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Abstract - The advantages of using Direct Torque control 
(DTC) vis-à-vis Volt/Hz and Field Oriented Control (FOC) for the 
control of Induction Motor are well documented in the literature. 
It is also fairly well known that the performance of any AC motor 
drive is enhanced, when it is fed with multilevel inverters 
compared to the conventional two-level inverters. In this paper, 
the results of comparative analyses are reported when an 
induction motor is driven with 3-level inverters realized by (i) a 
three-level Cascaded Inverter and (ii) a dual-inverter driven 
Open-End Winding configuration. The performance indices 
considered are: a) THD in current b) flux-ripple and c) torque-
ripple. To assess the benefit obtained by the employment of each 
approach, the results are compared with the performance of a 2-
level Voltage Source Inverter employing classical DTC.  

Keywords: Cascaded Inverter; DTC; Multilevel Inverter; Torque 
ripple; OEWIMD 

I. INTRODUCTION 

Variable speed Induction Motor (IM) drives are widely used 
in the applications such as fans, blowers, elevators, electric 
vehicles, air conditioning systems, marine systems etc. [1]. 
Economical and efficient speed control of IM drive is achieved 
by using the frequency controlled Voltage Source Inverters 
(VSIs). Field Oriented Control (FOC) and Direct Torque 
Control (DTC) are the most popularly used control strategies 
for variable speed, high performance IM drives. The drawbacks 
associated with the FOC scheme are: i) knowledge of the 
machine parameters for the estimation of flux and 
electromagnetic torque ii) employment of current controllers 
and iii) reference frame transformation [2].   

On the other hand, DTC merely requires the knowledge of 
the stator resistance for the estimation of flux and 
electromagnetic torque. DTC scheme is very simple to 
implement, as it eliminates the need of current controllers and 
the reference frame transformation. Arguably, it results in a 
better dynamic response compared to the FOC [3].  

DTC can be implemented using either 2-Level (2-L) or 
Multilevel Inverters (MLI). From the perspective of inversion 
compared to the 2-L VSI, the employment of MLIs results in 
lower THD in voltage and current. It is obvious that, the 
reduced THD in current would result in the reduction of flux 
and torque ripple. 

There are several contending power circuit configurations 
for MLIs. Popular amongst these are: i) the Neutral Point 
Clamped (NPC) configuration ii) the Flying Capacitor (FC) 
configuration and iii) the Cascaded H-Bridge (CHB) 
configuration. Abundant literature is available regarding the 
applicability, performance and limitations of each of these 
topologies [4, 5]. Several PWM strategies were also suggested 
for each of these MLIs [6]. 

The concept of dual-inverter fed Open-End Winding 
Induction Motor Drives (OEWIMD) is relatively new. Unlike 
the other topologies, wherein the motor constitutes the “load” 
for the MLI as a separate entity, it is an integral part of the 
OEWIMD. OEWIMDs too realize several levels like other 
topologies [7, 8], though a 3-level topology is selected in the 
present study. 

Another configuration, known as the Cascaded 3-Level 
(C3-L) inverter was proposed, wherein 3-level inversion is 
achieved by the cascaded connection of two existing 2-level 
inverters [9] as a retrofit solution. This configuration is also 
amenable for realizing more than 3-levels [10].  

It’s a foregone conclusion that an IM, employing any of the 
aforementioned 3-level VSIs, would yield a better performance 
compared to the conventional 2-level VSI. However, their 
relative performance vis-à-vis the 2-level VSI have not been 
quantified in the past. It is this gap this paper intends to fill.  

In this paper, the performance evaluation is carried out for 
the C3-L VSI and the OEWIMD topology. In both of these 
cases, the motor is controlled with the classical DTC technique. 
To facilitate a better visualization, the performance of these 
three-level (3-L) VSIs are compared with the performance of 
the conventional 2-level VSI, which is taken as the benchmark. 
The performance indices such as ripple in the electromagnetic 
torque, flux, THD in current are considered to evaluate the 
performance of the IM DTC drive. 

II. THREE-LEVEL INVERTER TOPOLOGIES 

A. Dual inverter fed OEWIM topology 

Three-level inversion can be obtained when open stator 
windings are fed by two two-level inverters (the dual-inverter 
system) from either end as shown in Fig.1. Each inverter of the 
dual-inverter system is fed by an isolated DC power supply to   
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Fig. 1. Three – level OEWIMD 

 
Fig.2. Individual space vector diagrams 

 
Fig. 3. Resultant space vector diagram of OEWIMD 

 

ensure the blockage of zero-sequence currents. The individual 
inverter states as well as the dual-inverter system are shown in 
Fig. 2 and Fig. 3 respectively. As each of the constituent 2-L 
VSIs has 8 (Fig.2), the resultant dual-inverter system would 
have 64 (8x8) space vector combinations as shown in Fig.3 
[11]. 

The relationship between the phase voltage and pole voltage 
of OEWIMD and their expressions are detailed given in [12]. 
The phase voltage across the OEWIMD in terms of pole voltage 
can be written as, 
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B. Cascaded 3-Level (C3-L) Inverter topology 

Fig. 4 shows the cascaded 3-level inverter topology, which 
is realized by retrofitting two existing 2-L VSIs by connecting 
them in a cascaded manner. Fig.2 indicates the switching states 
of the constituent 2-L VSIs of the C3-L inverter also. The 
resultant space vector diagram for the C3-L VSI is shown in Fi-  

 
Fig.4. Three- Level Cascaded Inverter Topology 

 

 
Fig.5. Resultant space vector diagram of C3-L Inverter 

 

g. 5. Fig. 3 and Fig. 5 reveal that, both power circuits offer 
identical space-vector combinations. However, the distribution 
of space vector combinations over these locations is very 
different for these two power circuit configurations. While the 
disposition of the space vector combinations is symmetrical for 
the OEWIMD configuration, it is highly unsymmetrical in the 
case of the C3-L VSI. The phase voltage across the IM drive in 
terms of pole voltage can be written as, 
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III. REVIEW OF CLASSICAL DTC WITH 2-L VSI 

The concept of DTC of IMs is well known, it is briefly 
reviewed in this section. The torque expression for induction 
motor can be expressed in vector form as, 
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Where �� and �� are the stator and rotor flux vectors (both 
fixed to the stationary reference frame), Lm is the magnetizing 
inductance, ��′ is a measure of the stator inductance, �� is the 
rotor inductance, P is the number of poles and � is the angle 
between the stator and rotor fluxes. If the rotor flux remains 
constant, the incremental torque depends on the change in the 
stator flux, which in turn depends on the stator voltage and the 
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corresponding change in the angle �. The expression for 
incremental torque is given as 
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The block diagram representation of the conventional DTC 
is shown in Fig. 6, it mainly consists of flux and torque 
estimator block, where the electromagnetic torque and flux are 
estimated in the stationary frame of reference by using the 
following equations, 
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Where, ��� and ���are the d-q components of the stator flux 
and ���, ��� are the d-q axis components of the motor phase 
current. 

IV. CONVENTIONAL DTC FOR THREE – LEVEL TOPOLOGIES 

The principle of conventional DTC for 2-L VSI is extended 
to the OEWIMD and C3-L inverter fed IM drive and their block 
diagrams are shown in Figs. 7 & 8. Both of these three-level 
topologies use a 2-level flux hysteresis controller and a 7-level 
torque hysteresis controller. As explained earlier, both 
OEWIMD and C3-L inverter topologies have a total of 64 space 
vector combinations spread over 19 space vector locations. 
These 19 space vector locations are grouped into the following 
categories: i) null vector (N), ii) small vectors (Sx), iii) medium 
vectors (Mx) and iv) large vectors (Lx), where � � (1, 2, 3, 4, 5 
& 6) as shown in Figs. 3 & 5. The look up tables used for the 
selection of voltage vectors in the case of the OEWIMD and the 
C3-L topologies are shown in Tables I & II respectively. 

V. SIMULATION RESULTS & COMPARATIVE STUDY 

The simulation results are presented in this section to 
evaluate the relative performance of the three-level inverter 
topologies with the 2-L VSI. Conventional DTC is employed in 
all the three cases to facilitate a fair comparison. Fig. 9 shows 
the performance of the IM with DTC employing the 2-L VSI, 
wherein the speed command signal is varied from 0 to 1200 
RPM (mode of acceleration) and then to -1200 RPM (mode of 
speed reversal). It may be seen that the speed command is well 

obeyed (Fig. 9(a)). The developed electromagnetic torque is 
shown in Fig.9 (b). Figures 9(c) shows the stator voltage 
applied to the motor, while Fig. 9(d) shows the back-emf 
developed across the magnetizing inductance, which is 
obtained by subtracting the voltage across the leakage 
inductance associated with the stator. The zoomed view of the 
stator current is presented in Fig. 9(e), which is sinusoidal with 
the switching ripple superposed on it. It may be noted that the 
torque is non-zero only during the time of acceleration and the 
speed reversal. 

Similar responses are shown for the three-level inverter fed 
IM drive with DTC in Fig. 10 (for OEWIMD) and Fig.11 (for 
the C3-L VSI ) respectively. It may be observed that, while the 
applied voltage to the stator shows a fair amount of 
arbitrariness, owing to the random switching action of the 
power semi-conductor devices of the inverter, the back-emf 
waveform is periodic owing to both electrical and mechanical 
inertias. 

 

TABLE I: LOOK UP TABLE FOR SELECTION VOLTAGE VECTORS 
 

Flux 
Err 

Status 

Torque 
Err 

Status 

Sector Number 

S1 S2 S3 S4 S5 S6 

1 

3 L2 L3 L4 L5 L6 L1 
2 M2 M3 M4 M5 M6 M1 
1 S2 S3 S4 S5 S6 S1 
0 N N N N N N 
-1 S6 S1 S2 S3 S4 S5 
2 M6 M1 M2 M3 M4 M5 
-3 L6 L1 L2 L3 L4 L5 

-1 

3 L3 L4 L5 L6 L1 L2 
2 M3 M4 M5 M6 M1 M2 
1 S3 S4 S5 S6 S1 S2 
0 N N N N N N 
-1 S5 S6 S1 S2 S3 S4 
-2 M5 M6 M1 M2 M3 M4 
-3 L5 L6 L1 L2 L3 L4 

 
Fig. 12 shows the FFT analysis of the no-load current of the 

three DTC configurations at a speed of 900 RPM. It can be 
observed that the spectral performance is better in 3-L 
topologies as compared to the 2-L VSI. Fig. 13 shows the flux-
ripple associated with the three candidate configurations. It may 
be observed that, there is no advantage of resorting to the use of 
three-level inverters compared to the 2-L VSI. This is an expec-

 
 
Fig.6. Block Diagram of 2-L VSI DTC 
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Fig.7. Block Diagram of OEWIMD with DTC 
 

 
 

Fig.8. Block diagram of C3-L inverter fed IM with DTC 
 

  
 

Fig. 9. 2-L VSI DTC (a) speed reversal (b) Electromagnetic Torque (Te) (c) Stator Phase A voltage (d) Rotor Phase A voltage (e) stator Phase A current 
 

 
 
Fig. 10. 3-L OEWIMD DTC (a) speed reversal (b) Electromagnetic Torque (Te) (c) Stator Phase A voltage (d) Rotor Phase A voltage (e) stator Phase A current 
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Fig. 11. C3-L inverter DTC (a) speed reversal (b) Electromagnetic Torque (Te) (c) Stator Phase A voltage (d) Rotor Phase A voltage (e) stator Phase A current 
 

TABLE II: LOOK UP TABLE FOR SELECTION VOLTAGE VECTORS 
 

Flux 
Err Status 

Torque 
Err 

Status 

Sector Number 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

1 

3 L3 L3 L4 L4 L5 L5 L6 L6 L1 L1 L2 L2 
2 M2 M3 M3 M4 M4 M5 M5 M6 M6 M1 M1 M2 
1 S3 S3 S4 S4 S5 S5 S6 S6 S1 S1 S2 S2 
0 N N N N N N N N N N N N 
-1 S5 S5 S6 S6 S1 S1 S2 S2 S3 S3 S4 S4 
-2 M4 M5 M5 M6 M6 M1 M1 M2 M2 M3 M3 M4 
-3 L5 L5 L6 L6 L1 L1 L2 L2 L3 L3 L4 L4 

-1 

3 L2 L2 L3 L3 L4 L4 L5 L5 L6 L6 L1 L1 
2 M1 M2 M2 M3 M3 M4 M4 M5 M5 M6 M6 M1 
1 S2 S2 S3 S3 S4 S4 S5 S5 S6 S6 S1 S1 
0 N N N N N N N N N N N N 
-1 S6 S6 S1 S1 S2 S2 S3 S3 S4 S4 S5 S5 
-2 M5 M6 M6 M1 M1 M2 M2 M3 M3 M4 M4 M5 
-3 L6 L6 L1 L1 L2 L2 L3 L3 L4 L4 L5 L5 

 

 

 
 

Fig. 12. Current FFT Analysis: 2-L VSI DTC (top) 3-L OEWIMD DTC 
(middle) C3-L inverter DTC (bottom) 

 
 

Fig. 13. Flux ripple (a) 2-L VSI DTC (b) 3-L OEWIMD DTC (c) C3-L inverter 

DTC 

 

 
 

Fig. 14. Current THD Comparison 
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ted result on account of the high electrical inertia associated 
with the magnetizing inductance of the IM. However, the 
currents drawn by the motor could be considerably different and 
the use of three-level inverters are well justified. Fig. 14 show 
the THD in the stator currents for the three power circuit 
configurations at no-load. It is evident that the three-level 
inverters perform considerably better compared to the 2-L VSI. 

Fig. 15 shows the ripple in the electromagnetic torque for 
the three cases and the quantitate performance among the three 
DTC topologies in terms of ripple in torque error is shown in 
Table III. It is evident that the torque ripple with both of the 3-
level inverters is considerably lower compared to the one 
obtained with the 2-L VSI. This is the direct consequence of the 
lower THD in the stator currents of the IM.  

Fig. 16 shows the variation of the stator current and torque 
developed for all the three power circuit configurations under 
varying load conditions. 

 

TABLE III: QUANTITATIVE PERFORMANCE 
 

Speed (RPM) 
Ripple in Torque error 

2-L VSI DTC 
3-L OEWIMD 

DTC 
C3-L inverter 

DTC 

300 0.438 0.187 0.188 
600 0.598 0.372 0.373 
900 0.740 0.561 0.562 

1200 0.822 0.745 0.747 
1500 1.105 0.935 0.936 

 

 

 
Fig. 15. Torque ripple (a) 2-L VSI DTC (b) 3-L OEWIMD DTC (c) C3-L 

inverter DTC 
 

 
Fig. 16. Load torque with phase-A current (a) 2-L VSI DTC (b) 3-L OEWIMD 

DTC (c) C3-L inverter DTC 

VI. CONCLUSIONS 

In this paper, a comparative evaluation is performed 
between the three-level OEWIMD and the C3-L VSI, 
employing the conventional DTC technique. To visualize the 
benefit reaped by the use of these three-level VSIs clearly, their 
performance with DTC is compared to that of the one obtained 
with the 2-L VSI. The simulation studies indicate that there is 
an improvement in the current THD and the torque ripple when 
three-level inverters are used. Amongst the three-level 
inverters, the C3-L VSI registers a better performance in middle 
range of speed, as compared to the three-level OEWIMD. 
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