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Abstract Open End Winding Induction Motors (OEWIM)

are popular for electric vehicles, ship propulsion applica-

tions due to less DC link voltage. Electric vehicles, ship

propulsions require ripple free torque. In this article, an

enhanced three-level voltage switching state scheme for

direct torque controlled OEWIM drive is implemented to

reduce torque and flux ripples. The limitations of conven-

tional Direct Torque Control (DTC) are: possible problems

during low speeds and starting, it operates with variable

switching frequency due to hysteresis controllers and pro-

duces higher torque and flux ripple. The proposed DTC

scheme can abate the problems of conventional DTC with

an enhanced voltage switching state scheme. The three-

level inversion was obtained by operating inverters with

equal DC-link voltages and it produces 18 voltage space

vectors. These 18 vectors are divided into low and high

frequencies of operation based on rotor speed. The hard-

ware results prove the validity of proposed DTC

scheme during steady-state and transients. From simulation

and experimental results, proposed DTC scheme gives less

torque and flux ripples on comparison to two-level DTC.

The proposed DTC is implemented using dSPACE DS-

1104 control board interface with MATLAB/SIMULINK-

RTI model.
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Introduction

Most popular methods to control the speed of induction

motor drives are Field Oriented Control (FOC) [1] and

Direct Torque Control (DTC) [2]. Implementation of FOC

is quite complex since it involves co-ordinate transforma-

tion and rotor flux observer. The draw backs involved in

the implementation of FOC can be overcome by using

DTC. The scheme of DTC was introduced by Takahashi

and Noguchi [2]. DTC offers high dynamic performance

and it controls motor flux and torque directly by proper

selection of voltage vectors. The limitations of DTC are

higher ripples in torque, flux, variable switching frequency

[3] and possible problems during low speeds of operation.

Several research proposals are published to solve the

problems of DTC. Torque and flux ripples of induction

motor drive can be reduced by maintaining constant

switching frequency. In order to maintain constant

switching frequency space vector modulation based DTC

(SVM-DTC) was introduced [4]. SVM-DTC provides less

torque and flux ripples [4–8]. Implementation of SVM-

DTC requires three PI controllers [4]. A novel SVM-DTC

was implemented by using a PI controller and only one

reference triangular wave [5]. A hybrid carrier based SVM-

DTC is introduced for multi inverter fed induction motor

drive; it involves co-ordinate transformation [6]. PI con-

trollers used in SVM-DTC were replaced by intelligence

algorithm the validity of this algorithm was shown by

simulation only [8]. SVM-DTC requires computation of

reference voltage space vector and tuning of PI controllers.
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Torque and flux ripples of induction motor drive can be

reduced by using dithering [9]. Dithering involves high fre-

quency carrier signals and a PI controller; which may

increases complexity of DTC. Constant Switching Frequency

Controller (CSFC) is introduced to replace 3-level torque

hysteresis controller in DTC [10]. CSFC improvises the per-

formance of Induction Motor Drive (IMD) even at zero and

low speeds. DTC of three-level NPC inverter fed IMD was

introduced to reduce torque ripples by decreasing distortions

in current [11]. An adaptive nonlinear DTC technique was

implemented with loss-minimization strategy but it requires

high speed processor [12]. PI controllers used in conventional

DTC were replaced with Type-2 fuzzy controllers [13] to

improve dynamic performance of OEWIM drive. In [14],

neuro-fuzzy controller is implemented for IM drive with

simple tuning algorithm.LowcostDTC for inductionmotor is

implemented without using current sensors [15]. This algo-

rithm is simple, robust and less expensive but it does not

account limitations of DTC. A low speed high torque motor

drive with modular multi-level cascaded converter based on

triple-star bridge cells is developed. It provides numerical

analysis of common mode current and DC-capacitor voltage

[16]. The novel load angle control basedDTC is developed by

earlier researchers [17]. This method reduces torque and flux

ripple during steady-state and transient states. This method

requires an angle estimator.

From the literature survey, it is evident that torque ripple

of induction motor drive can be reduced by using SVM or

multi-level inverter fed IMD. Implementation of SVM-

DTC is quite complex so multi-level inversion fed DTC is

preferable to reduce torque and flux ripples. DTC of four-

level VSI was introduced by cascading three two-level

inverters [18] and it involves 18 switches for its operation.

Multilevel inversion with dual inverter fed OEWIM drive

attains prominent status owing to its merits: simple struc-

ture, elimination of clamping diodes in Neutral Point

Clamped (NPC) inverters, elimination of flying capacitors,

less number of DC sources [19]. In [20] DTC of OEWIM

was implemented with dual inverter configuration. SVM-

DTC of OEWIM drive was implemented by operating the

two inverters with equal DC link voltages [21]. In [22]

DTC of OEWIM is implemented by 12-sided polygonal

active voltage vectors.

In this article, the scheme of DTC is developed for

OEWIM without using SVM technique. OEWIM is suit-

able for electric vehicles [23], ship propulsion [24] and

easy inclusion of PV arrays [25]. Electric vehicles and ship

propulsion applications require ripple free torque, hence in

this paper the main focus is laid to reduce torque ripple.

The three-level inversion is obtained by using dual inverter

fed OEWIM configuration. The objectives of the proposed

scheme are: (1) Implementing an enhanced voltage

switching scheme for OEWIM drive to reduce torque and

flux ripples. (2) Reducing problems during low speeds of

operation. (3) Reducing the problems during sudden vari-

ations of speed. (4) Selection of active voltage vectors

based on rotor speed. (5) Operating the OEWIM drive with

constant V/f ratio. The effectiveness of proposed DTC

scheme verified experimentally with dSPACE DS-1104

control board.

Control Method of Proposed DTC

The block diagram of proposed dual inverter fed OEWIM

drive is shown in Fig. 1a. In the block diagram, xr
* is

reference speed (rad/s), xr is actual speed of rotor (rad/s),

Te
* is reference torque (N-m) obtained from PI controller, Te

is actual torque (N-m), |ws
*| is stator flux reference (Wb), ws

is actual flux (Wb), hs is angle of flux linkages, Vdc is input

DC voltage of VSI, ia, ib and ic are motor phase currents.

Power Circuit of OEWIM

The configuration of OEWIM drive is shown in Fig. 1b, the

motor is supplied with the difference of voltages obtained

from two inverters. Three-level inversion was obtained by

operating two inverters with equal DC-link voltage. The

advantage of OEWIM configuration is it uses two inverters

and they are operated with half of the rated DC-link volt-

age. Table 1 shows the realization of voltage space vectors

used to implement proposed DTC algorithm. Switches are

turned ‘ON’, to realize switching states to obtain three-

level output voltage. In Fig. 1c, there are 18 non-zero

voltage vectors (V1–V18). The active vectors are shown in

Fig. 1c. Hence the three-level inverter produces 18 active

voltage space vector locations.

Following is an example to determine resultant space

vector for switching combinations of (1,0,0) and (0,1,1) for

inverters 1 and 2. Where ‘1’ refers to top switch of

respective VSI is ON,’0’ indicates lower switch of

respective VSI is ON. The output voltages of inverters are

given by Eqs. (1) and (2). The voltage space vector Vs is

obtained from difference of output voltages of inverter-1

and inverter-2.

V01 ¼
2

3
� Vdc

2
Sa þ Sbe

j2p
3 þ Sce

j4p
3

� �
ð1Þ

V02 ¼
2

3
� Vdc

2
S0a þ S0be

j2p
3 þ S0ce

j4p
3

� �
ð2Þ

and Vs ¼ V01 � V02ð Þ ð3Þ

From Eq. (3), the obtained voltage space vector has

magnitude of Vdc, that is vector V7.

Similarly, if the switching combinations are (1,1,0) and

(0,1,0) then obtained voltage space vector has magnitude
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Vdc/2, and it is named as V1. On arranging all the vectors it

forms like a hexagon and it is shown in Fig. 1d, further the

voltage space vectors are divided into 12-sectors. Sector-1

occupies (3450–150) with respect to a-axis. Sector-2 is

from (150–450). Sector-3 is from (450–750). Sector-4 is

from (750–1050). Sector-5 is from (1050–1350). Sector-6 is

from (1350–1650). Sector-7 is from (1650–1950). Sector-8

is from (1950–2250). Sector-9 is from (2250–2550). Sector-

10 is from (2550–2850). Sector-11 is from (2850–3150) and

sector-12 is from (3150–3450). From space vector diagram,

the voltage vectors are categorized into two groups. Volt-

age vectors V7–V18 are used to operate at higher frequen-

cies (more than 66% of xr). Voltage space vectors V1–V6

are used to operate the drive with low (less than 33% of xr)

and medium (between low–high) frequencies.

High Frequency of Operation

The voltage space vectors V7–V18 and a null vector V0 are

used to control torque and flux of OEWIM drive for high

frequencies of operation. In Fig. 1d, if the location of stator

flux is in sector-1 then the voltage space vectors V8, V9,

V17 and V18 are applied to increase its magnitude, whereas

the voltage space vectors V11, V12, V14 and V15 are applied

to reduce its magnitude. For sector-1 to reduce positive

torque error V8, V9 and V10 are utilized, whereas to reduce

negative torque error V16, V17 and V18 are utilized. In this

mode of operation V1–V6 should not be used and selection

of vectors is given in Table 2. By utilizing the voltage

vectors V7–V18 three-level output voltage can be obtained.

Medium and Low Frequency of Operation

The voltage vectors V1–V6 and null-vector V0 are used to

control torque and flux of OEWIM drive for medium and

low frequencies. In Fig. 1d, if the location of stator flux

vector is in sector-I then the active voltage vectors V2 andV6

are applied to increase its magnitude, whereas the voltage

vectors V3 and V5 are applied to decrease its magnitude. In

sector-1 to reduce positive torque error V2 is utilized,

whereas to reduce negative torque error V5 is utilized. In this

mode of operation V7–V18 should not be used selection of

vectors is given in Table 3. By utilizing the voltage vectors

V1–V6 two-level output voltage can be obtained.

Fig. 1 a Block diagram of proposed DTC, b power circuit diagram, c voltage space vectors and d classification of sectors
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Table 1 Switching states of inverters 1 and 2

Inverter-1 Inverter-2 Voltage space vectors Realization Output voltage level

Sa Sb Sc Sa
0 Sb

0 Sc
0 Vs Magnitude Angle (�)

1 1 0 1 1 0 V0 0 0 Space vectors V1–V6, delivers two-level output voltage

1 1 0 0 1 0 V1 0.333*Vdc 0

0 1 0 0 1 1 V2 0.333*Vdc 60

0 1 1 0 0 1 V3 0.333*Vdc 120

0 0 1 1 0 1 V4 0.333*Vdc 180

1 0 1 1 0 0 V5 0.333*Vdc - 120

1 0 0 1 1 0 V6 0.333*Vdc - 60

1 0 0 0 1 1 V7 0.667*Vdc 0 Space vectors V7–V18, delivers three-level output voltage

1 1 0 0 1 1 V8 0.5774*Vdc 30

1 1 0 0 0 1 V9 0.667*Vdc 60

0 1 0 0 0 1 V10 0.5774*Vdc 90

0 1 0 1 0 1 V11 0.667*Vdc 120

0 1 1 1 0 1 V12 0.5774*Vdc 150

0 1 1 1 0 0 V13 0.667*Vdc 180

0 0 1 1 0 0 V14 0.5774*Vdc - 150

0 0 1 1 1 0 V15 0.667*Vdc - 120

1 0 1 1 1 0 V16 0.5774*Vdc - 90

1 0 1 0 1 0 V17 0.667*Vdc - 60

1 0 0 0 1 0 V18 0.5774*Vdc - 30

Table 2 Switching table of proposed three-level DTC for high speeds

Flux error Torque error Sector

1 2 3 4 5 6 7 8 9 10 11 12

1 1 V9 V10 V11 V12 V13 V14 V15 V16 V17 V18 V7 V8

- 1 V17 V18 V7 V8 V9 V10 V11 V12 V13 V14 V15 V16

- 1 1 V11 V12 V13 V14 V15 V16 V17 V18 V7 V8 V9 V10

- 1 V15 V16 V17 V18 V7 V8 V9 V10 V11 V12 V13 V14

Table 3 Switching table of proposed three-level DTC for low and medium speeds

Flux error Torque error Sector

1 2 3 4 5 6 7 8 9 10 11 12

1 1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1

- 1 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5

- 1 1 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2

- 1 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4
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Reduction of Torque and Flux Ripple

The voltage ripple has direct impact on performance of

OEWIM drive. Torque and flux ripples are dependent on

voltage ripple. The output voltage of inverter is given by

vðtÞ ¼ Rsis þ Ls
dis

dt
þ e0 ð4Þ

where v(t) is the output voltage of three level inverter, and

it has 18 voltage space vectors shown in Table 2. e0 is the

EMF induced and it depends on frequency of operation. Ls
is self-inductance and is is current. On neglecting stator

voltage drop in Eq. (4), can be rewritten as

dis

dt
¼ vðtÞ � e0

Ls

� �
ð5Þ

From Eq. (5), it is evident that the rate of change of

stator current is dependent on selection of inverter voltage

vector for the respective operating frequency. Hence to get

low current ripple at steady state, it is required to select

suitable voltage vector which maintains dis/dt as minimum.

The rate change of stator current is dependent on inverter

voltage vector and back EMF. Therefore dis/dt is

independent of rotor flux magnitude. Since the rotor time

constant is much high when compared to stator time

constant. The choice of active voltage vectors to reduce

torque and flux ripples are shown in Tables 2 and 3.

Figure 2 represents the deviation of current ripple for

high and low frequencies of operation. Figure 2a gives the

selection of voltage vector for high frequency of operation

by assuming the flux space vector is in sector-I. Figure 2b

represents selection and impact of voltage vectors for low

and medium frequencies. If the flux space vector is in

sector-1 by applying vector V10 rather than vector V9 it

results in higher change of load angle. Hence, V10 should

not be applied. To reduce torque and flux errors V9 should

be applied. For low and medium operating frequencies, if

flux space vector is in sector-1 then voltage vector V9

should not be applied to increase torque and flux, because it

increases current ripple dis/dt. For low and medium fre-

quencies voltage vector V2 should be applied. By applying

V9 and V2 for high and medium range of frequencies, it

maintains constant V/f ratio.

Experimental Results

The proposed three-level DTC is implemented by using

dSPACE-1104 control board with MATLAB/SIMULINK

real time interface. An experiment is conducted on

OEWIM drive to show the effectiveness of proposed DTC

algorithm at various rotor speeds. In interest of brevity,

experimental results are shown for low (100 rad/s), med-

ium (200 rad/s) and high frequencies (300 rad/s) of oper-

ation in forward and reverse motoring. Figure 3 represents

actual speed and flux of OEWIM drive for two-level and

proposed three-level DTC respectively. Figure 3a, b rep-

resent actual speed and flux of motor in forward motoring

for step change in speed variations of 100, 200 and

300 rad/s. Figure 3c, d represent speed and flux of motor in

reverse motoring for speed variations of - 100, - 200 and

- 300 rad/s. Figure 3e, f represent flux locus of two-level

and proposed DTC, respectively. From Fig. 3, it is evident

that the proposed three-level DTC gives less flux ripple

when compared with two-level DTC and it provides better

dynamic response for high speed variations.

Figure 4 represents speed and torque of OEWIM drive

for two-level and proposed three-level DTC respectively.

Figure 4a, b represent actual speed and torque of motor in

forward motoring for step change in speed variations of

100, 200 and 300 rad/s. Figure 4c, d represent actual speed

and torque of OEWIM drive for the speed variations of

- 100, - 200 and - 300 rad/s. Figure 4e, f represent

actual speed and torque of OEWIM drive for the speed

variation from 100 to 200 rad/s and 100 rad/s. The steady-

state torque ripple in proposed DTC algorithm is very less

when compared with two-level inversion.

Fig. 2 Rate of change of stator current to increase flux and torque for: a high Speeds and b low speeds
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Figure 5a, b represent a-phase voltage of OEWIM

drive and Common Mode Voltage (CMV) of two-level

DTC. Figure 5c, d represent a-phase voltage of OEWIM

drive and CMV of proposed DTC. Figure 5e, f represent

a-phase current of OEWIM drive for two-level and pro-

posed DTC respectively. Figure 5g represents quantified

torque ripple under steady state condition at different

operating frequencies. From Fig. 4, it is clear that the

Fig. 3 Experimental results of two-level and proposed DTC: a speed and flux in forward motoring, b speed and flux in forward motoring,

c speed and flux for variation of speed, d speed and flux for variation of speed (Speed@50 rad/s/div), (Flux@0.5 Wb/div). e Flux locus, f flux
locus (0.2 Wb/div)
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proposed-three level DTC gives less torque ripple when

compared with two-level DTC for all operating speeds,

for brevity only three speeds of operation is reported in

this article.

Conclusion

In this article, a modified three-level voltage switching

scheme is implemented for OEWIM drive with the help of

two two-level inverters to reduce torque and flux ripples at

Fig. 4 Experimental results of two-level and proposed DTC: a speed and torque in forward motoring, b speed and torque in forward motoring,

c speed and torque in reverse motoring, d speed and torque in reverse motoring, e speed and torque for variation of speed from 100 to 200 rad/s,

f speed and torque for variation of speed from 100 to 200 rad/s (Speed@100 rad/s/div), (Torque@5 N-m/div)
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different speed conditions. The proposed scheme is closer

to conventional DTC, so it gives all the features of DTC.

The two two-level inverters are operated with individual

DC sources, so it is easy to interface with PV arrays. The

intents of this article are: (1) implementing an effective

voltage switching state scheme for an OEWIM, (2) clas-

sification of voltage vectors based on rotor speed, (3)

reducing the problems encountered at low speeds and (4)

limiting the ripples in torque and flux. The effectiveness of

proposed algorithm was verified experimentally by oper-

ating OEWIM in forward and reverse motoring at low

(100 rad/s), medium (200 rad/s) and high (300 rad/s)

speeds. The future scope of the proposed article is to

implement for multilevel configuration using unequal DC

supplies and implementing with the help of predictive

control. From hardware results, proposed three-level DTC

gives less torque and flux ripples when compared with two-

level DTC for all speeds of operation.

Appendix

The photo graph consists of 4-pole, 3-phase, 415 V,

7.54 A, 1440 RPM, 5 H.P OEWIM drive. The motor is fed

with 2-VSI’s and operated with isolated DC sources. The

rated speed of motor drive is 1440 RPM (300 rad/s in

terms of Electrical Frequency). The motor is tested at low,

medium and high frequencies in forward and reverse

motoring modes. Switching pulses for the inverters are

given by dSPACE-1104 control board and it is synchro-

nized with MATLAB/SIMULINK (Fig. 6).
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