cf Wres (25)
Lo+L . .

where, the resonance angular frequency Wyes = LOL Cf;and damping factor & is assumed to be 0.1 as
oLfLf

recommended by [18]; then, the value of Rp used in this study is 3.3 Q).

3. MODELLING AND SIMULATION

Figures 6 and 7 present Simulink models of the DSIM fed VFD without and with LLCL BPF respectively. The two
models are implementable and executable in Simulink in the Matlab environment. Egs. (1) through (15)

™
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together with the DSIM parameters obtained from the field are used for the modelling the block of DSIM fed
2L-VSI in the Simulink in the MATLAB 2019a environment; whereas, the VFD model is realized by using

information deducible in Egs. (16) through(20), and the model of LLCL BPF is achieved by making used of
parameters obtained in Egs. (20) to (25).

Figure 7. Simulink model of the DSIM fed by 2L-VSI with LLCL BPF
4. RESULTS AND DISCUSSION

— Simulation Analysis of THD in DSIM

This subsection presents the results of the THD obtained from operations of the 15 kW DSIM in low and high
speeds configurations connected to the VSl in the Simulink in the Matlab environment using FFT tool. Figures
8 and 9 show the simulation results of both conditions. The THD results relative to 5th order harmonics for the

low and high speeds are 66.23 % and 66.11 %, respectively; whereas, for the 7th order harmonics for the low
and high speeds are 66.29 % and 66.17 %, respectively.

ssssss

Signal mag.
Signal mag

Fundamental (50Hz) = 54.75 , THD= 66.31% Fundamental (50Hz) = 55.94 , THD= 66.19%

Mag (% of Fundamental)

Mag (% of Fundamental)

Figure 8. THD without filter for 15 kW DSIM in low speed configuration Figure 9. THD without filter for 15 kW DSIM in high speed configuration
— Total Harmonic Distortion Mitigation

In order to mitigate the THD in the stator of DSIM, a LLCL BPF was designed and connected in between DSIM
and VFD. The results of the THD obtained when the DSIM is operated with VS| without insertion of the LLCL BPF
give high percentage values which can cause damage to the DSIM due to excessive heating, vibration and
humming. This requires reduction in order to avert the possible problems. In this part, reduction of THD is
carried out with the insertion of the designed filter; and the current measured at the point of common coupling

[
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with the DSIM without short-circuit fault and in the presence of the fault. This is necessary in order to determine
the THD set limit for the DSIM according to IEEE 519-2014[19] standard.

The maximum load current Iy, is obtained by connecting the DSIM directly to the output of the 2L-VSI; while
the three phase output of the 2L-VSl is shorted after disconnecting the DSIM to get the maximum short-circuit
current Ige. At the PCC, Iy, is 25.34A while I is 3311A; as such, the ratio Ig./I;, = 130.66. According to IEEE 519-
2014 [19], the maximum allowable THD for 100 < Is./I;, < 1,000 and current distortion limits for systems
rated 120V through 69 kV is 15 %. The voltage level of line-to-line used for this model is 415 V; hence, the THD
must be reduced to a maximum of 15 %.

— THD Mitigation with LLCL BPF for Low and High Speeds

The stator current with the use of LLCL BPF and the corresponding THD relative to 5th and 7th harmonics at
low and high speeds are shown in Figures 10 and 11 respectively.

ssssss

‘ ” ﬂ m ‘ \
\Muf\fu\/\',f\l\’g‘g

m,”‘

A ]&\J I

Signal mag.
Signal mag

Mag (% of Fundamental)
of Fundamental)

Mag (%

Harmonic or der Harmonic or der

Figure 10. THD for low-speed DSIM using LLCL BPF Figure 11. THD for high-speed DSIM using LLCL BPF
It can be seen that the THD relative to 5th and 7th harmonic orders were reduced from 66.23 % and 66.29 %
without the filter to 7.34 % and 7.41 % respectively when the LLCL BPF is applied for low speed operation; and
7.55 % and 7.62 % for high speed respectively at the point of connecting the DSIM to the VSI.
5. DISCUSSION

The summary of the results obtained Table 2. Summary of the results obtained from the simulation of DSIM

. . . . Configuration Low Speed \ High Speed
from the simulation of DSIM is shown in Oder(%) | 5th | 7th | 1th | 13t | St | 7th | 11t | 13

Table 2 and the outcomes are compared 5 yq o 8pF | 662 | 663 | 663 | 663 | 661 | 662 | 662 | 662
to show the most effective THD 50 vqwineer | 734 | 741 | 749 | 751 | 755 | 762 | 77 | 12
reduction of the DSIM.
When the 2L-VSI is used to operate the DSIM without filter, the THD results relative to 5th and 7th order
harmonics for the low and high speed operations of the DSIM are 66.23 % and 66.29 %, and 66.11% and 66.17
% respectively. These show that the THDs are relatively high and the same for low and high speed operations
of the DSIM when 2L-VSI are utilised without filter. Furthermore, injection of LLCL BPF to the 2L-VSI reduces the
THD:s relatively to 5th and 7th harmonics to 7.34 % and 7.41 % and 7.55 % and 7.62 %, respectively for low and
high speed operations of DSIM. These imply that the THDs are highly reduced to almost the same values for
both speeds. The results fall within the acceptable limit of the IEEE 519-2014 standard of 15 %.

6. CONCLUSION

This study investigated the upshot of THD levels in low and high speed of a DSIM; and also proposed utilization
of LLCL BPF for reducing THDs in the DSIM fed through VFD. The proposed approach was implemented in
MATLAB in the Simulink environment. A 2L-VSI was modeled and realized using PWM technique to power 15
kW 415V DSIM. A LLCL BPF was substantiated for the 2L-VSI to filter the resulting THDs separately on high and
low speed. The performance evaluations were carried out using harmonic of orders 5th to 13th for 2L-VSI
without and with LLCL BPF with the DSIM. Analysis were done to see which of the conditions conformed with
IEEE standard 519-2014 of 15 % for IM rating in this category both for high and low speed operations. The
simulation results show that the THDs of the low and high speed of the DSIM are relatively equal and hugely
reduced when 2L-VSI with LLCL BPF is used.
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Nomendlature
Ira Rotor phase
Sa1 Stator 1 phase
Sa2 Stator 2 phase
o4 Angles between r, and s,
a, Angles between r, and S54

0 The offset angle between ;4 and s
R, The r, resistance

Rgq The s 41 resistance

Rg» The s, resistance

L, The ry self-inductance

Lgp The s41 self-inductance

Lo The s 4, self-inductance

L Mutual inductance between s,4, Sz2 and ry
Wg Stator speed in rad/s,

W Rotor speed in rad/s

R, L. I." TheR,, L, and I, referred to the stator
d,q axis  Direct and quadrature axis

Vg1 Direct axis voltage for s 44

Vgsz  Directaxis voltage for s 4

Vgs1  Quadrature axis voltage for s5q

Vgsz  Quadrature axis voltage for s 54

igs1 Direct axis currents for S44
igs2 Direct axis currents for s,
igs1 Quadrature axis currents for s,
igsz  Quadrature axis currents for s

igr Direct axis current for r5
Igr Quadrature axis current for r5
’lgel Torque generated by the 5,1

Tey Torque generated by the s,
Number of pole pairs

n (rpm) Synchronous speed of an IM

f (Hz) Frequency

¥pe Peak voltage of the rectifier of the VFD

fs Switching frequency
£ Control signal frequency,
m¢ Frequency modulation index

Lo Small filter reactor of the LLCL BPF
Lgand C¢ Shunt filterimpedance of the LLCL BPF
Ly Large filter reactor of the LLCL BPF
fp Parallel resonance of the LLCL BPF
Wres  Resonance angular frequency

P, The rated power of the DSIM

Pgs1  Directaxis fluxfor s44 v The line-to-line voltage
Pgsz  Directaxis fluxfor s55 R4 Damping resistance
@gs1 Quadrature axis flux for 544, 13 Damping factor

@gs2  Quadrature axis flux for s, I, Maximum load current
Pdr Direct axis flux for r Isc Short—circuit current

@ar Quadrature axis flux for T
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