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Abstract—In this article, the advantages of both oc-
tadecagonal space vector pulsewidth modulation (SVPWM)
and hexagonal SVPWM are explored for a pole-phase mod-
ulation (PPM) induction machine (IM) drive applications. In
the proposed scheme, a hexagonal SVPWM is used in the
low-speed region and octadecagonal SVPWM is used dur-
ing the high-speed region to achieve better performance
over the entire speed range. With this proposed opera-
tion, the linear modulation region is enhanced by 9.15% as
compared to conventional three-phase SVPWM in the high-
speed region. The basic two-level nine-leg inverter is used
to excite the nine-phase PPM IM. The finite-element model
(FEM) of the PPM IM and inverter structure is simulated
using ANSYS Maxwell-2D and Simplorer environment, re-
spectively. The proposed method is verified experimentally
on the prototype model of 5-hp nine-phase IM.

Index Terms—Hexagonal space vector pulsewidth
modulation (SVPWM), multiphase induction machine (IM),
octadecagonal SVPWM, pole-phase modulation (PPM).

I. INTRODUCTION

M
ULTIPHASE induction machine (IM) has inherent ad-

vantages in terms of fault-tolerance, high efficiency, and

reduced torque ripple, and also it allows to handle high power

with reduced switch ratings [1]–[4]. Pole-phase modulation

(PPM) technique helps the multiphase IM to achieve speed-

torque characteristics suitable for electric vehicle applications

[5], [6]. In general, to achieve high starting torque, the PPM IM

is operated in high-pole mode [5]. However, in this mode, the

less number of phases leads to more space harmonics and thus

results in increased torque ripple [7]–[9]. On the other hand, to

achieve high running speed, the PPM IM is operated in low-pole

mode. In this mode, the higher number of phases leads to less

space harmonics and thus results in reduced torque ripple [4],

[10]. There is a requirement for the reduction of torque ripple
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during high-pole mode and to improve the linear modulation

region during low-pole mode.

The space harmonics are more due to the less number of

phases during the high-pole mode of operation of PPM IM,

which results in increased torque ripple [7]–[9]. To minimize

the torque ripple, a carrier phase-shift-based SVPWM control

technique is presented in the literature [11], [12] and the same

is incorporated in this article during the application of high-pole

mode of operation. On the other hand, as the number of phases

is more in the low-pole mode of operation, the improvement in

the linear modulation region achieved with the multiphase space

vector pulsewidth modulation (SVPWM) control technique [13]

is less significant compared to sinusoidal pulsewidth modula-

tion (SPWM). For example, by implementing the multiphase

SVPWM control technique for nine-phase IM, the improvement

in the linear modulation region by only 1.55% is achieved com-

pared to SPWM control, whereas it is 15.4% in the case of the

three-phase machine [13]. Further, some topologies with phase

grouping technique are presented in [11], [14] to minimize the

third-order harmonic content in phase currents. These topologies

are controlled with three 3-phase SVPWMs, which improves the

linear modulation region by 15.4%. However, these topologies

require open-end winding PPM IM, additional isolated dc volt-

age sources, and high number of power semiconductor switches

which may lead to higher cost.

To enhance the linear modulation region and reduce the har-

monic content, a 12-sided polygon-based SVPWM control tech-

nique is presented in [15] for a six-phase IM. This technique

helped in obtaining the improved linear modulation region. The

similar 12-sided polygon structure produced from the inverter

structure for a three-phase IM is presented in [16]. This con-

trol technique eliminates the 6n ± 1 (n = odd) harmonics in

the phase voltages and hence leads to the reduction in losses

and minimization of torque pulsations. Later in the literature

[17]–[19], an octadecagonal SVPWM is implemented using

multilevel inverter configurations to achieve an enriched har-

monic profile. However, this method has limitations regarding

power circuit complexity, as well as requires a higher number

of switches when applied to multiphase IM drives.

For achieving better harmonic profile in the high-pole mode

and with increased linear modulation in low-pole mode, a

nine-phase PPM IM drive is proposed in this article. The pro-

posed method uses a nine-phase PPM IM and a basic two-level
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TABLE I
OPERATING DETAILS FOR PERFORMANCE IMPROVEMENT OF NINE-PHASE IM

nine-leg inverter structure which reduces the power circuit com-

plexity. The article is organized as follows: the performance en-

hancement of nine-phase IM using the proposed methodology

is presented in Section II. The operation of nine-phase IM using

carrier-based hexagonal SVPWM and octadecagonal SVPWM

control is also presented in Section II [20]. The finite-element

model (FEM) and experimental results, in order to fortify the

proposed methodology, are presented in Section III. Section IV

concludes this article.

II. PERFORMANCE ENHANCEMENT OF NINE-PHASE PPM IM

DRIVE USING THE PROPOSED HYBRID CONTROL OPERATION

As discussed above, in order to achieve better performance

over the entire speed range, hexagonal SVPWM and oc-

tadecagonal SVPWM control techniques are implemented dur-

ing the low-speed and high-speed regions, respectively. The

operating details of the nine-phase IM according to the pro-

posed concept are presented in Table I.

As given in Table I, for speeds below 500 r/min, the PPM

IM drive is operated in 3-phase 12-pole mode, where the ma-

chine gives the flexibility for the implementation of hexagonal

SVPWM control technique. In this mode, to achieve the variable

speeds below 500 r/min, the fundamental frequency is varied

from 0 to 50 Hz, and the reference voltage vector is varied with

the modulation index from 0 to 1. For speeds between 500 and

1500 r/min, the PPM IM drive is operated in nine-phase four-

pole mode by implementing the octadecagonal SVPWM control

technique. In this mode, to achieve variable speeds, the funda-

mental supply frequency is varied from 16.67 to 50 Hz, and

the reference voltage vector is varied with the modulation index

from 0.33 to 1. This operation makes sure of the improvement

in the harmonic profile during low-speed operating region. In

addition, the implementation of octadecagonal SVPWM con-

trol during high-speed region improves the linear modulation

region.

The reference vector is close to the adjacent vectors of a

sector in octadecagon SVPWM (sector angle = 20°) compared

to that in the hexagonal SVPWM (sector angle = 60°), result-

ing in the production of less error vector [10]. Thus, the har-

monic profile obtained using octadecagonal SVPWM is better

compared to hexagonal SVPWM. However, with the reduc-

tion in the modulation index, the harmonics generated using

octadecagonal SVPWM will also increase which in turn gen-

erates more torque pulsations in the motor [21]. To overcome

this issue, during the lower modulation index, the hexagonal

SVPWM control is implemented by operating the nine-phase IM

drive in 3-phase 12-pole mode. By this operation, the reference

Fig. 1. Inverter structure of nine-phase PPM IM drive for both 9-phase
4-pole and 3-phase 12-pole modes of operations.

vector which has been in the lower modulation region (less than

0.33) of octadecagonal SVPWM (producing more harmonics)

is shifted close to the unity modulation index in the hexagonal

SVPWM producing a better harmonic profile. This operation

further results in the reduced torque pulsations. To show the

effectiveness of the proposed method, the harmonic content

[in terms of total-harmonic distortion (THD)] produced by us-

ing hexagonal SVPWM control for 3-phase 4-pole operation,

octadecagonal SVPWM control for 9-phase 4-pole operation,

hexagonal SVPWM control for 3-phase 12-pole operation, and

the proposed methodology is compared, as presented in Table II.

A switching frequency of 2050 Hz (odd multiples of the funda-

mental frequency) is used for the calculation of THD. From

Table II, it can be clearly observed that the harmonic content

produced by using the proposed method, for different operating

speeds, is less compared to that produced by using the other

three control techniques.

The nine-phase PPM IM is excited with a basic two-level

nine-leg inverter, and the excitation angles for both the 9-phase

4-pole and 3-phase 12-pole modes of operation are displayed in

Fig. 1. The phase grouping and excitation details for achieving

the 9-phase 4-pole and 3-phase 12-pole modes are presented in

[11]. The detailed operation of the nine-phase PPM IM using

octadecagonal SVPWM and hexagonal SVPWM control tech-

niques is explained below.

A. Hexagonal SVPWM Operation During the

Low-Speed Region

In the lower modulation region, the carrier-based hexagonal

SVPWM control is implemented by operating the nine-phase

PPM IM in 3-phase 12-pole mode. During the 3-phase 12-pole

mode of operation, the four-quadrant switches (X1 and X2)

are turned ON resulting in a common neutral. This operation

results in the formation of three overlapped hexagonal voltage

space vector structure with a vector length of “Vdc .” The three

overlapped hexagonal voltage space vector structure is shown

in Fig. 2(a). The combination of three overlapped hexagons will

result in a new hexagonal voltage space vector structure with a

vector length of 3 Vdc and is as shown in Fig. 2(b). In Fig. 2(b),

“Vs” represents the reference voltage space vector and “θ” is the
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TABLE II
COMPARISON TABLE SHOWING THE EFFECTIVENESS OF PROPOSED METHODOLOGY

MI, modulation index; NA, not applicable; THD, total harmonic distortion (by considering the harmonics up to Nyquist frequency).

Fig. 2. (a) Three overlapped hexagonal voltage space vector struc-
tures. (b) Equivalent hexagonal voltage space vector structure.

angle made by “Vs” with respect to “V1 .” The maximum length

of the reference space vector realized in the linear modulation

region of the hexagon is 3Vdc × cos (30°) = 2.5981 Vdc . The

maximum phase voltage obtained using hexagonal SVPWM is

(2/9) × (2.5981 Vdc) = 0.5773 Vdc [13], [22]. The reference

voltage space vector, “Vs,” can be realized by the two adjacent

voltage vectors in a sector and zero vector, “O” at the center. For

an instance, when “Vs” is in Sector-1, within a sampling time

period of “Ts,” it can be realized by switching between starting

state, “U1 ,” of the sector and ending state, “U2 ,” of the sector

and the zero vector, “O,” for the time periods T1 T2 , and T0 ,

respectively. Each of the possible zero vectors [(+ + +) and (−

− −)] of every group is switched for a period of (T0 /2). The

equations to determine the time periods in the “nth” sector are as

presented in (1). This results in the generation of the modulating

waveforms as presented in Fig. 3(a).
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∣
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∣

∣

∣
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∣
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Fig. 3. (a) Modulating waveforms and (b) three triangular carrier wave-
forms phase-shifted by 60° used during the application of 3-phase
12-pole mode of operation.

The space harmonics will be high due to less number of phases

which results in high torque ripple. The basic two-level phase

voltage waveform has high harmonic content which further re-

sults in increased torque ripple. To improve the torque profile,

multilevel phase voltage waveform has been generated by using

carrier phase-shift technique [11], [12], [14], [23]. In 3-phase

12-mode of operations, the phase windings of nine-phase PPM

IM machine act as equal voltage profile coils (EVPC) [23].

Each phase is contributed by a combination of three EVPCs.

Phase windings (a1 , b1 , c1) act as EVPCs for R-phase, phase

windings (a2 , b2 , c2) act as EVPCs for Y-phase, and phase

windings (a3 , b3 , c3) act as EVPCs for B-phase. The effective

phase voltage is given by the algebraic sum of voltages across
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their respective EVPCs. The hexagonal SVPWM modulating

waveform with 50 Hz frequency and three triangular carrier

waveforms phase-shifted by 60° with 2050 Hz frequency used

for the generation of pulses are shown in Fig. 3. In carrier

phase-shift method, three triangular carriers displaced by 60°

are used for three EVPCs of each phase to generate a multi-

level voltage across each phase. Phase windings a1 , a2 , and a3

are switched using a 0° phase-displaced carrier which results in

zero-sequence voltage with 0° phase displacement. Similarly,

zero-sequence voltage with 60° phase displacement is produced

by switching the phase windings b1 , b2 , and b3 with 60° phase-

displaced carriers and zero-sequence voltage with 120° phase

displacement is produced by switching the phase windings c1 ,

c2 , and c3 with 120° phase-displaced carriers. The interaction of

the three phase-shifted zero-sequence voltages (due to common

neutral) degrades the harmonic profile of EVPCs voltage. How-

ever, the respective sum of the voltage across EVPCs results in a

multilevel voltage with seven levels for unity modulation index

which is considered as the voltages across phases R, Y, and B

[24]. As the multilevel voltage waveforms across phases have

a better harmonic profile, the torque pulsations in the machine

are reduced.

B. Octadecagonal SVPWM Operation During the

High-Speed Region

In the higher speed region, the machine can be controlled with

hexagonal SVPWM control as presented in [11], [14], where the

linear modulation region is improved by 15.4% as compared to

SPWM control. To further improve the linear modulation region,

octadecagonal SVPWM is implemented by operating the nine-

phase PPM IM drive in 9-phase 4-pole mode. The four-quadrant

switches (X1 and X2) are turned OFF during nine-phase four-pole

mode leading to the formation of three isolated neutrals. The

isolated neutrals help avoiding the flow of circulating current

through phase windings. Analytically, the nine-phase windings

can be considered as three 3-phase winding groups. The phase

windings (a1 , b1 , c1) are considered as the first group, (a2 , b2 ,

c2) as the second group, and (a3 , b3 , c3) as the third group. In ev-

ery group, the windings are displaced with a phase-shift of 120°.

With the first group as a reference, the second and third groups

are displaced with a phase-shift of 40° and 80°, respectively.

Each of the three-phase groups results in a hexagonal voltage

space vector structure with a vector length of Vdc . The hexagonal

structures formed by the second group and the third group will

be phase-shifted by 40° and 80°, respectively, with the hexag-

onal structure formed by the first group. The three hexagonal

voltage space vector structures for the 9-phase 4-pole mode are

as shown in Fig. 4(a). Adding the combination of three adjacent

vectors (say
−−−→
OB′

2 ,
−−→
OA1 , and

−−−→
OB′

3) will result in a new vector

(
−−→
OV1) of length 2.8794 Vdc . The octadecagonal voltage space

vector structure is obtained by joining all the resultant vectors

(
−−→
OV1 to

−−−→
OV18) formed by 18 different possible combinations

of adjacent vectors as shown in Fig. 4(b). The maximum length

of the reference space vector realized in the linear modulation

region of octadecagon is 2.8794 Vdc × cos(10°) = 2.8357 Vdc .

With the octadecagonal SVPWM control, the maximum phase

Fig. 4. (a) Individual hexagonal voltage space vector structures of three
phase groups phase-shifted by 40°. (b) Octadecagonal voltage space
vector structure for 9-phase 4-pole mode of operation.

Fig. 5. (a) Modulating waveforms and (b) triangular carrier waveform
used during the application of 9-phase 4-pole mode of operation.

voltage obtained is (2/9) × (2.8357 Vdc) = 0.6302 Vdc . The

maximum phase voltage obtained with the conventional SPWM

is 0.5 Vdc and with the conventional three-phase SVPWM is

0.5773 Vdc . Hence, with the octadecagonal SVPWM control,

the linear modulation region is improved by 26.03% compared

to conventional SPWM control and 9.15% compared to conven-

tional three-phase SVPWM control.

In Fig. 4(b), “Vs” represents the reference voltage space vec-

tor and “θ” is the angle made by “Vs” with respect to starting

vector state in the sector. The reference voltage space vector,

“Vs,” can be realized by the two adjacent voltage vectors in a

sector and zero vector, “O,” at the center. For instance, when

“Vs” is in Sector-1, within a sampling time period of “Ts,” it
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Fig. 6. Experimental setup used in the laboratory.

Fig. 7. Magnetic field density and its flux lines obtained during the
application of 3-phase 12-pole mode of operation.

can be realized by switching between starting state, “V1 ,” of

the sector and ending state, “V2 ,” of the sector, and the zero

vector, “O,” for the time periods T1 , T2 , and T0 , respectively.

Each of the possible zero vectors [(+ + +) and (− − −)] of

every group is switched for a period of (T0 /2). The equations

to determine the time periods in “nth” sector are as presented

in (2). This results in the generation of the modulating wave-

forms as presented in Fig. 5(a). The modulating octadecagonal

SVPWM waveform with 50 Hz frequency and triangular carrier

waveform with 2050 Hz frequency used for generation of pulses

are presented in Fig. 5.
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∣

∣
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∣
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Fig. 8. Simulation results of voltage across individual phase windings
a1 , b1 , c1 obtained during the application of 3-phase 12-pole mode of
operation.

Fig. 9. Simulation results obtained during the application of 3-phase
12-pole mode of operation. (a) Algebraic sum of voltages across phase
windings a1 , b1 , c1 and (b) its harmonic profile.

Fig. 10. Simulation results obtained during the application of 3-phase
12-pole mode of operation. (a) Current through phase-a1 winding and
(b) its harmonic profile.

With the octadecagonal SVPWM, the 18n ± 1 (where n = 1,

2, 3, . . . ) harmonics are absent in the phase voltages [10]. The

dominant lower order harmonics in the phase voltage are 3rd,

5th, 7th, 11th, and 13th . . . . However, the triplen harmonic com-

ponents in the phase voltages and currents can be eliminated by

using phase grouping technique and with the isolated neutrals

[11], [14]. Besides, the 5th, 7th, 11th, and 13th harmonic com-

ponents do not contribute to the total flux in the air gap due to

the winding disposition [10], [15], [25], [26]. Thus, a significant

reduction in the torque ripple is achieved.

III. FEM SIMULATION AND EXPERIMENTAL RESULTS

The FEM model of nine-phase PPM IM is simulated us-

ing ANSYS Maxwell 2-D. To achieve 5-hp power rating, the

machine parameters like core length, air-gap diameter, and air-

gap length are effectively designed as 220, 170, and 0.35 mm,
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Fig. 11. Simulation results obtained during the application of 3-phase 12-pole mode of operation. (a) Rotor torque profile using carrier-based
hexagonal SVPWM control technique with single triangular carrier waveform. (b) Rotor torque profile using carrier-based hexagonal SVPWM control
technique with three triangular carrier waveforms phase-shifted by 60°. (c) Rotor speed.

respectively. The 2-level 9-leg inverter structure is designed in

Simplorer environment. The integration of the 2-level 9-leg in-

verter model and nine-phase PPM IM machine model is done

by using co-simulation. The triangular meshing is used for the

FEM model simulation.

The simulation results obtained using FEM analysis are vali-

dated experimentally on a 5-hp machine in the laboratory. The

experimentation is performed on the 5-hp nine-phase PPM IM

in the open-loop mode due to laboratory constraints. The exper-

imental setup is as shown in Fig. 6. The dc source is modeled by

using three-phase rectifier module (SBR3510) at the output of a

three-phase ac variable supply. The dc-link capacitor (2200MFD

450VDC) is used to reduce the voltage ripple at the output of

the rectifier. A dc-link voltage of 120 V and carrier frequency

of 2050 Hz (odd multiples of the fundamental frequency) are

considered for both the simulation and experimentation pur-

pose due to laboratory constraints. The nine legs of inverter

structure are formed by using nine semikron SKM50GB128D

insulated-gate bipolar transistor (IGBT) modules with their cor-

responding gate driver modules. The gate pulses with a dead-

band of 2 µs have been generated by using very high speed inte-

grated circuit hardware description language (VHDL) coding on

XILINX SPARTAN-6 (XC6SLX9) field-programmable gate

array (FPGA) hardware platform.

A. Lower Speed Region

In the lower modulation region, the machine is operated in 3-

phase 12-pole mode and hexagonal SVPWM control technique

is used. The magnetic field distribution forming 12 poles over

the entire cross section of the machine is as shown in Fig. 7.

The simulation results of voltage across the individual phase

windings a1 , b1 , and c1 are as shown in Fig. 8. The simula-

tion results of R-phase voltage (algebraic sum of the voltage

across phase windings a1 , b1 , and c1) and its corresponding

harmonic spectrum are as presented in Fig. 9(a) and (b), re-

spectively. The current through the phase winding a1 and its

harmonic profile is as presented in Fig. 10(a) and (b), respec-

tively. From the harmonic profiles of total effective voltage,

it can be observed that the dominating harmonics are present

at the switching frequency. The rotor torque profile using the

carrier-based hexagonal SVPWM control technique with single

triangular carrier waveform [20] and with three triangular car-

rier waveforms phase-shifted by 60° is as presented in Fig. 11(a)

Fig. 12. Simulation results obtained during the application of 3-phase
12-pole mode of operation. (a) Total air-gap flux. (b) Harmonic profile of
total air-gap flux.

and (b), respectively. The torque ripple in Fig. 11(a) and (b) is

calculated to be 24% and 12.20%, respectively. This shows

that the performance is improved with the hexagonal SVPWM

control technique using carrier phase-shift method. The speed

profile of nine-phase PPM IM during the application of 3-phase

12-pole mode of operation is as presented in Fig. 11(c) which

shows the steady-state operation of the machine.

The total air-gap flux in the nine-phase IM along with its

harmonic profile during the 3-phase 12-pole mode of opera-

tion is given in Fig. 12. From the harmonic profile of the total

air-gap flux, it can be observed that the harmonics in the in-

dividual phase voltages and currents are not reflected in total

air-gap flux. The experimental results of voltages across indi-

vidual phase windings (a1 , b1 , and c1), the algebraic sum of the

voltages across phase windings a1 , b1 , c1 , and current through

phase winding-a1 are presented in Fig. 13. From Fig. 13, mul-

tilevel voltage is observed (the red color trace) in Fig. 13(a)

which represents the algebraic sum of three-phase windings a1 ,

b1 , c1 . The harmonic profiles of resultant voltage and current

through phase winding-a1 are presented in Fig. 13(b) and (c),

respectively.

B. Higher Speed Region

In the higher speed region, the machine is operated in the

nine-phase four-pole mode and octadecagonal SVPWM control

technique is used. The magnetic field distribution over the entire

cross section of the machine during this mode of operation is as

shown in Fig. 14.

The formation of four poles over the cross section of the

machine can be observed in Fig. 14. The FEM simulation
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Fig. 13. Experimental results obtained during the application of
3-phase 12-pole mode of operation. (a) Voltage across individual phase
windings a1 , b1 , c1 (top 3 traces respectively, X-axis: 10 ms/div and Y-
axis: 100 V/div), algebraic sum of voltages across phase windings a1 ,
b1 , c1 (fourth trace, X-axis: 10 ms/div and Y-axis: 200 V/div), and current
through phase-a1 winding (bottom trace, X-axis: 10 ms/div and Y-axis:
5 A/div). (b) Harmonic profile of resultant voltage of phase windings a1 ,
b1 , c1 . (c) Harmonic profile of current through phase-a1 winding.

Fig. 14. Magnetic field density and its flux lines obtained during the
application of 9-phase 4-pole mode of operation.

results of phase voltage and current waveform including their

harmonic profiles are shown in Figs. 15 and 16, respectively.

Even though the phase voltage and current waveforms contain

5th, 7th, 11th, and 13th harmonics, these do not reflect in

the effective air-gap flux due to the winding disposition

Fig. 15. Simulation results obtained during the application of 9-phase
4-pole operation. (a) Voltage across phase-a1 winding. (b) Voltage har-
monic profile.

Fig. 16. Simulation results obtained during the application of nine-
phase four-pole operation. (a) Current through phase-a1 winding.
(b) Current harmonic profile.

[15], [25], [26] resulting in the reduction of torque ripple.

As the air-gap flux does not contain harmonics of the order

5th, 7th, 11th, and 13th . . . , there is no back electromotive

force (EMF) generated in the phase windings due to these

respective harmonic orders. The absence of back EMF in the

phase windings results in the presence of the harmonics of

the order 5th, 7th, 11th, and 13th . . . in the phase currents.

The torque profile using three individual hexagonal SVPWM

and octadecagonal SVPWM control techniques is presented in

Fig. 17(a) and (b), respectively. The torque ripple percentage in

Fig. 17(a) and (b) during the steady state is calculated to be

of 10% and 9.33%, respectively. The speed profile of nine-

phase PPM IM during the application of nine-phase four-pole

mode of operation is as presented in Fig. 17(c) which shows the

steady-state operation of the machine. From Figs. 15 and 16,

the lower order dominating harmonics in the harmonic profiles

of individual phase voltage and phase currents can be observed.

However, these harmonics do not reflect in the total air-gap flux

of the nine-phase IM. This can be observed in Fig. 18, which

shows the air-gap flux of nine-phase IM including its harmonic

profile. The absence of lower order dominating harmonics in

the total air-gap flux results in reduced torque pulsations. The

experimental results of voltage across phase winding a1 and

current through it are shown in Fig. 19. From the harmonic

profile of phase voltage and current presented in Fig. 19(b)

and (c), it is observed that the 17th- and 19th-order harmonic

components are of less magnitude. For a dc-link voltage of

120 V, the fundamental peak value of phase voltage obtained

is 75.52 V, implying a dc-link voltage utilization of 0.62933

(�0.63) with the octadecagonal SVPWM control technique.
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Fig. 17. Simulation results obtained during the application of 9-phase 4-pole operation. (a) Rotor torque profile using three individual hexagonal
SVPWM control technique [11]. (b) Rotor torque profile using the proposed octadecagonal SVPWM control technique. (c) Rotor speed.

Fig. 18. Simulation results obtained during the application of 9-phase
4-pole operation. (a) Total air-gap flux. (b) Harmonic profile of total
air-gap flux.

Fig. 19. Experimental results obtained during the application of
9-phase 4-pole mode of operation. (a) DC-link voltage (top trace, X-axis:
5 ms/div and Y-axis: 100 V/div), voltage (middle trace, X-axis: 5 ms/div
and Y-axis: 100 V/div) across phase-a1 winding, and current (bottom
trace, X-axis: 5 ms/div and Y-axis: 2 A/div) through phase-a1 winding.
(b) Harmonic profile of voltage across phase-a1 winding. (c) Harmonic
profile of current through phase-a1 winding.

IV. CONCLUSION

The hybrid control operation of nine-phase PPM IM drive

using carrier-based hexagonal SVPWM and octadecagonal

SVPWM control techniques was proposed in this article. To

achieve the higher torque, the PPM IM was operated in the

3-phase 12-pole mode, and to get higher speed, the same ma-

chine was operated in the 9-phase 4-pole mode. The hexagonal

SVPWM and octadecagonal SVPWM control techniques were

effectively used for controlling the PPM IM drive in 3-phase

12-pole and 9-phase 4-pole modes of operation, respectively. In

addition, octadecagonal SVPWM improved the linear modula-

tion region by 26% compared to the conventional SPWM and

9.15% compared to the three individual hexagonal SVPWM

control techniques. This hybrid control operation is best suit-

able for electric vehicle applications.
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