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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-VSI 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) 
[7][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 
with the help of external control circuit connection to 
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 π/6 radians [12].  
In Figure 1, α1 and α2  are the angles between the rotor 
phase ra and the stator phases sa1 and sa2 respectively, 
θ is the offset angle between sa1 and sa2. The circuits in 
Figure 2 represent the individual connection for the 
DSIM low and high speed configuration separately 
utilized. However, it requires an external control circuit 
connection for switching when motor is to be used at 
different times in the same operation.  
 Mathematical Modeling of DSIM 
Figure 3 presents an equivalent circuit of DSIM referred 
to the stator side. In the figure, Rs1 and Rs2 are sa1 and 
sa2 resistances respectively, Ls1and Ls2 are 
sa1 and sa2 self-inductances respectively. The Lm is the 
cyclic mutual inductance between sa1, sa2 and ra. And, 
ωs and ωr are stator and rotor speeds in rad/s. Rr ′ =
 Rr( Ns

Nr
 )2, Lr ′ =  Lr( Ns

Nr
 )2 , Ir ′ = ( Ns

Nr
 )Ir ; where, 

Rr ′, Lr ′, Ir ′  are the rotor magnitudes referred to the 
stator.  
The equations of the sa1 and sa2 voltages, in the 2-
phase reference of dq axis are  

vds1  =  Rs1ids1  + dφds1
dt

−  ωsφqs1    (1) 

vds2  =  Rs2ids2  + dφds2
dt

−  ωsφqs2    (2) 

vqs1  =  Rs1iqs1  + dφqs1

dt
+ ωsφds1       (3) 

vqs2  =  Rs2iqs2  + dφqs2

dt
+  ωsφds2     (4) 

where, vds1 and   vds2  are direct axis voltage for sa1 and 
sa2 respectively, vqs1 and vqs2  are quadrature axis voltage for sa1 and sa2 respectively. And the equations of 
the rotor voltages in the two-phase reference of dq axis are:  

0 =  Rridr  + dφdr
dt

−  ωglφqr                                                                 (5) 

0 =  Rriqr  + dφqr

dt
+  ωglφdr                                                                 (6) 

And with ωgl = ωs − ωr, the flux equations become 

 
Figure 1. DSIM windings [12] 

 
Figure 2. Internal and external connections of a DSIM [14] 

 
Figure 3. Equivalent circuit of DSIM referred to the stator side [12] 
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φds1 = Ls1ids1 + Lm(ids1 + ids2 + idr)                                                           (7) 
φds2  = Ls2ids2 +  Lm(ids1 + ids2 + idr)                                                (8) 
φqs1 = Ls1iqs1 + Lm(iqs1 + iqs2 + iqr)                                                            (9) 
φqs2 = Ls2iqs2 + Lm(iqs1 + iqs2 + iqr)                                            (10) 
φdr = Lridr + Lm(ids1 + ids2 + idr)                                                        (11) 
φqr = Lriqr + Lm(iqs1 + iqs2 + iqr)                                                        (12) 

where, Rr is the rotor resistance, Lr is the rotor self-inductance;  φds1 and φds2  are direct axis fluxes for 
sa1 and sa2 respectively; φqs1 and φqs2 are quadrature axis fluxes for sa1 and sa2 respectively; while, 
φdr and φqr  are dq axis fluxes for the rotor. Also, ids1 and ids2 are direct axis currents for sa1 and sa2 
respectively, iqs1 and iqs2 are quadrature axis currents for sa1 and sa2 respectively, while idr and iqr are direct 
and quadrature axis currents for the rotor.  
The torques generated by the sa1 and sa2 can be easily shown to be  

Te1 = 3
2

p Lr
Lm+Lr

(φdriqs1 − φqrids1)                                                          (13) 

Te2 = 3
2

p Lr
Lm+Lr

(φdriqs2 − φqrids2)                                                          (14) 

where, p is the number of pole pairs; and knowing fully well that Te =  Te1 + Te2 ; hence the torques generated 
by DSIM is  

Te = 3
2

P Lr
Lm+Lr

�φdr(iqs1 + iqs2� − φqr(ids1 + ids2)                                              (15) 

Eqs. (1) to (15) together with the DSIM parameters obtained from the field 
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 
its specification is presented in Table 1. MATLAB 2019a, 64-bit version, was 
used in the realization of the Simulink model of the DSIM fed through VFD. 
A detailed specification of the 15 kW, 415 V DSIM used for this research was 
obtained from a name plate of an ABB motor operating as a pre-heater 
furnace recirculation fan motor for uniform distribution of heat in the 
furnace heating recirculation system.  
 Two level Three-phase VSI as VFD 
The synchronous speed n (rpm) of an IM is a function of the frequency 
f (Hz) and the number of poles p it possessed as related by 

n =  120f
p

                                           (16) 

Eq. (16) therefore reveals that when the frequency of 
the power supply is varied, the speed of the IM can 
be controlled to the required speed of operation; 
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 
shows that a six-pulse bridge rectification unit was 
used as an input rectifier; and the peak voltage (v�DC) 
of the rectification unit of the circuit is  

v�DC = √3Vp = √3√2Vrms =  √6Vrms                                                          (17) 
where, Vrms is 240 V; hence, v�DC 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 

Table 1. DSIM Specification 
Characteristics Value 

Nominal power 15 kW 
Line-to-line voltage 415 V 

Frequency 50 Hz 
Stator resistance 82.33 mΩ 
Stator inductance 0.724 mH 
Rotor resistance 50.3 mΩ 

Rotor inductance 0.724 mH 
Mutual inductance 27.11 mH 

Inertia 0.37 kgm2 
Friction factor 0.02791 Nms 

Number of poles 4 for low-speed 
2 for high speed 

 

 
Figure 4. The circuit diagram of VFD 
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THDI = �∑ In2,   rmsn≠1
I12,   rms

     =
�∑ In2,   rmsn≠1,

I12,   rms
                                      (18) 

THDV = �∑ Vn2,   rmsn≠1
V12,   rms

     =
�∑ Vn2,   rmsn≠1,

V12,   rms
                                          (19) 

 Determination of switching frequency 
The switching frequency fs of any power electronic switching circuit, control signal frequency f1, and frequency 
modulation ratio mf are related by 

mf =  fs
f1

                                                                     (20) 

Consequently, fs =  f1mf, where f1 = 50 Hz; and, it has been established that the optimal value of mf to give 
modulation index ≤ 1 is 21 [15]. To that effect,  fs = 50 × 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 
troubles, improves the system power factor, and maintains 
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 L0 , shunt filter impedance Lf 
and Cf, and large filter reactor L1 ; 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 
resistance Rd, was connected in parallel to the filter. At rife 
harmonics, the Cf and Lf of the filter  render a low-impedance 
route to the dominant harmonics over a wide frequency range; 
whereas L1  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 
It is straight forward to show that the parallel resonance (fp)  of the LLCL BPF is  

fp = 1
2π�(L1+Lf)Cf

                                                                    (21) 

In conformity with [16], the choice of fp 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 kd can be obtained using 

kd = 6k ± 1                                                                              (22) 
Upon using Eq. (22), it is evident that the first kd is 5; consequently, fp is 250 Hz. If it is assumed that Cf, and Lf 
have the values of 3.5 μF  and 2.7 mH respectively; then L1 will be 

L1 = 1
Cf
� 1
2πfp

�
2
−  Lf ≈   100 mH                                                          (23) 

The value of the component L0 according to [16] can be calculated by making use of  

L0 = 0.04V2

ωPn
                                                                              (24) 

where,  Pn  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, Pn and ω in Eq. (24), we obtained 1.462 mH for the value of L0. 
And in accordance with [18],  RD is defined as 

RD = 2ξ
cf ωres 

                                                                              (25) 

where, the resonance angular frequency ωres = �L0+Lf
L0LfCf

; and damping factor  ξ is assumed to be 0.1 as 

recommended by [18]; then, the value of RD used in this study is 3.3 Ω. 
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. Eqs. (1) through (15) 

 
Figure 5. The LLCL BPF [16] 
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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 Eqs. (16) through(20), and the model of LLCL BPF is achieved by making used of 
parameters obtained in Eqs. (20) to (25). 

 
Figure 6. Simulink model of the DSIM fed by 2L-VSI without LLCL BPF 

 
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 VSI 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. 

 
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 VSI 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 IL is obtained by connecting the DSIM directly to the output of the 2L-VSI; while 
the three phase output of the 2L-VSI is shorted after disconnecting the DSIM to get the maximum short-circuit 
current Isc. At the PCC, IL is 25.34A while Isc is 3311A; as such, the ratio Isc IL⁄ = 130.66. According to IEEE 519-
2014 [19], the maximum allowable THD for 100 < Isc IL⁄ < 1,000 and current distortion limits for systems 
rated 120 V 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.  

 
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 
from the simulation of DSIM is shown in 
Table 2 and the outcomes are compared 
to show the most effective THD 
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 
THDs 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 415 V 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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Table 2. Summary of the results obtained from the simulation of DSIM 
Configuration Low Speed High Speed 

Order (%) 5th 7th 11th 13th 5th 7th 11th 13th 
2L-VSI without BPF 66.2 66.3 66.3 66.3 66.1 66.2 66.2 66.2 

2L-VSI with BPF 7.34 7.41 7.49 7.51 7.55 7.62 7.7 7.72 
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Nomenclature 
ra  Rotor phase 
sa1  Stator 1 phase 
sa2  Stator 2 phase 
α1    Angles between ra and sa1  
α2  Angles between ra and sa1 
θ The offset angle between sa1 and sa2 
Rr  The ra resistance 
Rs1  The sa1 resistance 
Rs2   The sa2 resistance  
Lr The ra self-inductance 
Ls1 The sa1 self-inductance  
Ls2  The sa2 self-inductance 
Lm  Mutual inductance between sa1, sa2  and ra 
ωs  Stator speed in rad/s,  
ωr  Rotor speed in rad/s 
Rr ′, Lr ′, Ir ′  The Rr,  Lr and Ir referred to the stator 
d, q  axis  Direct and quadrature axis  
vds1   Direct axis voltage for sa1  
vds2   Direct axis voltage for sa2 
vqs1  Quadrature axis voltage for sa1  
vqs2    Quadrature axis voltage for sa1 
φds1   Direct axis flux for  sa1 
φds2   Direct axis flux for  sa2 
φqs1   Quadrature axis flux for sa1,  
φqs2   Quadrature axis flux for sa2  
φdr   Direct axis flux for  ra  
φqr   Quadrature axis flux for  ra 

ids1   Direct axis currents for  sa1   
ids2   Direct axis currents for  sa2  
iqs1  Quadrature axis currents for sa1  
iqs2  Quadrature axis currents for sa2  
idr  Direct axis current for ra 
iqr   Quadrature axis current for ra  
Te1   Torque generated by the sa1 
Te2   Torque generated by the sa2 
p  Number of pole pairs 
n (rpm) Synchronous speed of an IM  
f (Hz)  Frequency 
v�DC Peak voltage of the rectifier of the VFD 
fs Switching frequency  
f1 Control signal frequency,  
mf Frequency modulation index  
 L0  Small filter reactor of the LLCL BPF 
Lf and Cf  Shunt filter impedance of  the LLCL BPF 
L1   Large filter reactor of the LLCL BPF 
fp  Parallel resonance of the LLCL BPF 
ωres  Resonance angular frequency  
Pn   The rated power of the DSIM 
V  The line-to-line voltage 
Rd  Damping resistance 
ξ  Damping factor   
IL Maximum load current  
Isc Short–circuit current 
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