
ϕm ¼ 2λwlstkBm=π (32)

where λw is the winding pitch. If full-pitch winding is adopted, the winding pitch
is able to be written as:

λw ¼ 2πrg=2P (33)

Then, the no-load flux of each winding pole ϕm in Eq. (32) could change to:

ϕm ¼ 2rglstkBm=P (34)

Defining the average flux density at the stator yoke as By, the stator yoke
thickness hy can therefore be deduced as:

hy ¼ ϕm

2Bykstklstk
¼ rgBm

PBykstk
(35)

Similarly, defining the average flux density at the middle of stator tooth as Bt,
the stator tooth width is able to be worked out:

wt ¼ ϕm

3SPPkstklstkBt
¼ 4rgBm

ZskstkBt
(36)

Moreover, in order to simultaneously maintain a relatively large torque density
as well as reduce the risk of PM demagnetization, the PM thickness is recommended
to be:

hm ¼ 4g � 6g (37)

where g is the airgap length. Since the optimal torque density is often obtained
when the slot opening ratio is approximate to 0.25 [28], the stator slot opening
width wo could be written as:

wo ¼ π rg þ hm
� �

=2Zs (38)

Figure 26.
Geometry of stator and rotor.
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Then, next step is to calculate the stator outer radius ro. Firstly, the total slot area
of all the stator slots Aslot can be written based on the winding electric loading Ae

and the current density Je:

Aslot ¼ 2π rg þ hm
� �

Ae=JeSfg (39)

where Sfg is the slot fill factor. Meanwhile, the total slot area of all the stator slots
Aslot can be also derived out using the structural parameters:

Aslot ¼ π rg þ hm þ h1 þ hs
� �2 � π rg þ hm þ h1

� �2 � Zswths (40)

Combining the Eqs. (39) and (40), the slot depth hs can be determined. Then,
the stator outer radius ro can be given as:

ro ¼ rg þ hm þ h1 þ hs þ hy (41)

5.2 Rotor design

Defining the average flux density of each rotor yoke and middle of rotor tooth as
Bry, and Brt, respectively, the rotor yoke thickness hry and rotor tooth width wrt are
able to be achieved using the similar derivation procedure as Eq. (35) and Eq. (36).
Finally, the hry and wrt are given as:

hry ¼ rgBm=ZrBrykstk (42)

wrt ¼ 4rgBm=ZrkstkBrt (43)

Then, the rotor slot depth hrs is determined as:

hrs ¼ rs þ hry (44)

6. Design methodology and evaluations

6.1 Design procedure

Based on the analytical equations and the investigations of key performances in
the former parts, a quick and accurate analytical design of a FRPMM can be realized
by following these procedures (as depicted in Figure 27):

1.Based on the performance investigations in Figures 9–24, the initial design
values, including combination of stator slot and rotor slot number, electric
loading, equivalent magnetic loading, airgap length, materials of active parts,
etc. can be firstly selected.

2.Then, assuming an appropriate aspect ratio klr, the airgap radius rg, and the
stack length lstk can be worked out using Eqs. (29) and (30).

3.Based on Eqs. (32–44), the detailed geometric parameters of the stator core
and the rotor core are able to be obtained. Therefore, the stator outer diameter
ro and machine total length lo can be finally determined.

4.After that, check if the stator outer diameter and the machine total length
satisfy the required design specifications. If so, proceed to the FEA
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verifications of machine performances. If not, reset the initial values such as
combination of stator slot and rotor slot number, electric loading, equivalent
magnetic loading, etc.

Figure 27.
Design flow of FRPMM.
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5.Conducting FEA simulations, the electromagnetic performances such as back-
EMF, average torque, pulsating torque, power factor, efficiency, etc. can be
obtained. Check if all the performances satisfy the design specifications. If not,
adjust the design parameters in the former steps and iterate the design flow
until every output meets the requirement.

6.Finally, it is the result output.

6.2 Case study

In order show the effectiveness of the introduced analytical method, a FRPMM
is designed based on the method. Table 4 shows the specifications of the FRPMM,
which mainly includes the rated torque, machine volume, cooling method, rated
power, and speed. According to the rated torque, a design margin of 5% is suggested
so as to make sure the torque output. Therefore, the requirement of the torque is
8.4 Nm for this design. Then, the combination of stator slots and rotor slots is
determined in the first place. This combination is selected due to its high torque
density and low pulsating torque, as shown in Figure 13. Then, since the cooling
method is natural cooling, the electric loading and the equivalent magnetic loading
are chosen as 300A/cm and 0.2 T, respectively. After that, based on the output
torque value 8.4 Nm and Eq. (29), the airgap radius is determined as 38.5 mm.
Furthermore, assuming the yoke flux density of stator core and rotor core as 1.0 T,
and the teeth flux density of stator core and rotor core as 1.2 T, the detailed

Parameter Value Parameter Value

Rated torque 8 Nm Rated speed 300 rpm

Rotor inner diameter 32 mm PM material N38SH

Stator outer diameter 130 mm Stack length 120 mm

Airgap length 0.6 mm Iron material 50WW470

Cooling method Natural cooling Rated power 0.25 kW

Table 4.
Design specifications of a three-phase FRPMM.

Parameter Value Parameter Value

Stator Outer diameter 124 mm Inner diameter 79 mm

Turns per phase 300 Teeth width 11.5 mm

Slot number 12 Yoke thickness 6 mm

Slot depth 13.5 mm Yoke flux density 1.0 T

Winding pole pair 1 Teeth flux density 1.1 T

Magnet PM thickness 3 mm Magnet width 7.8 mm

Rotor Outer diameter 77.8 mm Slot depth 10.4 mm

Teeth flux density 1.2 T Yoke thickness 12.5 mm

Inner diameter 32 mm Yoke flux density 1.0 T

Teeth width 4 mm Slot number 17

Table 5.
Design parameters of the FRPMM using the design method.
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verifications of machine performances. If not, reset the initial values such as
combination of stator slot and rotor slot number, electric loading, equivalent
magnetic loading, etc.

Figure 27.
Design flow of FRPMM.
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Parameter Analytical design method FEA

PM flux linkage 1.43 Wb 1.35 Wb

Back-EMF 44.8 V 42.4 V

Torque 8.4 Nm 7.97 Nm

Table 6.
Results comparison of the design method and 2D FEA.

Figure 28.
12-slot/17-pole FRPMM prototype: (a) stator; (b) rotor.

Figure 29.
Test bed of the FRPMM prototype.

Figure 30.
Back-EMF waveforms at rated speed 300 rpm: (a) waveform; (b) FFT analysis.

94

Direct Torque Control Strategies of Electrical Machines

geometric parameters can all be determined. At last, the stator outer diameter is
worked out as 124 mm, which is less than the requirement 130 mm. So far, this
design is effective. Table 5 summarizes the design parameters of the FRPMM.
Finally, in order to verify the accuracy of the proposed analytical design method,
the FEA model is built, and the simulated performances are compared to the
analytical designed values. It can be seen in Table 6 that the FEA simulated results
match well with the analytical method. More importantly, the simulated perfor-
mance output satisfies the design specifications. Therefore, this analytical design is
successful.

6.3 Experimental study

To verify the calculated results by the analytical method and FEA, the FRPMM
prototype has been built. Its major parameters are listed in Table 4. The structure
and test bed of the prototype are shown in Figures 28 and 29, respectively.

Figure 31.
Output torque vs. phase current.

Parameter FEA Experiment

Average torque at rated current 7.97 Nm 7.24 Nm

Torque per weight 0.66 Nm/kg 0.60 Nm/kg

Phase back-EMF magnitude at 300 rpm 42.4 V 41.2 V

THD of the phase back-EMF at 300 rpm 1.26% 2.63%

Total losses 99.5 W 116.7 W

Efficiency 60.3% 57.3%

Power factor 0.756 0.746

Table 7.
Result comparison of FEA and experiment of the FRPMM prototype.
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Figure 30 compares the phase back-EMF waveform and spectrum at 300 rpm. It
can be seen that the back-EMF waveforms are very sinusoidal. This is because the
total harmonic distortion (THD) of FEA and experiments are only 1.26% and 2.63%,
respectively. The sinusoidal back-EMF is inherent without any special design tech-
niques such as skewing or pole shaping. Then, Figure 31 shows the FEA simulated
and experimental results of average torque at different winding current values. In
addition, the analytical design value is also plotted as the blue triangle. It indicates
that the simulated, analytical and experimental results have reached good agree-
ments. Finally, Table 7 compares the electromagnetic performances by FEA and
experiments. Thus, the feasibility of the analytical design method can be seen.

7. Conclusions

The design of FRPMMs is usually based on time-stepping FEA, which are accu-
rate but time-consuming. To save the design time meanwhile maintain the accu-
racy, this chapter proposes an analytical design method of FRPMMs. First, the
sizing equation is derived, and then the dimensional parameters of stator and rotor
are calculated. Finally, based on the above equations, an analytical design procedure
is established. Moreover, in order to help to choose the initial design parameters in
the sizing equation, including number of stator slots and rotor slots, airgap radius,
electrical loading, and equivalent magnetic loading, their effects on the average
torque, cogging torque, torque ripple, and power factor are investigated, providing
reliable guidance for designers. At last, in order to make the introduced design
methodology easier to understand, a FRPMM is designed and tested.
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Nomenclature

Br remanent flux density
μr relative permeability of magnets
g’ effective airgap length considering PM thickness
hm PM height along the magnetization direction
SO stator slot opening ratio (=slot opening width/slot pitch)
g airgap length
rg airgap radius
Ns number of series turns per phase
P number of stator winding pole pairs
lstk active stack length
Zr number of rotor teeth
ωm mechanical angular speed of rotor
Zs number of stator teeth
SPP slot per pole per phase
θ angular position of rotor axis with respect to the axis of phase a
θs particular position in the stator reference frame measured from the axis of

phase a
PR pole ratio (=rotor pole number/winding pole pair)

96

Direct Torque Control Strategies of Electrical Machines

Author details

Yuting Gao1* and Yang Liu2

1 Karlsruhe Institute of Technology, Karlsruhe, Germany

2 Wuhan Institute of Marine Electric Propulsion, Wuhan, China

*Address all correspondence to: gyt626890@gmail.com

©2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

97

Flux Reversal Machine Design
DOI: http://dx.doi.org/10.5772/intechopen.92428



Figure 30 compares the phase back-EMF waveform and spectrum at 300 rpm. It
can be seen that the back-EMF waveforms are very sinusoidal. This is because the
total harmonic distortion (THD) of FEA and experiments are only 1.26% and 2.63%,
respectively. The sinusoidal back-EMF is inherent without any special design tech-
niques such as skewing or pole shaping. Then, Figure 31 shows the FEA simulated
and experimental results of average torque at different winding current values. In
addition, the analytical design value is also plotted as the blue triangle. It indicates
that the simulated, analytical and experimental results have reached good agree-
ments. Finally, Table 7 compares the electromagnetic performances by FEA and
experiments. Thus, the feasibility of the analytical design method can be seen.

7. Conclusions

The design of FRPMMs is usually based on time-stepping FEA, which are accu-
rate but time-consuming. To save the design time meanwhile maintain the accu-
racy, this chapter proposes an analytical design method of FRPMMs. First, the
sizing equation is derived, and then the dimensional parameters of stator and rotor
are calculated. Finally, based on the above equations, an analytical design procedure
is established. Moreover, in order to help to choose the initial design parameters in
the sizing equation, including number of stator slots and rotor slots, airgap radius,
electrical loading, and equivalent magnetic loading, their effects on the average
torque, cogging torque, torque ripple, and power factor are investigated, providing
reliable guidance for designers. At last, in order to make the introduced design
methodology easier to understand, a FRPMM is designed and tested.

Acknowledgements

This work was supported by National Natural Science Foundation of China
(NSFC) under Project Number 51807076, and Alexander von Humboldt Foundation.

Nomenclature

Br remanent flux density
μr relative permeability of magnets
g’ effective airgap length considering PM thickness
hm PM height along the magnetization direction
SO stator slot opening ratio (=slot opening width/slot pitch)
g airgap length
rg airgap radius
Ns number of series turns per phase
P number of stator winding pole pairs
lstk active stack length
Zr number of rotor teeth
ωm mechanical angular speed of rotor
Zs number of stator teeth
SPP slot per pole per phase
θ angular position of rotor axis with respect to the axis of phase a
θs particular position in the stator reference frame measured from the axis of

phase a
PR pole ratio (=rotor pole number/winding pole pair)

96

Direct Torque Control Strategies of Electrical Machines

Author details

Yuting Gao1* and Yang Liu2

1 Karlsruhe Institute of Technology, Karlsruhe, Germany

2 Wuhan Institute of Marine Electric Propulsion, Wuhan, China

*Address all correspondence to: gyt626890@gmail.com

©2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

97

Flux Reversal Machine Design
DOI: http://dx.doi.org/10.5772/intechopen.92428



References

[1] Upadhyay P, Sheth NK,
Rajagopal KP. Effect of rotor pole arc
variation on the performane of flux
reversal motor. In: International
Conference on Electrical Machines and
Systems. 2007. pp. 906-911

[2] Sheth NK, Rajagopal KR.
Performance of flux reversal motor at
various rotor pole arcs. In: International
Conference on Electrical Machines and
Systems. 2007. pp. 1517-1522

[3] Kushwaha D, Dwivedi A, Reddy R,
et al. Study of 8/12 flux reversal machine
as an alternator. In: Eighteenth National
Power Systems Conference. 2014.
pp. 1-4

[4] Shin HK, Kim TH, Kim CJ.
Demagnetization characteristic analysis
of inset-type flux-reversal machines. In:
15th International Conference on
Electrical Machines and Systems.
2012. pp. 1-4

[5] Vandana R, Fernandes BG.
Mitigation of voltage regulation
problem in flux reversal machine. In:
Energy Conversion Congress and
Exposition. 2011. pp. 1549-1554

[6] More DS, Fernandes BG. Novel three
phase flux reversal machine with full
pitch winding. In: International
Conference on Power Electronics. 2007.
pp. 1007-1012

[7] Ahn J, Choi JH, Kim S, et al.
Parametric variance consideration in
speed control of single-phase flux
reversal machine. IET Electric Power
Applications. 2008;2(4):266-274

[8] Kim TH, Won SH, Lee J. Finite
element analysis of flux-reversal
machine considering BEMF current of a
switch-off phase and v-i characteristics
of a transistor and a freewheeling diode.

IEEE Transactions on Magnetics. 2006;
42(4):1039-1042

[9] Wang C, Nasar SA, Boldea I. High
speed control scheme of flux reversal
machine. In: International Conference
on Electric Machines and Drives. 1999.
pp. 779-781

[10] Deodhar R, Andersson S, Boldea I,
Miller T. The flux-reversal machine: A
new brushless doubly-salient
permanent-magnet machine. IEEE
Transactions on Industry Applications.
1997;33(4):925-934

[11] Wang CX, Boldea I, Nasar SA.
Characterization of three phase flux
reversal machine as an automotive
generator. IEEE Transactions on Energy
Conversion. 2001;16(1):74-80

[12] Lee CHT, Chau KT, Liu C, et al. A
new magnetless flux-reversal HTS
machine for direct-drive application.
IEEE Transactions on Applied
Superconductivity. 2015;25(3):5203105

[13] Prakht V, Dmitrievskii V,
Klimarev V, et al. High speed flux
reversal motor for power tool. In:
International Electric Drives Production
Conference. 2016. pp. 306-311

[14] Bahrami H, Zabihi A, Joorabian M.
A novel flux-reversal axial flux
generator for high speed applications.
International Conference on Power
Electronics and Drives Systems. 2005;2:
1152-1155

[15] Prakht V, Prakht V, Sarapulov S,
et al. A multipole single-phase SMC flux
reversal motor for fans. In: International
Conference on Electrical Machines.
2016. pp. 53-59

[16] Dmitrievskii V, Prakht V,
Mikhalitsyn A. A new single-phase flux
reversal motor with the cores made of

98

Direct Torque Control Strategies of Electrical Machines

soft magnetic composite materials. In:
International Conference on Electrical
Machines and Systems. 2015.
pp. 936-939

[17] Pellegrino G, Gerada C. Modeling of
flux reversal machines for direct drive
applications. In: European Conference
on Power Electronics and Applications.
2011. pp. 1-10

[18] More DS, Kalluru H, Fernandes BG.
Outer rotor flux reversal machine for
rooftop wind generator. In:
International Conference on IEEE
Industry Application Society Annual
Meeting. 2008. pp. 1-6

[19] Lee CHT, Chau KT, Liu C. Design
and analysis of a cost-effective
magnetless multiphase flux-reversal
DC-field machine for wind power
generation. IEEE Transactions on
Energy Conversion. 2015;30(4):
1565-1573

[20] Li T, Sun Y, Li G, et al. Design of a
novel double salient permanent magnet
machine for wind power generation. In:
International Conference on Electrical
Machines and Systems. 2010.
pp. 1053-1056

[21] Boldea I, Zhang L, Nasar SA.
Theoretical characterization of flux
reversal machine in low-speed servo
drives-the pole-PM configuration. IEEE
Transactions on Industry Applications.
2002;38(6):1549-1557

[22] Li W, Chau KT, Ching TW. A six-
phase transverse-flux-reversal linear
machine for low-speed reciprocating
power generation. In: IEEE International
Electric Machines and Drives
Conference. 2015. pp. 618-623

[23] Gandhi A, Mohammadpour A,
Sadeghi S. Doubled-sided FRLSM for
long-stroke safety-critical applications.
In: IEEE Industrial Electronics Society
Annual Conference. 2011. pp. 4186-4191

[24] Chung S, Lee H, Sang M. A novel
design of linear synchronous motor
using FRM topology. IEEE Transactions
on Magnetics. 2008;44(6):1514-1517

[25] Boldea I, Wang CX, Nasar SA.
Design of a three-phase flux reversal
machine. Electric Machines and Power
Systems. 1999;27:849-863

[26] Kim TH, Lee J. A study of the design
for the flux reversal machine. IEEE
Transactions on Magnetics. July 2004;
40(4):2053-2055

[27] Kim B, Lipo TA. Operation and
design principles of a PM Vernier
motor. IEEE Transactions on Industry
Applications. March 2014;50(6):
3656-3663

[28] Gao Y, Qu R, Li D, et al. Design
procedure of flux reversal permanent
magnet machines. IEEE Transactions on
Industry Applications. 2017;53(5):
4232-4241

[29] Zhu ZQ, Howe D. Instantaneous
magnetic-field distribution in brushless
permanent-magnet dc motors, Part III.
Effect of stator slotting. IEEE
Transactions on Magnetics. 1993;29(1):
143-151

[30] Gao Y, Qu R, Li D, et al. Torque
performance analysis of three-phase
flux reversal machines for electric
vehicle propulsion. IEEE Transactions
on Industry Applications. 2017;53(3):
2110-2119

99

Flux Reversal Machine Design
DOI: http://dx.doi.org/10.5772/intechopen.92428



References

[1] Upadhyay P, Sheth NK,
Rajagopal KP. Effect of rotor pole arc
variation on the performane of flux
reversal motor. In: International
Conference on Electrical Machines and
Systems. 2007. pp. 906-911

[2] Sheth NK, Rajagopal KR.
Performance of flux reversal motor at
various rotor pole arcs. In: International
Conference on Electrical Machines and
Systems. 2007. pp. 1517-1522

[3] Kushwaha D, Dwivedi A, Reddy R,
et al. Study of 8/12 flux reversal machine
as an alternator. In: Eighteenth National
Power Systems Conference. 2014.
pp. 1-4

[4] Shin HK, Kim TH, Kim CJ.
Demagnetization characteristic analysis
of inset-type flux-reversal machines. In:
15th International Conference on
Electrical Machines and Systems.
2012. pp. 1-4

[5] Vandana R, Fernandes BG.
Mitigation of voltage regulation
problem in flux reversal machine. In:
Energy Conversion Congress and
Exposition. 2011. pp. 1549-1554

[6] More DS, Fernandes BG. Novel three
phase flux reversal machine with full
pitch winding. In: International
Conference on Power Electronics. 2007.
pp. 1007-1012

[7] Ahn J, Choi JH, Kim S, et al.
Parametric variance consideration in
speed control of single-phase flux
reversal machine. IET Electric Power
Applications. 2008;2(4):266-274

[8] Kim TH, Won SH, Lee J. Finite
element analysis of flux-reversal
machine considering BEMF current of a
switch-off phase and v-i characteristics
of a transistor and a freewheeling diode.

IEEE Transactions on Magnetics. 2006;
42(4):1039-1042

[9] Wang C, Nasar SA, Boldea I. High
speed control scheme of flux reversal
machine. In: International Conference
on Electric Machines and Drives. 1999.
pp. 779-781

[10] Deodhar R, Andersson S, Boldea I,
Miller T. The flux-reversal machine: A
new brushless doubly-salient
permanent-magnet machine. IEEE
Transactions on Industry Applications.
1997;33(4):925-934

[11] Wang CX, Boldea I, Nasar SA.
Characterization of three phase flux
reversal machine as an automotive
generator. IEEE Transactions on Energy
Conversion. 2001;16(1):74-80

[12] Lee CHT, Chau KT, Liu C, et al. A
new magnetless flux-reversal HTS
machine for direct-drive application.
IEEE Transactions on Applied
Superconductivity. 2015;25(3):5203105

[13] Prakht V, Dmitrievskii V,
Klimarev V, et al. High speed flux
reversal motor for power tool. In:
International Electric Drives Production
Conference. 2016. pp. 306-311

[14] Bahrami H, Zabihi A, Joorabian M.
A novel flux-reversal axial flux
generator for high speed applications.
International Conference on Power
Electronics and Drives Systems. 2005;2:
1152-1155

[15] Prakht V, Prakht V, Sarapulov S,
et al. A multipole single-phase SMC flux
reversal motor for fans. In: International
Conference on Electrical Machines.
2016. pp. 53-59

[16] Dmitrievskii V, Prakht V,
Mikhalitsyn A. A new single-phase flux
reversal motor with the cores made of

98

Direct Torque Control Strategies of Electrical Machines

soft magnetic composite materials. In:
International Conference on Electrical
Machines and Systems. 2015.
pp. 936-939

[17] Pellegrino G, Gerada C. Modeling of
flux reversal machines for direct drive
applications. In: European Conference
on Power Electronics and Applications.
2011. pp. 1-10

[18] More DS, Kalluru H, Fernandes BG.
Outer rotor flux reversal machine for
rooftop wind generator. In:
International Conference on IEEE
Industry Application Society Annual
Meeting. 2008. pp. 1-6

[19] Lee CHT, Chau KT, Liu C. Design
and analysis of a cost-effective
magnetless multiphase flux-reversal
DC-field machine for wind power
generation. IEEE Transactions on
Energy Conversion. 2015;30(4):
1565-1573

[20] Li T, Sun Y, Li G, et al. Design of a
novel double salient permanent magnet
machine for wind power generation. In:
International Conference on Electrical
Machines and Systems. 2010.
pp. 1053-1056

[21] Boldea I, Zhang L, Nasar SA.
Theoretical characterization of flux
reversal machine in low-speed servo
drives-the pole-PM configuration. IEEE
Transactions on Industry Applications.
2002;38(6):1549-1557

[22] Li W, Chau KT, Ching TW. A six-
phase transverse-flux-reversal linear
machine for low-speed reciprocating
power generation. In: IEEE International
Electric Machines and Drives
Conference. 2015. pp. 618-623

[23] Gandhi A, Mohammadpour A,
Sadeghi S. Doubled-sided FRLSM for
long-stroke safety-critical applications.
In: IEEE Industrial Electronics Society
Annual Conference. 2011. pp. 4186-4191

[24] Chung S, Lee H, Sang M. A novel
design of linear synchronous motor
using FRM topology. IEEE Transactions
on Magnetics. 2008;44(6):1514-1517

[25] Boldea I, Wang CX, Nasar SA.
Design of a three-phase flux reversal
machine. Electric Machines and Power
Systems. 1999;27:849-863

[26] Kim TH, Lee J. A study of the design
for the flux reversal machine. IEEE
Transactions on Magnetics. July 2004;
40(4):2053-2055

[27] Kim B, Lipo TA. Operation and
design principles of a PM Vernier
motor. IEEE Transactions on Industry
Applications. March 2014;50(6):
3656-3663

[28] Gao Y, Qu R, Li D, et al. Design
procedure of flux reversal permanent
magnet machines. IEEE Transactions on
Industry Applications. 2017;53(5):
4232-4241

[29] Zhu ZQ, Howe D. Instantaneous
magnetic-field distribution in brushless
permanent-magnet dc motors, Part III.
Effect of stator slotting. IEEE
Transactions on Magnetics. 1993;29(1):
143-151

[30] Gao Y, Qu R, Li D, et al. Torque
performance analysis of three-phase
flux reversal machines for electric
vehicle propulsion. IEEE Transactions
on Industry Applications. 2017;53(3):
2110-2119

99

Flux Reversal Machine Design
DOI: http://dx.doi.org/10.5772/intechopen.92428



Chapter 5

Predictive Direct Torque Control
Strategy for Doubly Fed Induction
Machine for Torque and Flux
Ripple Minimization
Gopala Venu Madhav and Y.P. Obulesu

Abstract

The main drawback of Direct Torque Control (DTC) or Direct Power Control
(DPC) is non-constant switching frequency; this drawback can be eliminated by
employing predictive DTC. The predictive DTC technique is employed without
much complicated online calculations by simply implementing constant switching
times for active rotor voltage vectors to reduce torque and flux ripples and achieve
constant switching frequency. The predictive DTC strategy has been implemented
for RSC of Doubly Fed Induction Machine (DFIM). The performance of the
proposed control methodology is compared with the classical DTC method under
various operating conditions such as step change in torque, continuous variation of
torque command, and the performance of DFIM near synchronous speed. It is
found that the performance of the proposed predictive DTC strategy of DFIM is
quite good compared to classical DTC strategy.

Keywords: predictive direct torque control, classical direct torque control,
doubly fed induction machine, torque ripple, flux ripple

1. Introduction

In the field of renewable energy sources, wind energy is gaining much impor-
tance. The increase in the level of generation has two main restrictions, one is due to
the limitations of the switching frequency of the power devices with respect to the
power drive of the Doubly Fed Induction Machine (DFIM) and second one is the
requirement of good dynamic torque performance, these restrictions are addressed
by the proposed new Direct Torque Control (DTC) approach.

The foremost torque control methods proposed were classified into Field
Oriented Control (FOC) techniques, Blaschke [1] and the direct control techniques.
Then after, the concept of DTC, Takahashi and Ohmori [2] and Direct Self Control
(DSC), Depenbrock [3] were introduced to achieve good steady-state and transient
torque control conditions. Moreover, direct control techniques do not require cur-
rent regulators, nor coordinate transformations or specific modulations like Pulse
Width Modulation (PWM) or Space Vector Modulation (SVM) for pulse genera-
tion. The disadvantages are the lack of direct current control, torque control diffi-
culties at very low speeds and especially variable switching frequency behavior.
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The last important drawback put forward several authors in recent years, thus,
methods like Direct Mean Torque Control (DMTC), [4] and Direct Torque Control
based on Discrete Space Vector Modulation (DTC–DSVM), [5], have already
achieved constant switching frequency. Furthermore, the methods proposed in
Kang and Sul [6, 7] have extended the solution to reduce torque ripple at the same
time imposing the switching frequency, as well as for different voltage-source
multilevel topologies.

Further the concept of DTC have been applied to the brushless doubly fed
induction machine, [8], or the equivalent Direct Power Control (DPC) strategy for
several grid connected converter applications, [9].

In this paper, the analysis on the Doubly Fed Induction Machine (DFIM), which
is a common solution for variable speed wind turbines, is discussed. The control
methods like FOC have been performed by many authors, for example [10]. DTC
and DPC methods without switching frequency imposition have also been carried
out in Gomez & Amenedo [11], Datta & Ranganathan [12], while the DPC at
constant switching frequency has also been developed in [13].

These mentioned direct control techniques that achieve constant switching
frequency behavior are based on predictive control with a prediction horizon equal
to one sample period. In this paper, predictive DTC technique for the DFIM will be
employed based on [13] and the performance is compared with the DTC strategy,
at constant switching frequency and with reduced torque and flux ripples criteria.
This control technique is based on a prediction of the torque and the flux evolution
of the DFIM. Hence, the new Predictive DTC (PDTC) strategy presented in this
paper is based on a direct control of the electromagnetic torque and the rotor flux of
the machine. Simulation results are presented and discussed, and at last, the results
show that the predictive DTC technique presents good dynamic response compared
to classical DTC concept.

In this Chapter, predictive DTC technique for the DFIM has been implemented
and its performance is compared with the classical DTC of DFIM based on certain
parameters like constant switching frequency, torque ripple and flux ripple. This
control technique is based on a prediction of the torque and the flux evolution of the
DFIM. To validate the proposed control scheme, results are presented. From these
results, it is observed that the predictive DTC technique gives good dynamic
response compared to classical DTC concept.

The control strategy even reduces the switching losses of the converter and
reduces the electromagnetic torque and flux ripples at low switching frequency
even under variable speed operating conditions.

In Section 1, the introduction of the Chapter is given.
In Section 2, Contributions and Novelty of this Chapter is explained.
In Section 3, Modeling of the DFIM is given.
In Section 4, the basic control principle of predictive DTC is explained and also

implementation of the proposed predictive DTC strategy of DFIM along with
selection of rotor voltage vectors for constant switching frequency and reduction of
switching power losses are described.

In Section 5, Results are presented to validate the proposed control strategy.
In Section 6, the Conclusions of the Chapter are described.
In Section 7, the summary of the Chapter is given.

2. Contributions and novelty

The main contributions of this Chapter are as follows:

102

Direct Torque Control Strategies of Electrical Machines

• Implementation of a new predictive Direct Torque Control (DTC) strategy of
the Doubly Fed Induction Machine (DFIM) is presented which is designed to
operate at a low constant switching frequency.

• The proposed DTC method effectively reduces the torque and flux ripples at
low switching frequency, even under variable speed operation conditions.

• Results are presented to validate the proposed control strategy.

The novelty of this Chapter is that the predictive DTC have been developed to
control the different parameters of DFIM, to improve its performance during tran-
sient, steady state, tracking behavior and operation near synchronous speed. All
these cases are thoroughly investigated.

3. Modeling of DFIM

The DFIG model adopted is the qd0 rotating reference frame. It is because the
model of DFIM is quite suitable with this frame of reference during transients. The
transient solution of the DFIM model is possible because of the transformation from
abc to qd0 by which the differential equations with time-varying inductances is
converted into differential equations with constant inductances,

ð1Þ

(or) simply (1) can be written as

ð2Þ

Similarly, the q and d-axis rotor voltages referred to the stator are given by,

ð3Þ

(or) simply (3) can be written as

ð4Þ

The stator and rotor fluxes can be calculated by using (5) and (6) can be used
to calculate the magnitudes.
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ð5Þ

ð6Þ

The electromagnetic torque of DFIM is given in (7).

ð7Þ

The active and reactive powers are given by:

ð8Þ

4. Description of proposed predictive direct torque control strategy
for torque and flux ripple minimization

The main drawback of classical DTC scheme is nonconstant switching behavior;
it is avoided by the proposed predictive Direct Torque Control strategy. The con-
stant switching behavior is achieved by increasing slightly the complexity of control
strategy.

A sequence of three voltage vectors will be introduced at a constant switching
period of which two are active vectors always followed by a zero vector, in order to
reduce the ripples of both directly controlled variables compared to selection of four
rotor voltage vectors depending on the position of rotor flux in classical DTC
scheme. For that purpose, ripple reduction criteria based on a prediction of the
electromagnetic torque and rotor flux evolution over time is implemented which is
derived from (7) and (10) [13] and illustrated in Figure 1(a).

The basic principles of the predictive DTC scheme are firstly, constant switching
period ‘ts’ is defined. In predictive DTC, the control procedure is discretized unlike
in DTC scheme, which is based on time domain. Secondly, at steady state condition,
by taking the electromagnetic torque and flux amplitude errors to be minimized,
the three different rotor voltage vectors are injected during ts. Note that according
to the chosen three vector sequence together with the specified time intervals for
each vector, the electromagnetic torque and flux evolutions within the switching
period can be different. Thirdly, this procedure is repeated at constant period ts.

The Doubly Fed Induction Machine is modeled using (2), (4)–(6). The torque is
calculated by using (7) in terms of complex conjugate of rotor flux and stator flux.
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4.1 Effect of voltage vector on the DFIM

Using (2), (4)–(7), the predictive expressions for torque and rotor flux are given
by [2, 13]

ð9Þ

ð10Þ

The below space vector representations are used in order to analyze the expres-
sions (9) and (10).

ð11Þ

ð12Þ

ð13Þ

Figure 1.
(a) Simplified prediction scheme of torque and rotor flux of DFIM. (b) Variation of electromagnetic torque
with zero vectors at constant torque and rotor flux.
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ð14Þ

where n is representation of sectors from 0 to 7. In (9), if Eqs. (11)–(14) are
substituted, then

ð15Þ

where

ð16Þ

Eq. (15) comprises of a cosine term and two constant terms, the cosine term with
depends on DC bus voltage and it indicates that the cosine term of rotor flux
variation is constant for zero vectors and only depends on active vectors.

Eq. (10) can be simplified considering the stator flux vector module which is
nearly constant.

ð17Þ

Eq. (17) is similar to rotor flux derivation with only one constant and one
sine term.

Equations (15) and (17) are used practically as shown in Figure 1(a), instead of
(9) and (10). As shown in Figure 1(a), the torque and flux derivatives depends on
only four terms when considering the DC bus voltage, stator voltage and flux as
constant magnitudes. In the expression (17), the constant term depends on Tem and,
that means it depends on machine operating condition, which can be positive or
negative as shown in Figure 1(b). Because of this reason only, the phase shift order
of each active vector varies, whereas, it is not like that for rotor flux derivative. The
key point is knowing the slopes or the derivatives of torque and flux for each of
the rotor voltage vector based on Figure 1(a) and Table 1 and considering these
slopes to be constants within the specific time in the given switching period, ts, the
torque and flux ripples can be maintained within the limits.

With constant values

ð18Þ

ð19Þ

ð20Þ

From the Figure 1(b), it can be seen that the slope of torque derivative varies
proportionally to the slip speed provided at fixed torque and rotor flux operating
conditions and also near synchronous speed, the slope of the zero vector becomes
smaller obeying the fact that from the expression (17) the zero vector produce small
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torque variation. This fact implies that near synchronous speed the amplitude of
rotor voltage vector is small demanding the condition of zero vectors. As shown in
Figure 1(b), this transition from positive to negative torque slope is different to the
synchronous speed.

4.2 Selection of first rotor voltage vector

The first vector is selected depending on the errors of torque and flux and the
sector where the rotor flux lies, the look up table for vector selection is shown in
Table 1. From the Table 1, it is noticed that the required rotor voltage vector should
produce either positive or negative slope variation depending on the output of the
torque or flux hysteresis comparators that is either 1 or �1, respectively.

4.3 Selection of second and third vector rotor voltage vector

The first vector is actually selected based on the classical DTC; the second vector
is selected such that it is always followed by zero vectors in order to reduce the
torque and flux ripples based on the predictive DTC strategy.

From Figure 2, it can be seen that from the derivative calculations block the
required values of torque and flux evolutions depending on the each rotor voltage
selected are fed to the ripple reduction criteria block, in which based on the slopes
calculations by (15) and (17), the required rotor voltage vectors which are selected
are active for the time period of this constant slopes. This constant time period of
the constant slopes is fed to the switching table, where in the switching operation of
rotor voltages are chosen in such a way that it reduces the switching losses.

From (15) and (17), it can be inferred that the rotor flux is constant for zero
vector and it produces opposite sign for torque variation for first two active vectors.
These two active vectors along with zero vectors are useful to control torque and
rotor flux. By the two active vectors the rotor flux as one vector produce positive
slope, the other vectors produce negative slope because of this the flux ripple is not
eliminated completely as compared to torque ripple and further it affects the rotor
and stator currents. Table 2 shows the selection of second active vector, after the
first active vector is selected. It clearly shows that, one vector cannot be selected, as
the flux would have a very big or small variation, which leads to poor quality of flux
output.

4.4 Reduction of switching power losses

The right choice of zero vectors V0 and V7 implies that there is reduction in
switching power loss of the converter. Two different switching sequences exist for
each pair of required active vectors, which allows the commutations of the con-
verter to be reduced. Table 3 shows the correct sequence of vectors, which allows
only four commutations per switching period ts. The candidate sequences are such

Error of electromagnetic torque

1 �1

Error value of rotor flux 1 V(n � 1) V(n + 1)

�1 V(n � 2) V(n + 2)

n = sector.

Table 1.
Selection of voltage vectors [13].
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that it reduces the switching power losses by transmitting the smallest current
values, which is the main task of the proposed control strategy.

5. Results and discussion

The predictive DTC control scheme of DFIM has been implemented using
MATLAB/Simulink. The specifications of DFIM are given in Table 4. The

Figure 2.
Block diagram of proposed predictive direct torque control strategy of DFIM.

Active vectors

Below synchronous speed V(n + 1), V(n + 2)

Above synchronous speed V(n � 1), V(n � 2)

n = sector.

Table 2.
Selection of active vectors under steady-state [13].

Active vectors Sector Switching sequences Zero vector

V1-V2 6(subs) 100-110-111 V7

3(hypers) 110-100-000 V0

V2-V3 1(subs) 110-010-000 V0

4(hypers) 010-110-111 V7

V3-V4 2(subs) 010-011-111 V7

5(hypers) 011-010-000 V0

V4-V5 3(subs) 011-001-000 V0

6(hypers) 001-011-111 V7

V5-V6 4(subs) 001-101-111 V7

1(hypers) 101-001-000 V0

V6-V1 5(subs) 101-100-000 V0

2(hypers) 100-101-111 V7

subs – sub synchronous speed operation, hypers – super synchronous speed operation.

Table 3.
Sequence of vector selection for reduction of switching power losses under steady-state [13].
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conditions of steady state, transient, tracking behavior, and performance near syn-
chronism of DFIM are examined, which are given in three subsections.

5.1 Transient and steady state analysis of DFIM

The performance of proposed control strategy of DFIM is analyzed for steady
state and transient conditions. For the transient conditions, the step change in
electromagnetic torque i.e., from �0.4 pu to +0.4 pu at 0.6 s is considered. That
means, from generator mode (negative torque) to motoring mode (positive
torque), with constant switching frequency of 1 kHz, with speed reference of
1350 rev/min, and DC-link voltage of 1200 V. The DFIM is under steady state

Doubly fed induction machine

Specifications Ratings

Rated power 2.6 MW

Rated voltage 690 V

Synchronous speed 1500 rpm

Frequency 50 Hz

Number of pairs of poles 2

Stator to rotor turns ratio 0.34

Base voltage 398.4 V

Base current 2175 A

Base angular frequency 157 rads�1

Base power 2.6 MW

Stator resistance 0.0108 pu

Stator leakage inductance 0.102 pu

Magnetizing inductance 3.362 pu

Rotor resistance referred to stator 0.0121 pu

Rotor leakage inductance referred to stator 0.11 pu

Inertia constant(H) 0.5 s

Friction coefficient(F) 0.05479 pu

DC-link capacitance 5e–3F

DC-link voltage 1200 V

Wind turbine

Number of blades 3

Rotor diameter 70 m

Hub height 84.3 m

Turbine total Inertia 4.4532 e5Kgm2

Stiffness constant (B) 2 pu

Mutual damping 1.5 pu

Cut-in wind speed 3 ms�1

Cut-out wind speed 25 ms�1

Rated wind speed 15 ms�1

Table 4.
Specifications of DFIM and wind turbine.
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operation up to 0.6 s with torque of �0.4 pu and at 0.6 s the DFIM enters into
transient state, and again it reaches its steady state value of 0.4 pu.

The response of stator currents in stationary reference frame are shown in
Figure 3(a). Therefore, there are two waveforms which refer to α, β components of
stator currents. From the Figure 3(a), it is observed that there are no over currents
in stator, which indicates the effectiveness of the proposed control scheme even at
sudden variation in torque demand. This is possible because of selection of proper
rotor voltage vectors with their respective time intervals.

Figure 3(b) shows the response of developed torque for the proposed strategy
and classical DTC strategy (not expressed in p.u. value), from the figure, it is
noticed that the torque response of the DFIM closely followed the torque command
and also torque ripple is zero.

From the Figure 3(c), it can be seen that stator active power has good dynamic
response when the reference torque is changed suddenly. From the figure, it is
observed that the stator active power follows the torque demand to make the DFIM
to develop the torque to match its reference value.

The response of the stator flux is shown in Figure 3(d), from the figure, it is
clearly noticed that the stator flux response remains constant which is not affected
by variation in torque command.

The response of the rotor flux is shown in Figure 3(e), from the figure, it is
observed that the rotor flux response is also not affected by change in reference
torque and also the rotor flux response is sinusoidal in nature which is not distorted
due to sudden change in torque command.

Figure 3(f) shows response of the rotor speed of DFIM. From the Figure 3(f), it
is observed that there is decrease in rotor speed due to step change in reference
torque but decrease in rotor speed is very small.

The response of rotor currents is shown in Figure 3(g). From the Figure 3(g), it
is observed that there are no over currents in rotor, which indicates the effective-
ness of the proposed control scheme even at sudden variation in torque demand.
This is possible because of selection of proper rotor voltage vectors with their
respective time intervals.

5.2 Performance analysis of DFIM during variable torque behavior

In this section, the proposed control scheme of DFIM is investigated for variable
speed operation implying wind energy applications, and at the same instant, the
torque reference may also vary respectively with speed of DFIM. This kind of
behavior of wind energy system is called as tracking behavior. At this condition, the
actual values of the DFIM should follow the reference values as closely as possible
and this is clearly guaranteed by proposed control strategy which can be seen clearly
through the results presented in this section. To explore the tracking behavior of
DFIM, sinusoidally varying reference torque with amplitude of 0.4 pu and fre-
quency of 3 Hz is set to the DFIM. By this set reference torque, the DFIM operates
in generating and motoring modes. In this mode of operation, the other parameters
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amplitude of stator currents for maintaining the consistency due to variable behav-
ior of torque command. The stationary reference frame stator currents are clearly
noticed in Figure 4(a).
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The torque produced by the DFIM follows as closely as the reference
torque, which indicates good tracking behavior of the proposed control scheme
comparative to classical DTC (not expressed in p.u. value), it can be seen in
Figure 4(b).

Stator flux and rotor flux responses of DFIM are shown in Figure 4(c) and (d)
respectively. From the Figure 4(c) and (d), it is observed that the variation
in torque command is not having any influence on the stator and rotor fluxes
of DFIM.

Figure 4(e) shows the rotor speed response of DFIM. From the Figure 4(e), it is
observed that there is continuous variation in rotor speed; of course, this variation is

Figure 3.
(a) Response of stator currents of DFIM for step change in Tem from �0.4 pu to 0.4 pu at 0.6 s. (b) Torque
response of DFIM for step change in Tem from �0.4 pu to 0.4 pu at 0.6 s, (i) proposed strategy (ii) classical
DTC. (c) stator active power of DFIM for step change in Tem from �0.4 pu to 0.4 pu at 0.6 s. (d) Stator flux
response of DFIM for step change in Tem from �0.4 pu to 0.4 pu at 0.6 s. (e) Response of rotor flux of DFIM for
step change in Tem from �0.4 pu to 0.4 pu at 0.6 s. (f) Rotor speed response of DFIM for step change in Tem
from �0.4 pu to 0.4 pu at 0.6 s. (g) Response of rotor currents of DFIM for step change in Tem from �0.4 pu
to 0.4 pu at 0.6 s.
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very small it is because of variable torque command, but practically rotor speed
almost constant.

The predictive DTC strategy has good tracking behavior and it is confirmed
that the reduction in torque and flux ripples is achieved as there are absolute
absence of over currents and reduced ripples in rotor currents as shown in Figure 4(f).
From the Figure 4(f), it is noticed that there is continuous increase and decrease in
the amplitude of rotor currents, similar to stator currents as shown in Figure 4(a).

5.3 Performance of DFIM near synchronous speed

In this Section, the performance of the proposed control scheme of DFIM has
been investigated near the synchronous speed. This is examined by varying the speed
of DFIM from 1580 rpm (hyper synchronous value) to 1340 rpm (sub synchronous
value) in terms of sine wave with frequency of 3 rads�1 and phase shift of 90°,
with the reference values of torque and rotor flux are set to 0.4 pu and 1 pu
respectively.

Even when the speed command is varied suddenly from hyper synchronous
value to sub synchronous value no much transient peaks occur in stator currents, as
shown in Figure 5(a), which clearly emphasizes there is reduction in over currents
in stator and this is because of proper selection of switching sequence of rotor
voltage vectors.

As shown in Figure 5(b), the torque developed by the machine for proposed
strategy and classical DTC and it closely follows the reference torque which means
the dynamic performance of the machine is quite satisfactory but when the rotor
speed nears the synchronous speed at around 0.5 s, variable torque ripple is pro-
duced. This variability in the torque ripple is due to continuous selection of zero
voltage vectors at that instant. It indicates, the smaller amplitude of rotor voltage
vector is required at the instant of rotor speed nearing the synchronism, which

Figure 4.
(a) Response of stator currents of DFIM with variable torque command. (b) Response of developed torque of
DFIM with variable torque command (i) proposed strategy (ii) classical DTC. (c) Response of stator flux of
DFIM with variable torque command. (d) Response of rotor flux of DFIM with variable torque command.
(e) Response of rotor speed of DFIM with variable torque command. (f) Response of rotor currents of DFIM
with variable torque command.
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actually causes the reduction in torque ripple and this leads to degradation of
quality of control. As shown in Figure 5(b), the ripples are reduced in electromag-
netic torque response.

Stator flux responses are shown in Figure 5(c). From the figure, it is observed
that the stator flux remains constant and is not affected by change in rotor speed
and also it is sinusoidal in nature.

The response of rotor flux is shown in Figure 5(d), from the figure, it is
observed that there is no effect on the rotor flux due to sudden change in the rotor
speed and rotor flux is also not affected by the changeover.

The response of rotor speed is as shown in Figure 5(e), when reference speed is
varied from hyper synchronous value to sub-synchronous value and it is observed
that the rotor speed response of DFIM follows the command speed.

Similar to stator currents as shown in Figure 5(a), no much transient peaks
occur in rotor currents, as shown in Figure 5(f), that is, there is reduction in over
currents in the rotor, which is because of proper selection of switching sequence of
rotor voltage vectors.

6. Conclusions

The proposed control method makes two general contributions to the predictive
control techniques. Firstly, it shows that using instead of two voltage vectors oper-
ating three appropriate vectors, allows operating at low constant switching fre-
quency. Secondly, it is crucial to achieve the whole good performance of the DFIM,
in terms of torque and current ripples by reducing the ripples of both directly
controlled variables instead of only one.

Figure 5.
(a) Response of stator currents of DFIM with variation in rotor speed from 1580 to 1340 rpm. (b) Torque
response of DFIM with variation in rotor speed from 1580 to 1340 rpm (i) proposed strategy and (ii) classical
DTC. (c) Response of stator flux of DFIM with variation in rotor speed from 1580 to 1340 rpm. (d) Response
of rotor flux of DFIM with variation in rotor speed from 1580 to 1340 rpm. (e) Rotor speed of DFIM with
variation in rotor speed from 1580 to 1340 rpm. (f) Response of rotor currents of DFIM with variation in rotor
speed from 1580 to 1340 rpm.
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From the proposed control method, it is possible to reduce the stress of the
switching devices of the voltage source converter, in terms of low constant
switching frequency behavior and switching power losses reduction, often
demanded requirements in high power applications.

It presents good tracking behavior, capable of working at variable speed opera-
tion conditions, for both motoring and generating modes at sub- synchronous and
hyper synchronous speeds when compared to DTC technique, making this control
suitable for applications such as wind power generation.

The new DTC technique allows obtaining quick dynamic responses in respect to
DTC method, with absolute absence of non-desired over currents in the machine. It
ensures reduced torque and flux ripples, due to the control effect. The simulation
results showed the effectiveness of the proposed method, to control the torque and
the flux of the DFIM at considerably low constant switching frequency.

7. Summary

In this Chapter, new predictive DTC has been developed for DFIM. The pro-
posed control scheme uses two voltage vectors instead of three voltage vectors and
it allows operating at low constant switching frequency and reduces torque and flux
ripples, and also capable of working at variable speed operating conditions for both
motoring and generating modes at sub-synchronous and hyper synchronous speeds
compared to classical DTC technique. The comparison of torque and flux ripple
values (difference of maximum to minimum ripple value) and its reduction given
by the difference of maximum value and minimum value to average value is given
in the Table 5 below.

S. No. Parameter Classical DTC scheme Predictive DTC scheme

1 Torque ripple 0.3 pu 0.01 pu

2 Reduction in torque ripple 2.5% 1.25%

3 Rotor flux ripple 0.018 pu 0.01 pu

4 Reduction in rotor flux ripple 1.8% 1.05%

Table 5.
Torque and flux ripple reduction comparison.
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Chapter 6

Study of the Parameters
of the Planner with a Screw
Working Body
Juraev Tojiddin Khayrullaevich,
Norov Sobirjon Negmurodovich
and Musulmanov Furqat Shodiyevich

Abstract

This chapter examined the theoretical background of the use of a screw working
body in front of the planner bucket and conducting experiments in laboratory
conditions with the proposed working body. This work supports the practical solu-
tion of using a screw working particle in the current field planning. Significance of
the work reducing traction resistance to soil movement up to 20% enables the
tractor unit to work at higher speeds of translational motion; the latter contributes
to increased productivity, improved planning quality and reduced cash costs per
unit of work performed. The chapter was prepared under results of research in the
Mechanics Laboratory of Bukhara Engineering Technological Institute.

Keywords: productivity of the screw working body, translational speed of the
planning unit, screw pitch, screw diameter, drawing prisms

1. Introduction

Further development of agriculture in modern conditions determines the intro-
duction of new advanced technologies and machines for their implementation.

As we know, for increase of volume agricultural products, it is need to intensifi-
cation of agricultural production, one of the means of which is wide land reclama-
tion, which provides, as one of the most important measures, the planning of the
irrigated land surface. Alignment of the surface of the fields by the long-base
planners is of great importance in the range of planning works, and research work
to improve these planners is carried out both in Uzbekistan and abroad.

The analysis of the state of the issue showed the need to improve the quality of
planning work, increase the productivity of long-base planners and increase the
levelling ability of the latter [1, 2].

2. Literature review

By world and domestic farming practices, it has been proved that planning or
levelling the surface of the fields is the main land reclamation measure designed

123



Chapter 6

Study of the Parameters
of the Planner with a Screw
Working Body
Juraev Tojiddin Khayrullaevich,
Norov Sobirjon Negmurodovich
and Musulmanov Furqat Shodiyevich

Abstract

This chapter examined the theoretical background of the use of a screw working
body in front of the planner bucket and conducting experiments in laboratory
conditions with the proposed working body. This work supports the practical solu-
tion of using a screw working particle in the current field planning. Significance of
the work reducing traction resistance to soil movement up to 20% enables the
tractor unit to work at higher speeds of translational motion; the latter contributes
to increased productivity, improved planning quality and reduced cash costs per
unit of work performed. The chapter was prepared under results of research in the
Mechanics Laboratory of Bukhara Engineering Technological Institute.

Keywords: productivity of the screw working body, translational speed of the
planning unit, screw pitch, screw diameter, drawing prisms

1. Introduction

Further development of agriculture in modern conditions determines the intro-
duction of new advanced technologies and machines for their implementation.

As we know, for increase of volume agricultural products, it is need to intensifi-
cation of agricultural production, one of the means of which is wide land reclama-
tion, which provides, as one of the most important measures, the planning of the
irrigated land surface. Alignment of the surface of the fields by the long-base
planners is of great importance in the range of planning works, and research work
to improve these planners is carried out both in Uzbekistan and abroad.

The analysis of the state of the issue showed the need to improve the quality of
planning work, increase the productivity of long-base planners and increase the
levelling ability of the latter [1, 2].

2. Literature review

By world and domestic farming practices, it has been proved that planning or
levelling the surface of the fields is the main land reclamation measure designed

123



to eliminate irregularities on the field under sowing in the form of various rise
and falls.

Many domestic and foreign scientific works [3–6] have been published on the
need for field planning, authors of which have been examined the issue from
different perspectives and pointed out the advantages of this operation. Moreover,
there are many advantages, whether it is capital and operational planning or micro
alignment. Experiments have established that under conditions of turbulent terrain,
crop losses amount to 40% of the potential crop. Cotton grown on mounds and
lowlands gives raw cotton of lower quality: fibre strength, grade, ripeness, etc. are
reduced.

In areas with saline soil, a high-quality planning prevents the formation of saline
spots (areas) and thereby ensures sustainable yields of all types of crops [6, 7].
Flushing saline lands without planning are ineffective.

According to Ref. [6], it was established that uniform soil moisture is achieved
on the planned field, and the irrigation water consumption is significantly reduced.

In the United States, great importance is given to the planning of the surface of
irrigated areas. Annually, in this country, approximately more than half of the
irrigated areas are subject to planning [3, 6, 7]. Americans do not spare the cost of
land planning, as this increases income from irrigated land and reduces the cost of
production.

To ensure the high quality of the technological processes, including irrigation, it
is necessary to pay special attention to the capital planning and the mandatory
periodic implementation of the field operational planning.

3. Research methods

It is known that the magnitude and the nature of the change in the angular speed
of a material particle determine the productivity and energy indicators for
conveying the material with a screw [2, 8].

Let us consider the movement of a material particle of mass dm located at point
O of an inclined cylindrical screw at a distance r from the axis of the screw
(Figures 1 and 2) and moving along the trajectory of the absolute movement AB;
the axes τ, b and n are, respectively, tangent, binormal and normal to the trajectory
of absolute motion [9]. The n axis is directed towards the centre of curvature and

Figure 1.
Movement of a material particle of mass dm located at point O.
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coincides with the y axis. The Z axis is parallel to the axis of the screw, and the x and
y axes are located on tangent and normal in plane PP of the screw, perpendicular to
its axis ШШ; GG horizontal plane.

The following forces impact on the soil particle: particle gravity Gr = gdm, which
can be divided into three components, axial GrI = Gr.sin βш (along the z axis), radial
Gr

II = Gr.cos βш cosε (along the y axis) and tangent Gr
III = Gr.cosβш�sinε (along the x

axis); centrifugal force Fц ¼ ωr
2 � μ � d �m (along the y axis), friction force of a

particle on a blade casing Fk1 (along the τ axis), and friction force on a helical
surface Fш (at an angle of inclination of the helix αr to the х axis); tangential inertial
force, Fu

t, acting along the tangent to the trajectory of the absolute motion of the
particle (τ axis) and directed opposite to the particle’s absolute speed vector V
(Figure 3); normal inertial force directed to the centre of curvature of the trajectory
(along the n axis); and normal reaction of the adjacent layer FкII(along the n axis)
and the helical surface FшI (at an angle аr to the z axis). βш is the angle of inclination
of the screw to the horizon; and ε is the current angle of rotation of the particle,
measured from the projection of the О2 particle on the PP plane. The resultant Fл of

Figure 2.
Material particle of mass dm located at point O of an inclined cylindrical screw at a distance r.

Figure 3.
Particle’s absolute speed vector V.
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the normal reaction of the helical surface FшI and the friction force against the
helical surface Fш ¼ fFш1

is deviated from the normal and the helical surface by the
angle of friction ϕ ¼ arctgf , where f is the coefficient of friction of the soil over the
screw metal. If we consider that the loosened soil before the bucket of the planner is
clay, then the value of this coefficient is 0.6 ... 0.7. [8]

The friction force of a particle on a bucket caused by the combined action of
forces Fц and GII

r is equal to:

Fk1 ¼ f r Fц þ Gr
II� � ¼ f r ωr

2 � rþ g cos βш � cos ε� � � dm,

where f r and f, respectively, are the friction coefficients of the particle on the
bucket and the adjacent layer of material and the helical surface.

Absolute particle speed:

ϑ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϑt

2 þ ϑo
2

q
¼ r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωr

2 þ ω� ωrð Þ2 � tg2ar
q

(1)

where ϑt is tangential particle speed at the radius r from the axis of the screw,
ϑt ¼ ωr � r; ϑо is the axial speed of the particle at a radius r from the axis of the
screw, ϑо ¼ ω � ωrð Þtgar; ω is screw angular speed; and аr is the angle of inclination
of the helix of the screw on the radius r (Figure 2).
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where ra is the radius of curvature of the trajectory at the selected point, ra ¼
r 1þ tg2θð Þ; and θ is the angle of inclination of the helix of the particle trajectory to
the axis Х (Figure 2)

tgθ ¼ tgaш ω� ωrð Þωr
�1, (4)

where aш is screw helix angle at the periphery.
According to the D’Alembert’s principle [8], the equation of dynamic equilib-

rium of a material particle in the projections on the axis of the natural trihedral of
the trajectory τ, b, nð Þ(Figure 2) will be

X
τ ¼ Fл sin ar þ θ þ ϕð Þ � Gr

III cos θ � Fk1 � Fu
t �Gr

1 sin θ
� � � cos ε�
� Fц þGr

II � Fu
H � FkII

� � � sin ε ¼ O,
(5)

X
b ¼ �Fл � сos аr þ θ � ϕð Þ þ Gr

III � sin θ � Gr
1 � cos θ ¼ 0, (6)

X
n ¼ Fц þGr

II þ Fu
H � Fkii

� � � cos εþ ½Fл sin ar þ θ þ ϕð Þ�
�Gr

III � cos θ � Fk1 � Fu
t � Gr

1 sin θ� � sin ε
(7)

Solving these equations jointly, excluding the force Fл from them, after the
corresponding transformation of the exception and time by expressing the
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elementary angle of rotation along the arc О1, О2 (Figure 1) of the particle
dε ¼ ω� ωrð Þdt, we obtain:

dωr

dε
¼

� sinð ar þ ϕ½ Þωr þ cos ar þ ϕð Þ � tgar ω� ωrð Þ
cos ar þ ϕð Þωr � sin ar þ ϕð Þtgar ω� ωrð Þ

ω� ωrð Þr ωr � ω� ωrð Þtg2ar½ � !

! g � sin βш � ωr � g � cos βш sin ε � tgar ω� ωrð Þ� ��
ω� ωrð Þr ωr � ω� ωrð Þtg2ar½ � !

!
� f r ωr

2 þ g � cos βш � cos εð Þx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωr

2 þ ω� ωrð Þ2 � tg2ar
q

�
ω� ωrð Þr ωr � ω� ωrð Þtg2ar½ � !

! �g � sin βш � tgar ω� ωrð Þ � g � cos βш sin ε � ωr

ω� ωrð Þr ωr � ω� ωrð Þtg2ar½ �

(8)

By integrating Eq. (8) by the Euler method [3], we can obtain the curves of the
dependence of ωr on ε for screws with different parameters.

In the inclined screw, there is a periodically steady motion of the material
particle. The maximum value of ωr

max is on the plot with the values of the angle
2kπ > ε> 2k� 1ð Þπ, and the value of ωr

min is in the zone 2kþ 1ð Þπ > ε> 2kπ, where
(k) is any number. In order to simplification for inclined screws, it is possible to
take the average value of the angular speed in the area of periodically steady motion:

ωr
cp ¼

ðε¼ 2kþ1ð Þπ

ε¼2kπ

�ωrdε ffi ωr
2kπ þ ωr

2kþ1ð Þπ

2
(9)

The values of ωr
maх and ωr

min can be found by progressive approximation from
Eq. (8), equating the right side to zero at ε ¼ 2kπ and ε ¼ 2kþ 1ð Þπ. However, for
practical purposes, the angular speed of a soil particle at the periphery of the screw
can be taken as:

for vertical screws, 0, 4ω<ωrш <0, 5ω,

for steeply inclined screws, βш ≥ 30oð Þ 0, 3ω<ωrш <0, 4ω,

where ωrш is the particle angular speed at the periphery of the screw, sec�1.
The study of Eq. (8) showed that in a certain zone limited by the cylindrical

contour of the soil shaft, soil particles relatively quickly acquire the angular speed of
the screw and their lifting stops [8]. The value of the so-called critical radius rкр
depends on the initial conditions and is determined from Eq. (8) after substituting
ωr = ω at dωr/dε = 0.

In the horizontal (βш < 30°) screw, during the period of steady motion, the
angular speed of the particle is zero. The angle of rotation of the particle ε, at which
the steady motion begins, depends on the initial conditions and can be found from
Eq. (8):

ε ¼ arctg f r sin ar þ ϕð Þ cos �1 ar þ ϕð Þ� �
(10)

Maximum productivity on loosened soil, determined by the throughput between
the upper turns of the screw will be:
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П ¼
ðrш

rкр

ϑrdS, (11)

where rш is the outer radius of the screw; ϑr is the ground sliding speed on the
helical surface of the screw (relative speed); and dS is the elementary cross-
sectional area of the soil located between the upper turns in a plane perpendicular to
the relative speed vector.

The screw capacity in a dense body will be:

ПT ¼ 1
Кр

ðrш

ккр

ϑr � dSI, (12)

where кр is soil loosening coefficient; for our case, кр = 1.14 … 1.28 [8].
Soil in the cross section of the screw by a plane, passing through the axis of the

screw, occupies an area bounded from below by a straight-line perpendicular to the
axis of the screw (Figure 4). Then in the cross section, we get a rectangle of length
lII, which can be taken equal to the pitch of the screw lII = lIш.

The elementary area of soil cross-section at a distance r from the screw axis will
be equal to:

dS ¼ dS1 � cos ar ¼ l1шdr cos ar ¼ 2πl1ш
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π2 � r2 þ l1ш

� �2q� ��1

� rdr, (13)

where dS1 is the elementary area of soil in axial cross-section (Figure 4).

Figure 4.
Position of soil area in the cross section of the screw.
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In horizontal and gently dipping screws at inclination angle βш ≤ 30°, the angular
speed of the material particle is ωср

rш = 0. To calculate the capacity (m3/h), we can
use [1] the following formula:

ПТ ¼ 450 dш
2 � db

2� �
lш

1ω � KHKβ � Kр
�1, (14)

where dш, dв, respectively, are the diameters of the screw and shaft, m; Кн is the
screw filling coefficient, for our case we can take equal to Кн = 0,2 … 0,4; and Кβ is
the coefficient taking into account the angle of inclination of the screw to the
horizon βш, Кβ = 1,0… 0,8 [8].

3.1 Selection and justification of the main parameters of the screw

The main parameters of working elements of the screw include the length of the
conveying part—lш, the length of the cutting part—lр, the diameter of the screw—

dш, peripheral speed on the cutting edge—ϑокр, the pitch of the screw—l1ш and the
working speed of movement—ϑр.

The length of the conveying and cutting parts of the screw is taken construc-
tively, based on the type of screw and the parameters of the medium being
processed. For preliminary calculations, we can take the length of the conveying
part of the horizontally located screw lш = lp = (0,7…0,8) вп, where вn is the width
of the planner scoop.

The diameter of the screw dш with a horizontal working body at the given
productivity Пт

1 = Пт can be determined from formula (14) after some
transformations, m;

dш ≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ПT

1 � Кр 900ϑокр � KaKн � Kβ

� ��1 þ d2в
q

, (15)

where ϑокр is the peripheral speed on the cutting edge of the screw, ϑокр = 1.5 …

3 m/seс; and Ка is the coefficient taking into account the inclination of the cutting
edge of the screw, Кa = l1ш/dш = 0,7… 1,0. Other designations see from the
formula (14).

The step of the horizontal screw l1ш is taken equal to l1ш = Каdш, the value of Ка is
taken depending on the inclination of the cutting edge of the screw. For our case,
we can take Ка equal to 0.85.

The working speed of the soil movement with the screw should be equal to the
speed of filling the planner bucket with soil. The latter depends on the forward
speed of movement of the planner. For our case, with a certain accuracy, we can
take ϑгр = ϑков = ϑп, where ϑгр is the speed of the soil movement with the screw, ϑков
is the speed of filling the planner bucket with soil and ϑп is the forward speed of the
planner, m/s.

The working speed of the planner’s movement can also be determined from the
conditions for ensuring a given efficiency on a cut of soil with the planner’s bucket.
For a horizontal screw, operating speed (ϑп) of movement is (m/s):

ϑП ¼ ПT � lp�1 � hp�1, (16)

where Пт is the efficiency of the planning unit on cut of soil, m3/seс; lр is the
cutting length of the planner’s knife, m; and hр is the thickness of the cut soil
layer, m.

Based on the analysis of the above theoretical background in the determination
of the efficiency of the screw working body, it is suggested that with the increase in
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the speed of rotation and in diameters of the screw, the productivity of the screw
working body increases. The screw pitch is also of great importance, with an
increase in which the volume of soil moved to the sidewalls of the planner bucket
increases, which in turn contributes to an even distribution of the soil of the
drawing prism along the width of the planner passage. With an increase in the speed
of forward movement of the planner increases the working capacity of the screw
working body, that is screws move a large volume of soil to the sides relative to each
other. However, such an improvement in the work of working element of the screw
for our case, as shown by selective experiments with the experimental sample of a
mini-planner, occurs up to a speed of 2 m/s of the forward movement of the unit.
Above this speed, the screws begin to become clogged with soil, and the technolog-
ical process of the screw working body is violated.

We derived the equation of traction resistance of the planner, which has the
following form:

P ¼ f nGn þ
sin β 1� f 2

� �
2f cos β

� �
τ � S

sin β þ θð Þ 1� μfð Þ þ cos β þ θð Þ μþ fð Þ þ
1
3
λvl

3tg2φ0tg
2 45� β

2

� �
fþ

þGnp f cos 2β þ tgρþ
2V2 sin 2 β

2
Kycm � g

0
B@

1
CA

(17)

where f n� planner rolling resistance coefficient; Gn� mass of the planner; β�
cutting angle; f , μ� coefficients of friction of soil on steel and soil on soil; τ� shear
stress; S� shear area; θ� shear angle; λv� volumetric mass of soil as in the function
of movement speed; l� bucket side length; φ0� angle of slope of the soil roller
during movement; Gnp� mass of the soil roller; V� unit movement speed; and
Kycm� coefficient taking into account the design of the rear wall of the bucket [10].

4. Results and discussion

From the analysis and conclusions we can see that with the increase in the
rotation speed and diameter of the screw, the productivity of the screw working
element increases. The screw pitch is also of great importance, with an increase in
which increases the amount of soil movement to the sidewalls of the planner
bucket, which in turn contributes to uniform distribution of the soil of the drawing
prism along the width of the planner. With the increase in the speed of translational
movement of the planner increases the functionality of the screw working element,
that is the screws move a large volume of soil to the sides relative to each other.
Below in Figure 5, the location of the screws in the bucket of the planner is shown.

However, such improvement in the work of the screw working element for our
case, as shown by selective experiments with the experimental sample of a mini-
planner, occurs up to the speed of 2 m/s of translational movement of the unit.
Above this speed, the screws begin to be clogged with soil, and the technological
process of the screw working body is violated. Below in Figure 6, experimental
sample of a mini-planner with a screw working body is shown.

The above analysis requires investigating the productivity of the screw working
body, depending on the rotation speed, diameter and pitch of the screw. Therein,
the translational speed of the planning unit is also of significant importance.
Because, the volume of the planner’s bucket filled with soil per unit of time should
be equal to the volume of the processed soil by the screws.
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Below are the curves (Figures 7–9) of the change in productivity of the screw
working element of the planner depending on the rotation speed, diameter and
pitch of the screw.

As we can see from the graph (Figure 7), with the increase in screw rotation, the
screw productivity is directly proportional to screw rotation. At a screw rotation of
40 rpm, the screw capacity is 2.56 m3/h, and at screw rotation of 240 rpm, the screw
capacity increases to 15.38 m3/h. That is, the productivity of the screw increases by
six times. This increase in productivity approximately corresponds to the desired
performance of the planning unit.

The change in the performance of the screw in the function (Ds) of the diameter
of the screw is shown in Figure 8.

Analysing this graph, we can say that the change in productivity along its
diameter has curvilinear nature. Moreover, part of the curve to the point
corresponding to Ds = 180 mm is a power-law nature, and then the curve changes
linearly. Further increase in the diameter of the screw (Ds) leads to the increase in
its productivity so that the planner will not be able to provide the screws with soil
for their normal operation. In addition, the increase in the given productivity of the

Figure 6.
General view of the experimental prototype of the mini planner.

Figure 5.
Scheme of the location of the screws in the bucket of the planner (1—rear wall of the bucket, 2—tank walls,
3—knife of the rear wall and 4—screws).
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the speed of rotation and in diameters of the screw, the productivity of the screw
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for our case, as shown by selective experiments with the experimental sample of a
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Above this speed, the screws begin to become clogged with soil, and the technolog-
ical process of the screw working body is violated.
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where f n� planner rolling resistance coefficient; Gn� mass of the planner; β�
cutting angle; f , μ� coefficients of friction of soil on steel and soil on soil; τ� shear
stress; S� shear area; θ� shear angle; λv� volumetric mass of soil as in the function
of movement speed; l� bucket side length; φ0� angle of slope of the soil roller
during movement; Gnp� mass of the soil roller; V� unit movement speed; and
Kycm� coefficient taking into account the design of the rear wall of the bucket [10].

4. Results and discussion

From the analysis and conclusions we can see that with the increase in the
rotation speed and diameter of the screw, the productivity of the screw working
element increases. The screw pitch is also of great importance, with an increase in
which increases the amount of soil movement to the sidewalls of the planner
bucket, which in turn contributes to uniform distribution of the soil of the drawing
prism along the width of the planner. With the increase in the speed of translational
movement of the planner increases the functionality of the screw working element,
that is the screws move a large volume of soil to the sides relative to each other.
Below in Figure 5, the location of the screws in the bucket of the planner is shown.

However, such improvement in the work of the screw working element for our
case, as shown by selective experiments with the experimental sample of a mini-
planner, occurs up to the speed of 2 m/s of translational movement of the unit.
Above this speed, the screws begin to be clogged with soil, and the technological
process of the screw working body is violated. Below in Figure 6, experimental
sample of a mini-planner with a screw working body is shown.

The above analysis requires investigating the productivity of the screw working
body, depending on the rotation speed, diameter and pitch of the screw. Therein,
the translational speed of the planning unit is also of significant importance.
Because, the volume of the planner’s bucket filled with soil per unit of time should
be equal to the volume of the processed soil by the screws.
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Below are the curves (Figures 7–9) of the change in productivity of the screw
working element of the planner depending on the rotation speed, diameter and
pitch of the screw.

As we can see from the graph (Figure 7), with the increase in screw rotation, the
screw productivity is directly proportional to screw rotation. At a screw rotation of
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capacity increases to 15.38 m3/h. That is, the productivity of the screw increases by
six times. This increase in productivity approximately corresponds to the desired
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The change in the performance of the screw in the function (Ds) of the diameter
of the screw is shown in Figure 8.

Analysing this graph, we can say that the change in productivity along its
diameter has curvilinear nature. Moreover, part of the curve to the point
corresponding to Ds = 180 mm is a power-law nature, and then the curve changes
linearly. Further increase in the diameter of the screw (Ds) leads to the increase in
its productivity so that the planner will not be able to provide the screws with soil
for their normal operation. In addition, the increase in the given productivity of the
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scheduler, which is accompanied by the increase in the translational speed of the
movement of the unit above 7.5 km/h, leads to a disruption of the technological
process of planning and the decrease in the quality indicators of field levelness [3].

The graph of the performance of the screw working element depending on the
pitch (Sm) of the screw is shown in Figure 9.

As we can see from the graph, with the increase in the pitch of the screw (Ss), its
productivity changes in direct proportion to the changes in the pitch (Ss), that is the
functional change in the curve is linear. If with a screw pitch of 30 mm, the screw
capacity is 3.07 m3/h, then with a screw pitch of 180 mm, the productivity increases
to 18.45 m3/h, that is it increases six times.

Analysis of the graph (Figure 9) shows that increasing the screw pitch to
180 mm increases the capacity to 18.45 m3/h, which is almost to 3 m3 more than at
the screw pitch Ss = 150 mm. Such an increase in the productivity of the screw

Figure 7.
Change of the productivity of the screw working element depending on the speed of rotation of the screws
(at Dp = 0.18 m, Sp = 0.15 m and Kн = 0.28—bucket filling ratio).

Figure 8.
Change in productivity of the screw working element depending on the diameter (Ds) of the screw
(at Ss = 0.15 m, ns = 240 rpm and Kн = 0.28).
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working element could be obtained with a further increase in its diameter (Ds). But
it is known that the increase in the diameter (Ds) of the screw is accompanied by
greater energy consumption during its operation compared to the increase in the
pitch of the screw. Therefore, a theoretical study of the work of the screw working
element in the bucket of the planner allows us to conclude that for a given produc-
tivity of the planning unit, it is advantageous and advisable to use the screw
parameters: Ds = 180 mm, ns = 240 rpm and screw pitch Ss = 180 mm.

Increase in the productivity of the screw working element due to the increase in
the pitch of the screw reduces the metal consumption of the screw and the
corresponding material costs in comparison with the increase in the diameter (Ds)
of the screw. In addition, further increase in the diameter of the screw causes
difficulties in their layout in the bucket of the planner.

Using the methodology for conducting scientific research and processing the
obtained data [2, 10], we derived empirical equations (formulas) of dependencies
y ¼ f nшð Þ, y ¼ f Dшð Þ and y ¼ f Sшð Þ. For the graphs of Figures 7–9, respectively,
y1 ¼ 0, 064X; y2 ¼ 474, 7X2; and y3 ¼ 102, 5X, the curve of which is consistent with
the curves shown in Figures 7–9.

The screw working body surface was geometrically modelled by corresponding
author and the offered geometric models give possibility to control engineering and
technological parameters by optimization of geometric parameters of working sur-
face, which may use this possibility in designing the working body of screw plan-
ners through exporting CAD models to CAE system [9, 11–15].

Figure 9.
Change in the productivity of the screw working element depending on the pitch (Ss) of the screw
(at Ds = 0.18 m, ns = 240 rpm and Kн = 0.28).
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Chapter 7

Torque Ripple Reduction in DTC
Induction Motor Drive
Adhavan Balashanmugham, Maheswaran Mockaisamy
and Sathiyanathan Murugesan

Abstract

The asynchronous or Induction Motor (IM) is one of the most widely used
electrical machines in the world, due to the three following advantages namely 1.
Their construction is simple and rugged 2.The absence of slip rings, commutators
and brushes make it cheaper, and 3.It is also maintenance free compared to DC
motors and Synchronous motor due to wear and tear of brushes, slip rings and
commutators respectively. The Section 1 deals with the introduction of induction
motor and Direct Torque Control scheme. Section 2 briefly discusses the types of
Induction motor. Section 3 tells about the control strategies of Induction motor
respectively scalar control and vector control, and also briefly explains about Direct
Torque Control (DTC) method. The Section 4 discuss about the Types of Control
Strategies for Torque ripple Reductions in DTC as well as the two proposed schemes
namely 1.Fuzzy Logic Controller (FLC) for DTC-SVM and 2.Artificial Neural Net-
work (ANN) controller for DTC-SVM respectively for IM and its results, The two
proposed schemes uses Hybrid Asymmetric Space Vector Pulse Width Modulation
(HASVPWM) for switching the inverter. The Section 5 revels about the modern
advanced techniques such as ANN and FLC based DTC.

Keywords: types of IM, control techniques of IM, direct torque and flux control
(DTC), torque ripple reductions in DTC, modern strategies of DTC, fuzzy logic
controller (FLC) for DTC-SVM, artificial neural network (ANN) controller for
DTC-SVM, hybrid asymmetric space vector pulse width modulation (HASVPWM)

1. Introduction

The electric motors are electromechanical machines, which are used for the
conversion of electrical energy into mechanical energy. The foremost categories of
AC motors are asynchronous and synchronous motors. The asynchronous motors
are called singly excited machines, that is, the stator windings are connected to AC
supply whereas the rotor has no connection from the stator or to any other source of
supply. The power is transferred from the stator to the rotor only by mutual
induction, owing to which the asynchronous motors are called as induction
machines. The induction motor is used widely in several industrial applications
because of the following advantages 1. Ruggedness 2. Good efficiency 3. Simple and
easy control. When the induction motor is compared to separately excited DC
drives it is inferior because of coupled torque and flux. To bring high performance
in induction motor drive the advanced control techniques of induction motor uses
independent control of torque and flux, like in separately excited DC drives.
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The advanced control techniques such as field oriented control and direct torque
control play vital role in today’s high performance AC drives. Later in the 1980s, the
direct torque control (DTC) method was proposed by Takahashi and Depenbrock
[1, 2]. The direct torque control is a robust method compared to other methods. In
this method by selecting optimum inverter switching modes the motor torque and
flux are controlled independently and also direct. The primary input of the motor is
stator voltage and stator current. From this the stator flux and electromagnetic
torques are calculated. The torque errors and flux errors are limited within the
hysteresis band. The Direct torque control of induction motors based on discrete
space vector modulation using adaptive sliding mode control was proposed by Ben
Salem and Derbel [3], the results shows the effectiveness and the robustness of the
DTC- discrete SVM adaptive sliding mode control of induction motors. The varia-
tions of induction motor parameters is shown by Ben Salem and Derbel in their
subsequent two publications namely Performance Analysis of DTC-SVM Sliding
Mode Controllers-Based on Estimator of Electric Motor Speed Drive [4], and DTC-
SVM Based Sliding Mode Controllers with Load Torque Estimators for Induction
Motor Drives [5] respectively. The advantages of this direct torque control method
is improved efficiency and fast response of torque in dynamic conditions [6, 7].

2. Types of induction motor

A typical three phase Induction motor consists of two parts namely stator and
rotor, the outer part is called stator having coils supplied with three phase AC
current to produce a rotating magnetic field. The inside rotating part is called rotor
attached to the output shaft that is gives the useful torque produced by the rotating
magnetic field. The stator is made up of stack of steel laminations of 0.35-o.5 mm
thick with slots similar to a stator of a synchronous machine. The Coils are placed in
the slots to form a three or single phase winding. Figure 1A shows the stator
stampings with slots of induction motor Figure 1B shows the stator of induction
motor [6].

The rotors of induction motors are of two types namely squirrel cage rotor and
slip ring rotor. The squirrel cage rotor is made up of punched laminations with (0.35
to 0.5) mm thick steel core with rotor slots. Aluminum bars are molded in the slots
instead of winding. End rings short circuit the aluminum bars at each side [6].
Figure 2 shows the squirrel cage rotor.

The slip ring rotor or wound rotor has windings like the stator and at the end of
each phase the winding is connected to a slip ring. There are three slip rings and

Figure 1.
(A) Stator stamping with slots of induction motor. (B) Stator of Induction Motor.
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three brushes through which three resistances can be connected in three phase star
configuration for reducing starting current and speed control as well as increasing
the torque [6]. Figure 3 shows the slip ring rotor.

3. Classification of IM control strategies

The various IM control techniques are classified in to scalar and vector control
methods. The general classification of IM control strategies [8, 9] which are based
on the variable frequency control is shown in Figure 4.

3.1 Scalar control

The various scalar control methods are as follows 1. Stator voltage control 2.
frequency control 3. Voltz/Hertz (V/F) control 4. Rotor Voltage control 5. Changing
the number of poles. Out of these scalar methods, V/F control method is the best
scalar control method. It can able to adjust the speed of the Induction motor by
controlling the amplitude and frequency of the stator voltage of induction motor,
the ratio of stator voltage to frequency should be kept constant so that, it is called as
V/F control of induction motor drive. The vector control is preferred over scalar
control methods due to the following disadvantages of scalar methods 1. Control of

Figure 2.
Squirrel cage rotor.

Figure 3.
Slip ring rotor.
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Voltage/Current/frequency magnitude is based on steady state equivalent circuit
model which ignores transient conditions. 2. Coupling of torque and flux exists, and
they are functions of frequency and voltage which leads to sluggish dynamic
responses [6].

3.2 Vector control methods

3.2.1 Field oriented control (FOC)

The FOC method is implemented based on the analogy of controlling a DC
motor. It does not guarantee an exact decoupling of the torque and flux in dynamic
and steady state operations. The full information about motor state variable and
load torque is required for controlling the IM. The relationship between regulated
value and control variables is linear only for constant rotor flux amplitude. The
current controllers, coordinate transformations and a PWM algorithm are required.
For direct FOC, flux estimator is required. In indirect FOC mechanical speed sensor
is needed. This method is very sensitive to rotor time constant.

3.2.2 Direct torque control (DTC)

The DTC is one of the high performance control strategies for the control of AC
machine. In a DTC drive applications, flux linkage and electromagnetic torque are
controlled directly and independently by the selection of optimum inverter
switching modes of operation. To acquire a faster torque output, low inverter
switching frequency and low harmonic losses in the model, the selection is made to
restrict the flux linkages and electromagnetic torque errors within the respective
flux and torque hysteresis bands. The required optimal switching vectors can be
selected by using the optimum switching voltage vector look-up table. This can be
obtained by simple physical considerations involving the position of the stator-flux
linkage space vector, the available switching vectors, and the required torque flux
linkage.

The torque is controlled by the stator current component Isq in the classical
vector control strategy of FOC according to the Eq. (1)

Figure 4.
General classification of control strategies of induction motor.
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Me ¼ pb
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2
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Ψ rIsq (1)

The motor torque is expressed by rotor flux magnitude Ψ r and stator current
component Isq as given in the Eq. (2) and this equation is written as:

Me ¼ pb
ms

2
LM

Lr
Ψ rIssinδ (2)

The Eq. (2) is transformed into the Eq. (3)

Me ¼ pb
ms

2
LM

LrLs � Lm
2 Ψ sΨ r sin δΨ (3)

where δ is the angle between rotor flux vector and stator current vector and δΨ is
the angle between rotor and stator flux vectors. The torque value depends on the
magnitude of stator and rotor flux as well as the angle δΨ . For FOC methods, the
angle δ is considered whereas angle δΨ is considered for DTC techniques.

The vector diagram of IM is shown in Figure 5.
From the motor voltage Eq. (5) for the omitted voltage drop on the stator

resistance, the stator flux can be expressed.
From the mathematical model of IM, the electromagnetic torque equation is

given in the Eq. (4)

Me ¼ pb
ms

2
Im Ψ ∗

s Is
� �

(4)

Taking into consideration the fact that in the cage motor the rotor voltage equals
zero and the electromagnetic torque Eq. (4), the following Eq. (5) is derived.

UsK ¼ RsIsK þ dΨ sK

dt
þ jΩKΨ sK (5)

dΨ s

dt
¼ Us (6)

Figure 5.
Vector diagram of induction motor.
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Taking into consideration the output voltage of the inverter in the above Eq. (6)
it can be written as

Ψ s ¼
ðt
0
Uvdt (7)

where

Uv ¼
2
3
Udce j v�1ð Þπ=3 v ¼ 1… 6

0, … … … … … … v ¼ 0, 7

8<
: (8)

The Eq. (7) describes eight voltage vectors which correspond to possible inverter
states. These vectors are shown in Figure 6. There are six active vectors U1 to U6
and two zero vectors U0, U7.

It can be seen from the Eq. (7) that the stator flux directly depends on the
inverter voltage Eq. (8). By using one of the active voltage vectors the stator flux
vector moves to the direction and sense of the voltage vector. Stator flux changes
direction for the cycle sequence of the active voltage vectors. Inherently the rotor
flux of IM moves slowly but the stator flux could be changed immediately. In DTC
methods the angle δΨ between stator and rotor flux is varied to control the torque.
By adjusting the stator voltage, stator flux could be controlled in simple way. The
above consideration and equations could be used in the analysis of classical DTC
techniques and SVM-DTC methods. In the classical DTC method the control plane
is divided for the six sectors shown in Figure 7, that are defined as:

γss ∈ � π
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� �
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2
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Figure 6.
Inverter output voltage represented as space vectors.
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In order to increase magnitude of the stator vector in sector 1, the following
voltage vectors U1 U2 U6 are selected. Conversely to decrease, U3 U4 U5 are selected.
The stator flux is not changed when any one of the zero vectors U0 or U7 is applied.
The solving of integration in Eq. (7) is stopped.

To increase the motor torque, the voltage vectors U2 U3 U4 are selected and for
decreasing the torque U1 U5 U6 are selected. The switching Table 1 is constructed
based on the above considerations.

I. Takahashi and T. Nogouchi proposed the control scheme for Direct torque
control and it is block diagram is shown in Figure 8.

The reference signals such as stator flux amplitude Ψ sc and the electromagnetic
torque Mc are compared with the estimated flux amplitude Ψ̂ s and electromagnetic
torque M̂e values respectively. The error values such as eΨ and torque eM are sent to
the hysteresis controllers. The appropriate voltage vector from the switching table is
selected by the digitized output variables dΨ , dM and the stator flux position
sector γss Nð Þ. The power switches in the inverter are controlled by the pulses SA, SB,
SC which are generated form the switching table.

According to the Eq. (15) the torque and flux errors are calculated.

Figure 7.
Sectors in classical DTC.

SΨ Sm S1 S2 S3 S4 S5 S6

1 1 U2 U3 U4 U5 U6 U1

0 U7 U0 U7 U0 U7 U0

�1 U6 U1 U2 U3 U4 U5

0 1 U3 U4 U5 U6 U1 U2

0 U0 U7 U0 U7 U0 U7

�1 U5 U6 U1 U2 U3 U4

Table 1.
Optimum switching table.
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εΨ s ¼
Ψ̂ s � Ψ sc

Ψ sN
100% (15)

3.2.3 Problems in conventional DTC

Despite its simplicity and robustness, the conventional DTC control has major
drawback. The use of hysteresis controllers causes high ripples in the flux and
electromagnetic torque at low speeds. It results in undesirable mechanical vibra-
tions and acoustic noise, and subsequently leads to degradation of the machine
performances. Thus the variable switching frequency and current distortions could
detoriate the quality of the output power. The negligence in the calculation of stator
resistance leads to problems at low speed. Moreover, the practical implementation
of nonlinear components of the hysteresis type needs low sampling period. Many
DTC strategies are developed based on the principle of instantaneous torque and
stator flux regulation in order to rectify the drawbacks of classical DTC. The direct
determination of the inverter control signals from the switching table is
implemented [9].

4. Types of control strategies for torque ripple reductions in DTC

The DTC control strategies are divided into two groups: 1.Typical 2.Modern
control strategies. They are classified into few other control techniques such as
space vector modulation (SVM-DTC), modified switching table (m-DTC), Artifi-
cial Neural Network controller based (ANN-DTC), Fuzzy Logic controller based
(FLC-DTC), Genetic algorithm based (GA-DTC), Model predictive controller
based (MPC-DTC), Sliding mode based (SMO-DTC) [9, 10] as shown in Figure 9.

4.1 Modified DTC

It covers modification in switching table and/or injection of dithering signals.
Few attempts are made to avoid the drawbacks in convention DTC either by
implementing dither signal injection method or modified switching table method.

Figure 8.
Block diagram of DTC scheme.
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4.1.1 Modification in switching tables

The modifications are carried out in the DTC- basic switching table with the
objective of improving starting and overload conditions which enable all the voltage
vectors are applied in appropriate sequence. They are implemented by two methods
namely 1. Six sector table and 2. Twelve sector table respectively. The zero voltage
vectors are selected from the switching Table 1 during starting and very low speed
conditions and results in flux level reduction due to the drop in stator resistance [11].

4.1.1.1 Modified switching table

4.1.1.1.1 Improvement in switching table

In conventional DTC, the states v1 and v4 vectors are not used. Depending on if
the position is in its first 39 degrees or in its second ones, they could increase or
decrease the torque. It leads to modify the switching table and use the modified
DTC. In the modified DTC, the vectors v3 and v6 are not used. The reason is the
ambiguity in flux instead of torque as if it was in conventional DTC [12].

4.1.1.1.2 Modified classical DTC

By applying zero voltage vectors V0, V7 for the states of decreasing in torque,
Table 1 is modified accordingly. The inertia of the motor is reduced when zero
voltage vectors are applied, torque ripple is reduced. It is more suitable than the
percent given by applying the voltage vectors in Table 1 for the torque decrease
states. Table 2 illustrates this modification [12].

Figure 9.
Classification of DTC improvement strategies.

Voltage vectors Classical DTC DTC with changes of zones

V1 +30° to �30° 0° to �60°

V2 +90° to +30° +60° to 0°

V3 +150° to +90° +120° to +60°

V4 �150° to +150° +180° to +120°

V5 �90° to �150° �120° to �180°

V6 �30°to �90° �60° to �120°

Table 2.
Modified switching table with 6-sectors.
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In both classical DTC and modified DTC there are two states per sector that
present a torque ambiguity, so they are never used either. Instead of six sectors, the
stator flux locus is divided into twelve sectors. Then all six active states will be
implemented per sector. Consequently, the idea of the twelve sector modified DTC
[13] is introduced. The tangential voltage vector component is very small and conse-
quently its torque variation will be small as well. Based on this fact, the technique of
small torque increase instead of torque increase is implemented [10, 11].

4.1.2 Dither signal injection

Feedback signals should not be delayed in order to maintain maximum possible
switching frequency. Due the presence of isolation amplifier, Hall effect transducer
and other components, the delay is made inevitably. By introducing the dither
signal at very high frequency, the effect due to delay could be compensated. Nor-
mally these dither signals are triangular waves at double or triple the sampling
frequency of the system. This dithering technique minimizes the torque ripple to
30% compared to conventional DTC method [14].

The frequency of the dither signal is selected well above the cutoff frequency of
the system so that its presence could not be detected in the output. When the
system parameters are not exactly known and not alterable, the method of instan-
taneous injection of dither signal is robust to noise in measurements. The inherent
delay in signal transduction, data acquisition system and computation leads to low
switching frequency which would result in increased torque and flux ripples. The
dithering signal injection is implemented to improve the switching frequency of
inverter. The appropriate magnitude and frequency of dither signals which are
injected in torque and flux errors could minimize torque ripples and acoustic noise
level in the drive [15].

4.1.3 Deadbeat control

In the inverter operation to avoid a short circuit in the DC-link, only one switch
is turned on at a time. During the transistor switching signals, a delay time must be
inserted and as a result the transistors stops to conduct. The dead-time TD is
presented for the transistors T1, T2 for the two control signals SA+, SA- respectively.
Most of the transistors take 1-3 μs duration of dead-time. The safe operation of the
inverter is guaranteed by this delay time but it results into a serious distortion in the
output voltage. Consequently there is a loss of control momentarily, where a devi-
ation in output voltage from the reference voltage is observed. It is repeated for
every switching cycle, so it has significant impact on the control of the inverter and
this is known as dead-time effect. The inverter has nonlinear characteristics due to
the dead-time and voltage drop on the switching devices. So the compensation
algorithms are required in the control strategies [8] as shown in Figure 10.

The dead-beat DTC scheme is based on the technique, forcing the magnitude of
torque and stator flux to attain their reference values in one sampling period. It is
achieved by synthesizing a suitable stator voltage vector applied from Space Vector
Modulation (SVM). In this approach the changes in the magnitude of torque and
flux over one sampling period are calculated from the motor equations. To get the
command value of stator voltage vector in stationary coordinates, a quadratic
equation is solved [11].

The flux estimation is crucial part in the sensor less control strategies. The
algorithm used for this is sensitive on the calculation accuracy of the inverter output
voltage. From the switching signals, the voltages are reconstructed. Figure 11 shows
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the DTC control with modification of flux error status block [13] dead-time com-
pensation algorithm is significant in this SVM-DTC method [8].

The torque and flux ripple are reduced when the switching frequency of the
inverter is maintained constant and greater than the sampling frequency [11].

4.1.3.1 Constant switching frequency approach

For general purpose IM drives, PI-DTC is an appropriate solution in a very wide
power range. It is suited to very fast torque and flux controlled drives because of its
short sampling time which is required by the switching table DTC schemes [10].

The stator resistance influences the estimation accuracy of stator flux. The char-
acteristics of both torque and flux control loops are affected by error in estimation
of stator flux. A new strategy in MATLAB/SIMULINK model is implemented with
modified flux error block which resulted in getting quick response [13].

The largest tangential vector to the circular flux locus is produced by an opti-
mized voltage vector. This voltage vector is switched and held to achieve a fast rate

Figure 10.
Dead-time effect in PWM inverter.

Figure 11.
DTC control with modification of flux error status block.
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of change of angle Δδsr. The optimized voltage before being it is fed to the lookup
table; its selection is done by modifying the flux error status [13].

4.1.4 SVM-DTC

The main difference between classical DTC and DTC-SVM (Figure 12) control
methods lies in which the control algorithm is being used for the calculations. Based
on the instantaneous values, the classical DTC algorithm directly calculates the
digital control signals for the inverter. In the DTC-SVM methods control algorithm
calculations are based on averaged values whereas the switching signals for the
inverter are calculated by space vector modulator. Based on voltage model, the flux
estimator with reference flux is selected for the implementation DTC-SVM control
structure in sensor less mode of operation [8].

4.1.4.1 SVM

The classical DTC has several disadvantages, among which the variable
switching frequency and the high level of ripples are the prominent issues [16].
Further they lead to high-current harmonics and an acoustical noise and they
detoriate the control performance at low speeds. The ripples are produced propor-
tionally to the width of the hysteresis band. Due to the discrete nature of the
hysteresis controllers, even for the reduced bandwidth values, the ripples are still
present [16].

The inverter switching frequency is increased due to even very small values of
bandwidths. The modifications in classical DTC strategy is done by including a
vector modulator block, which produces space vector PWM technique (SVM) and
it is used to implement the voltage vector with a fixed frequency of inverter
switching. The switching table and hysteresis controllers are replaced with PI
controllers to control the stator flux and the torque [13].

The disadvantages of DTC-SVM with conventional PI controllers are as follows
1. Sensitivity to variation in system parameters and 2. Inadequate rejection of
external disturbances and 3. Load changing conditions. These disadvantages are
overcome by replacing the conventional PI controllers by intelligent controllers
such as adaptive fuzzy-PI or FLC. These intelligent controllers ol more robust
against the external disturbances and parameter variations [13].

Figure 12.
Block diagram of FLC/ANN controller for DTC-SVM scheme for induction motor.

148

Direct Torque Control Strategies of Electrical Machines

4.1.4.2 Types of SVM-DTC

The DTC-SVM methods have several following classes namely:

1.PI controllers based DTC-SVM.

2.Predictive/dead-beat based DTC-SVM.

3.Fuzzy logic and/or neural networks based DTC-SVM.

4.Variable-structure control (VSC) [8] based DTC-SVM.

The use of PI controller for torque control of induction motor drives is to
overcome an overshoot during startup and to minimize steady state error. The PI
controllers provide feedback signals to the system.

In voltage model based stator flux estimation, the pure integrator is replaced
with LPF to eliminate the problem of saturation and integration drift due to the DC
offsets which are present in the sensed currents or voltages. The LPF introduces the
phase and magnitude errors of stator flux estimation which affects the selection of
voltages vector and electromagnetic torque response, thereby it deteriorate the
performance of DTC drive. To overcome the LPF problems, closed loop of stator
flux estimation is implemented [17].

In MRAS, to estimate the rotor speed, PI controller is used and this controller
takes more time to tune the proportional and integral gain to obtain the estimated
target speed. The MRAS is based on rotor speed, rotor flux and stator current
thereby it eliminates the need of PI controller [18].

The effective integration of SVM technique with any n-level multilevel inverter
fed DTC drive is achieved by using a fractal based space-vector DTC algorithm. The
current THD performance is improved at higher level of DTC drives under transient,
steady state and speed reversal operating conditions. Without any significant modifi-
cation, this strategy could be adapted at any n-level inverter fed DTC controller [19].

4.1.4.3 Proposed artificial intelligent schemes for DTC-SVM

The Space Vector PWM (SVPWM) is a technique used for solving the switching
losses in the power converter. The SVPWM is operated in a symmetrical way, so the
switching state of each sector is predefined. In this proposed scheme, the initial
values to the DTC controller have been fixed based on the induction motor rating.
Then the estimation of DTC parameters is found and it is fed to the reference to the
Hybrid Asymmetric Space Vector PWM (HASVPWM) controller.

Traditional PWM techniques consist of two signals called carrier signal and
reference signal for generating the PWM pulses. If any distortions in the reference
signal (i.e error signal) may produce miscellaneous pulses, which will affect the
performance of the converter. But SVPWM technique is purely based on estimating
the voltage magnitude and its angle for pulse generation. In this, three phase
voltages Vabc are converted into Vd,Vq and V0 using abc-dq0 theory. This method
will make the estimation of the sector angle and voltage magnitude easier. In
traditional SVPWM, each sector denotes 600 angles and totally it has six sector and
two reference vector in its implementation. Even though the estimation is done for
every sector accuracy of generating the pulses is lagging due to the higher range of
sector angle and minimum switching sectors. For an example, if estimated sector
angle is 550, then the switching pattern in sector 1 is selected for the PWM genera-
tion. But V2 vector is also having different switching pattern and that may also well
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offsets which are present in the sensed currents or voltages. The LPF introduces the
phase and magnitude errors of stator flux estimation which affects the selection of
voltages vector and electromagnetic torque response, thereby it deteriorate the
performance of DTC drive. To overcome the LPF problems, closed loop of stator
flux estimation is implemented [17].

In MRAS, to estimate the rotor speed, PI controller is used and this controller
takes more time to tune the proportional and integral gain to obtain the estimated
target speed. The MRAS is based on rotor speed, rotor flux and stator current
thereby it eliminates the need of PI controller [18].

The effective integration of SVM technique with any n-level multilevel inverter
fed DTC drive is achieved by using a fractal based space-vector DTC algorithm. The
current THD performance is improved at higher level of DTC drives under transient,
steady state and speed reversal operating conditions. Without any significant modifi-
cation, this strategy could be adapted at any n-level inverter fed DTC controller [19].

4.1.4.3 Proposed artificial intelligent schemes for DTC-SVM

The Space Vector PWM (SVPWM) is a technique used for solving the switching
losses in the power converter. The SVPWM is operated in a symmetrical way, so the
switching state of each sector is predefined. In this proposed scheme, the initial
values to the DTC controller have been fixed based on the induction motor rating.
Then the estimation of DTC parameters is found and it is fed to the reference to the
Hybrid Asymmetric Space Vector PWM (HASVPWM) controller.

Traditional PWM techniques consist of two signals called carrier signal and
reference signal for generating the PWM pulses. If any distortions in the reference
signal (i.e error signal) may produce miscellaneous pulses, which will affect the
performance of the converter. But SVPWM technique is purely based on estimating
the voltage magnitude and its angle for pulse generation. In this, three phase
voltages Vabc are converted into Vd,Vq and V0 using abc-dq0 theory. This method
will make the estimation of the sector angle and voltage magnitude easier. In
traditional SVPWM, each sector denotes 600 angles and totally it has six sector and
two reference vector in its implementation. Even though the estimation is done for
every sector accuracy of generating the pulses is lagging due to the higher range of
sector angle and minimum switching sectors. For an example, if estimated sector
angle is 550, then the switching pattern in sector 1 is selected for the PWM genera-
tion. But V2 vector is also having different switching pattern and that may also well
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suited for the same estimated sector angle 550. In order avoid such difficult situa-
tions, a HASVPWM is used for controlling the DTC drive which reduces torque
ripples, switching losses and improved power quality.

The implementation of HASVPWM is similar to the SVPWM technique. In
general, three phase Voltage source inverters (VSI) have eight distinct switching
losses, where state 1 to 6 are active states, 0 and 7 are inactive switching states. In
HASVPWM, asymmetric voltage vectors are represented as Vni, Vnj and Vnk where
n = 1,2,3,4,5,6 and four quadrants. HASVPWM has two non-zero vectors (V1 and
V2) and two zero vectors (V0 and V24) in each vector will be used for the vector 150.
Hence this HASVPWM have 24 sectors and it is shown in Figure 13.

Major portion in HASVPWM is to removal of mismatching pulses which will be
done by comparing the HASVPWM pulses with the traditional SVPWM pulse. The
mismatching pulses are removed by calculating its rise time (Tr) and fall time (Tf) of
the mismatching pulses with magnitude. Then the same magnitude of pulse with
same instant is added. For mismatching pulse removal. This logic avoids the
mismatching pulses in the output and reduce the switching losses in the VSI based
DTC drive. In this proposed system, intelligent control methods such as Fuzzy Logic
Control (FLC) and Artificial Neural Network (ANN) are utilized to find the suitable
sector for continuous operation. They are also efficient than the classical control
techniques which are utilized to find suitable sector for the continuous operation.

4.1.4.3.1 Fuzzy logic controller for HASVPWM

The proposed hybridization process is performed by the combination of contin-
uous ASVPWM and fuzzy operated Discontinuous ASVPWM technique. Finally,
the mismatching pulses of both PWM techniques are applied to control the inverter.
Pulse mismatching technique helps to reduce the active region of the switch and
achieve the optimal input pulse to the inverter. Pulse mismatching technique helps
to reduce the active region of the switch and achieve the optimal input pulse to the
inverter. The optimal hybrid pulse reduces transition time of inverter switch and
improves operating performance of the inverter. The Fuzzy rules help to select the
optimal switching sector for discontinuous modulation. If there is more number of
sectors in the hexagon, it allows more degrees of freedom which help to find the
optimal reference voltage and angle. The Fuzzy logic system describes to what
degree the rule applies, while the conclusion assigns a fuzzy function to each of one
or more output variables. These Fuzzy Expert Systems allow more than one con-
clusion per rule.

Figure 13.
Structure of HASVPWM hexagon.
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The linguistic labels are divided into five groups. They are: NB-Negative Big;
NS- Negative Small; ZE-zero; PS-Positive Small; PB-Positive Big. Each of the inputs
and the output contain membership functions with all these five linguistics.

The set of rules in a fuzzy expert system is given in Table 3 and corresponding
input and membership function values are indicated in Figure 8.

The simulation model of DTC with HASVPWM scheme is developed using
MATLAB software Simulink tool. The fuzzified inputs and defuzzified outputs are
shown in Figures 14–16 respectively. Consider a case, when the sector angle esti-
mated from the SVPWM calculation as shown in Figure 14 is equal to �1650, it
means negative big (NB) as mentioned in Table 3. And change in the sector angle at
the next instant is about �1100, it represent the negative small (NS). Then the
corresponding fuzzy output is NB, which is mentioned in Figure 16.

4.1.4.3.2 Artificial neural network controller for HASVPWM

The DTC control can also be achieved with HASVPWM using Artificial Neural
Network (ANN) control. ANN is nonlinear model that is easy to use and understand
compared to statistical methods like Fuzzy logic. Compare with Fuzzy Logic, ANN
has an ability to learn from the previous trained data. Hence, the major advantage of

Figure 14.
Degree input to FLC.

Figure 15.
Change in degree error input to FLC.

CE\E NB NS ZE PS PB

NB NB NB NS NS ZE

NS NB NS NS ZE PS

ZE NS NS ZE PS PS

PS NS ZE PS PS PB

PB ZE PS PS PB PB

Table 3.
Fuzzy Logic Rules to select suitable sector in HASVPWM.
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ANN is to train a system with large amount of data sets. The output performance will
depend upon the trained parameters and the data set relevant to the training data. In
this proposed scheme, ANN is used to estimate the suitable sector of HASVPWM.

ANN is used to determine the sector number for the estimated value of θe. There
are total of 24 sectors, each sector of 15 degree. Again three layers of neurons are
used but with a 5–4-1 feed forward configuration as shown in Figure 17. The Input
layer is of log sigmoid transfer function, hidden layer is of hyperbolic tangent
sigmoid function and the output layer is of linear transfer function. Levenberg -
Marquardt back propagation based training method is used for train the neurons. As
soon as the training procedure is over, the neural network gives almost the same
output pattern for the same or nearby values of input. This tendency of the neural
networks which approximates the output for new input i.e. angle theta since sector
selection is purely based on theta.

The following Figure 17 shows the structure of Neural Network (NN) which is
utilized in the proposed ANN controller for DTC-SVM scheme for induction motor.

The Step by step procedure for NN Algorithm is given below:
Step 1: Initialize the input weight for each neuron.
Step 2: Apply the training dataset to the network. Here X is the input to the

Network and Y1, Y2 and Y3 are the output of the network.
Step 3: Adjust the weights of all neurons.
Step 4: Determine Sector Angle for SVPWM.
Compare with Fuzzy logic control, ANN control in HASVPWM is able to iden-

tify the suitable voltage vector and its angle for minimizing the torque ripple and
PEC losses and THD, maximizing DTC capabilities under various operating condi-
tions like speed reversal, loading conditions etc. The effectiveness of ANN-
HASVPWM in DTC scheme is predicted by comparing ANN with the Fuzzy based

Figure 17.
The structure of network utilized in the proposed technique.

Figure 16.
Fuzzy output Modulation index for HASPWM.
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HASVPWM scheme. The results for ANN based HASVPWM scheme to DTC con-
troller under the same loading conditions, it shows that torques ripple, switching
loss and harmonic content reduction is expected. The comparative simulation
results are clearly presented and shown in Table 4.

4.1.4.3.3 Simulation results and discussion

The two proposed schemes namely 1.Fuzzy Logic Controller (FLC) for DTC-
SVM and 2.Artificial Neural Network (ANN) controller for DTC-SVM respectively
for IM. Has been simulated using MATLAB version R2009a and the results are
compared and shown in Table 4. Both of the proposed scheme methods uses
HASVPWM. The parameters of IM used in the simulation are given in the
appendix.

The torque ripple can be calculated by using the relation.

Torque Ripple Factor ¼ Peak to Peak torqueð Þ=Rated torque (16)

The simulation results of FLC for DTC-SVM of IM with HASVPWM is shown in
Figures 18 and 19.The simulation results of ANN for DTC-SVM of IM with
HASVPWM is shown in Figures 20 and 21.

From Figure 19 (Torque ripple waveform) it is inferred that the torque ripples
oscillates from 9.5 Nm (Minimum) to 10.1 Nm (maximum) for the given Reference
torque of 10 Nm.

Torque Ripple factor (%) as per Eq. 23 is given by = ((10.01–9.5)/10) �
100 = 0.51/10�100 = 5.1.

Control strategies Torque ripple factor (%)

Proposed FLC controller for HASVPWM FOR DTC-SVM scheme 5.1

Proposed ANN controller for HASVPWM FOR DTC-SVM scheme 4.5

Table 4.
Comparison of control strategies in induction motor.

Figure 18.
Speed and torque output for FLC based DTC-SVM of IM with HASVPWM.
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From Figure 21 (Torque ripple waveform) it is inferred that the torque ripples
oscillates from 9.55 Nm (Minimum) to 10 Nm (maximum) for the given Reference
torque of 10 Nm.

Torque Ripple factor (%) as per Eq. 23 is given by = ((10–9.55)/10) �
100 = 0.45/10�100 = 4.5.

Figure 22 shows the comparison of Torque Ripple of FLC and ANN based
DTC-SVM of IM with HASVPWM at 1000 rpm.

Figure 20.
Speed and torque output for ANN based DTC-SVM of IM with HASVPWM.

Figure 21.
Torque ripples for ANN based DTC-SVM of IM with HASVPWM.

Figure 19.
Torque ripples for FLC based DTC-SVM of IM with HASVPWM.
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It is clear that variation in Torque ripples shown in Table 4 is less in case of ANN
and they can achieve a minimum torque ripple than other control techniques. It has
been viewed that the discussed control strategy has helped in reducing the torque
ripples. Thus, by using FLC and ANN based controller for DTC of IM, the ripples
are reduced completely.

5. Modern strategies of DTC

5.1 Fuzzy logic control (FLC)

The limits of the torque hysteresis band are controlled by FLC. It entails a
minimization of the torque ripples as well as an improvement of the dynamic
performances of IM. The FLC selects the optimum bandwidth of the torque
hysteresis in real time [9].

The fuzzified parameters such as torque error, stator flux errors, and stator flux
angle are the input to FLC. The switching state of the inverter is a crisp value
obtained as an output from the FLC [11].

A detailed classification and comparison of DTC strategies like SMC, FLC
and ANN in terms of performance parameters of induction machine were discussed
in [20].

The PI controller and FLC algorithm have been implemented for the three-phase
induction motor and it is found that the proposed FLC scheme is better than the
conventional DTC control with PI control in [21].

The effective DTC improvements are achieved by Fuzzy logic controller thereby
the ripples in torque and flux are reduced, consequently secondary problems for the
motor such as heating, mechanical vibration, aging are also rectified. The merits of
the conventional are also preserved [22].

5.2 Artificial neural network (ANN)

A multilayer ANN allows to replace both hysteresis comparators and the
selection table in classical DTC.

The ANN offers the following merit over classical DTC.

i. The complexity of the controller is reduced;

Figure 22.
Torque ripple comparison of FLC and ANN based DTC- SVM of IM with HASVPWM.
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ii. The effects of motor parameter variations are minimized.

iii. The controller time response is improved.

iv. The robustness of drive is improved [11].

For electric vehicle applications, the FLC and ANN based monitoring systems
for the DTC controlled induction motor drive was implemented to detect a very
small change in performance parameters [23].
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Nomenclature

fc crossover frequency
id d-axis current
Ldm d-axis magnetizing inductance
Ld d-axis self-inductance
Vd d-axis voltage
ρ derivative operator
Te develop electromagnetic torque
d direct or polar axis
DTC direct torque control
ωr electrical speed
if equivalent permanent magnet field current
Ls equivalent self-inductance per phase
λd flux linkage due d axis
λq flux linkage due q axis
λdm flux linkage due to rotor magnets linking the stator
B friction
FLC fuzzy logic controller
J inertia
ki integral control gain
TL load torque
ωrated motor rated speed
Tm motor torque
P number of poles
Im peak value of supply current
λf PM flux linkage or field flux linkage
kp proportional control gain
iq q-axis current
Lqm q-axis magnetizing inductance
Lq q-axis self-inductance
Vq q-axis voltage
q quadrature or interpolar axis
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Tref reference motor torque
θr rotor position
ωm rotor speed
L self-inductance
Lls stator leakage inductance
Rs stator resistance
ia, ib, ic three phase currents
Va, Vb, Vc three phase voltage

A. Appendices

A.1 Appendix 1: parameters of 3 phase squirrel cage induction motor
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RATED VOLTAGE 400 V
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ROTOR RESISTANCE 1.395 Ω

STATOR INDUCTANCE Ls 0.005839H
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MOMENT OF INERTIA 0.0131 kgm2

FRICTION FACTOR 0.002985 Nms/rad
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