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 The need of higher power and more reliable applications have promoted the 

use of multiphase alternating current (AC) drives. Mostly the motors are 

used in wide speed operation range. To control the motors, in the low speed 

region the motors are operated under pulse width modulation (PWM) mode 

and in the high speed region, they use square wave mode. In this paper, the 

current ripple characteristics of inverter-fed multiple three-phase AC motors 

that are operated under dual mode operation (PWM and square wave modes) 

are investigated. The optimal motor stator winding configuration will be 

optimized from the viewpoint of inverter input and motor current ripples. 

Six-phase motor is used as the representative of even-phase motors and nine-

phase motor for odd-phase motors. It is found that nine-phase motor is better 

than six-phase motor if dual mode operation is desired. Experimental results 

are incorporated to support the analytical results. 
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1. INTRODUCTION 

An electric motor with number of phase more than three is known as multiphase motor. Nowadays, 

the need of higher power and more reliable applications have promoted the use of multiphase alternating 

current (AC) drives, e.g. in elevator, electric ship propulsion, electric vehicle, railway traction, and turbo 

compressor [1]−[12]. Basically, there are only two types of multiphase motors i.e. composite phase motor 

and prime phase motor [13]−[15]. A composite phase motor contains some group of any phase stator winding 

and the most popular is multiple three-phase motor. Many research related to prime phase have been 

published. However, this type of motor has not been applied in industry because it needs special stator frame 

design. Different to that, multiple three phase motor can be built from the available three-phase stator frame 

design. The additional advantages is that it can be supplied by some conventional three-phase inverters and 

the operation under fault condition is easier. Besides that, multiple three phase motor has additional degree of 

freedom, i.e. the stator winding can be configured with 0° phase displacement, symmetrically, or 

asymmetrically. For six-phase motor, the symmetrical configuration uses 60° phase displacement and the 

asymmetrical one uses 30° phase displacement. For nine-phase motor, the asymmetrical configuration uses 

20° phase displacement and the symmetrical one uses 40° phase displacement.  

The optimal configuration can be chosen in order to produce minimum inverter input current ripple, 

stator current ripple, rotor current ripple, and torque ripple [16]. Minimizing the input current ripple of 

inverter is very essential as it can extend the lifetime of the filter capacitor which is the weakest component 

in an inverter [17]−[19]. Minimization of stator current ripple can reduce stator copper loss, while minimum 
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rotor current ripple reduces both the rotor copper loss and motor torque ripple. Rotor current ripple is more 

important to be considered compared to stator current ripple because the stator loss is easier to handle.  

Though a lot of works have been done [15], [16], [20]−[26], it is still not clear what configuration is 

the best if dual mode operation is desired. Dual mode operation is important in electric vehicle and traction 

applications. Square wave mode is used for high speed operation and pulse width modulation (PWM) mode 

is used for low speed operation. The works in [15], [16] have a significant impact on the selected 

configuration of multiple three-phase motors applied in industry, i.e. mostly the motors are configured to be 

asymmetric [1]−[12]. The analysis in [15], [16] is suitable for multiphase motor operated under squarewave 

operation. However, mostly the motors in industry are operated under PWM mode. So, further investigation 

is necessary to find the optimal configuration under PWM operation. 

This paper presents a study on current ripple characteristics of inverter-fed multiple three-phase AC 

motors that are operated under dual mode operation. The optimal configuration of the motor stator winding 

will be optimized from the viewpoint of inverter input and motor current ripples. For this purpose, the 

expressions of the current ripples in the inverter input, stator, and rotor are derived. Six-phase motor is used 

as the representative of even-phase motors and nine-phase motor for odd-phase motors. It is found that nine 

phase motor is better than six phase motor if dual mode operation is desired. To support the analysis, 

experimental results are included in this paper. 

 

 

2. INVERTER-FED MULTIPHASE ALTERNATING CURRENT MOTORS 

Figure 1 shows the scheme of the inverter-fed multiphase AC motor under study (nine-phase motor 

system is used as an example). The inverter connects the motor to a DC source. It has a large electrolytic 

capacitor to absorb the inverter input current ripple. From the figure, it can be seen that the system can be 

divided into the inverter side and the motor side. The motor has some three-phase stator winding sets with 

phase displacement of 𝛾. There are two sets of three-phase stator winding in six-phase motor and three sets in 

nine-phase motor. The neutrals of the stator windings are isolated to each other. 

There are two models for multiple three-phase motor in the literature, i.e. three-phase model 

extension and space vector decomposition (SVD). The three-phase extension model is useful for control 

development [10], [27]−[29], however this model cannot be used to describe the harmonic influence on the 

motor behaviour. The SVD model divides the motor into several decoupled space coordinates i.e. an 𝛼𝛽 

coordinate, several 𝑥𝑦 coordinates, and a zero sequence coordinate [14], [30]−[32]. A transformation matrix 

is required in the motor modeling. The transformation for symmetrical winding motor is different to the 

asymmetrical one [30], [31], [33], [34]. In this paper, transformations that can be used for motor with 

arbitrary phase dispacement are used [32], [35]. In a motor with distributed windings, the current harmonic 

sets that are passed through the air gap to produce rotor current/torque are mapped to the 𝛼𝛽 coordinate. The 

current harmonics in the 𝑥𝑦 coordinates only circulate in the stator, resulting in additional stator copper loss.  

 

 

 
 

Figure 1. Inverter-fed nine-phase AC motor 

 

 

2.1.  Squarewave operation 

In squarewave mode operation, the inverter legs are activated at the inverter fundamental frequency. 

A squarewave signal contains all odd harmonics with amplitudes that are inversely proportional to the 
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harmonic order. The harmonic components can be identified by using symmetrical component theory. In a 

multiphase motor with distributed winding, only the first sequence set of the harmonic components that are 

mapped to the 𝛼𝛽 coordinate [36]. This denotes that the smaller rotor current ripple/torque pulsation can be 

produced from higher phase number. The analysis and experiments in [31], [37], [38] have shown that 

multiphase motors have smaller torque pulsation compared to three-phase motor. 

For a multiple three-phase motor operating under square wave operation, it was reported that the 

asymmetrical configuration can give smaller rotor current ripple than the symmetrical one if the phase 

number is even. In odd phase motor, the symmetrical and asymmetrical configurations give similar rotor 

current ripple that are smaller than the zero phase displacement [15], [16]. The optimal configuration for 

minimizing the input current ripple is the same as the one for minimizing the rotor current ripple. 

 

2.2.  Pulsewidth modulation operation 

Various PWM techniques can be used in inverter-fed multiple three-phase AC motor. An space 

vector modulation (SVM) has been proposed [39]. However, this modulation produces unwanted low order 

harmonics. Refinement of this modulation has been proposed to mitigate the low order harmonics [40]−[46]. 

The SVMs for multifrequency reference also have been proposed [46]− [49]. These SVMs techniques are 

intended to produce proper fundamental frequency and low order harmonics that are suitable for concentrated 

winding multiphase motors. 

Application of carrier based modulation in multiphase inverter is purely an extension of three-phase 

inverter [50]. Investigation of the modulation type effect on the inverter input current ripple has been carried 

out. As in three-phase inverter, the modulation type does not affect the input current ripple of multiphase 

inverter. Moreover, the minimum ripple of DC input voltage cannot be achieved by applying zero sequence 

signal (ZSS) injection but can be provided by sinusoidal PWM. In addition, ZSS injection cannot minimize 

the output current ripple of the multiphase inverter, except on multiple three-phase inverter [51], [52]. The 

ZSS injection can raise the maximum modulation index. However the rise becomes smaller as the number of 

phase increases, e.g. 15.5% in three-phase inverter, 5.1% in five-phase inverter, 2.6% in seven-phase 

inverter, and become 1.5% in nine-phase inverter [53]. A composite phase number with isolated neutral 

points is required to achieve a high maximum modulation index.  

Under PWM operation, the optimal phase number has been investigated based on motor efficiency, 

input current ripple and input voltage ripple. Considering the motor efficiency, the increase of phase number 

does not have effect on the motor efficiency reduction [54], [55]. Based on the input voltage ripple, the 

optimum phase number is seven [56]. This result is based on similar output power. By considering the 

inverter input current ripple, it is known that the optimum number of phase is nine. The number of phase 

more than those numbers cannot reduce the input voltage and current ripples significantly [56]. So, 

increasing the phase number into a high number is not always become the best solution. In addition to that, 

increasing the phase number can increase the control complexity. 

 

 

3. ANALYSIS OF INVERTER INPUT CURRENT RIPPLE UNDER PULSEWIDTH 

MODULATION OPERATION 

Inverter input current ripple can be analyzed in either frequency domain or time domain [18], [57]. 

The frequency domain method gives the spectrum of the input current, as a result it can be used to accurately 

calculate the power loss in the capacitor. However, the capacitor equivalent series resistance (ESR) has a 

tendency to be constant at the high frequencies. For this reason, time domain method can be used to estimate 

the capacitor power loss. Moreover, the time domain method gives simpler input current ripple expressions. 

The input current ripple expression for six-phase inverter is: 
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and for nine-phase inverter is: 
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where 𝐼𝑑 is the input current ripple, 𝑘 is the modulation index, 𝐼𝑙  is the load current (rms), and 𝜙 is the power 

factor angle. The detail of the current ripples derivation can be found in [57].  

The optimal configuration can be obtained by differentiating (1) and (2) with respect to phase 

displacement 𝛾. The current ripples (1) and (2) are evaluated using three phase displacements, those are zero 

phase displacement, asymmetrical configuration, and symmetrical configuration for power factor of 1.0 and 

0.8, as shown in Figure 2 (a), Figure 2 (b), Figure 3 (a), and Figure 3 (b). Figures 2 and 3 show that the 

maximum current ripple is given by zero phase displacement, the asymmetrical configuration provides 

middle input current ripple, and the minimum current ripple is given by the symmetrical configuration. 
 

 

  
(a) (b) 

 

Figure 2. Calculated input current ripples of six-phase inverter (a) power factor of 1.0 and (b) power factor of 0.8 
 
 

  
(a) (b) 

 

Figure 3. Calculated input current ripple of nine-phase inverter (a) power factor of 1.0 and (b) power factor of 0.8 
 

 

4. ANALYSIS OF MOTOR CURRENT RIPPLE UNDER PULSEWIDTH MODULATION 

OPERATION 

To analyze the motor current ripple, the motor model in the stationary reference frame is used. The 

motor current ripple in each coordinate is expressed as integration of each stator voltage ripple [41]. 
 

𝑖̃𝛼𝛽𝑠 ≈
1

𝜎𝐿𝑠
∫ 𝑣̃𝛼𝛽𝑠 𝑑𝑡 (3) 

 

𝑖̃𝑥𝑦𝑠 ≈
1

𝐿𝑙𝑠
∫ 𝑣̃𝑥𝑦𝑠 𝑑𝑡 (4) 

 
Where 𝑖̃𝛼𝛽𝑠, 𝑖𝑥̃𝑦𝑠, 𝑣̃𝛼𝛽𝑠, and 𝑣̃𝑥𝑦𝑠, are the current ripples in the 𝛼𝛽 coordinate, current ripples in the 𝑥𝑦 

coordinates, voltage ripples in the 𝛼𝛽 coordinate, and voltage ripples in the xy coordinates. We can 

approximate the value of 𝜎𝐿𝑠 by the summation of the stator leakage inductance 𝐿𝑙𝑠 and the rotor leakage 

inductance 𝐿𝑙𝑟  is being as: 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 13, No. 1, March 2022: 68-83 

72 

𝜎𝐿𝑠 ≈ 𝐿𝑙𝑠 + 𝐿𝑙𝑟  (5) 

 

The rotor current ripple can be predicted from the current ripple in the αβ coordinate. The stator current 

ripple is resulted from the summation of the current ripple in the αβ coordinate and the current ripple in the 

𝑥𝑦 coordinate. The stator leakage inductance is lower than 𝜎𝐿𝑠, therefore, the stator current ripple is much 

influenced by the current ripple in the 𝑥𝑦 coordinate rather than the current ripple in the αβ coordinate. The 

detail of the motor current ripple derivation can refer to [35]. The current ripple in the 𝛼𝛽 coordinate of six-

phase motor is in (6) and the current ripple in the 𝑥𝑦 coordinate is in (7). The current ripple of nine-phase 

motor in the αβ coordinate is in (8) and the current ripple in the 𝑥𝑦 coordinate is in (9). In (6)-(9) are based 

on time domain analysis. Besides that, we can also refer to [58] for the frequency domain analysis, but this is 

not the scope of this paper. 
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, 𝑓𝑠 is the switching frequency, and 𝐸𝑑 is the DC input 

voltage. 

In (6) is plotted in Figure 4 (a) and (7) is plotted in Figure 4 (b). Meanwhile (8) and (9) are plotted 

in Figures 5 (a) and 5 (b), respectively. Figures 4 and 5 show that the largest current ripple in the 𝛼𝛽 

coordinate is given by zero phase displacement. The nonzero phase displacement can reduce this current 

ripple and the lowest is given by the symmetrical configuration. Theoretically, zero phase displacement does 

not give current ripple in the 𝑥𝑦 coordinate. This means all the stator current harmonic components are 

passed to the rotor. Therefore, multiple three-phase motor with zero phase displacement has similar 

characteristics to three-phase motor. From Figures 4 (b) and 5 (b), symmetrical configurations produce the 

highest current ripple in the 𝑥𝑦 coordinate and also the stator current ripple. Though the symmetrical 

configuration produces the highest current ripple in the stator, this ripple can be minimized by using third 
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harmonic injection that is commonly used for three-phase inverter [59]. For multiphase inverter, this 

harmonic injection is useful only for multiple three phase inverter [52]. 

 

 

  
(a) (b) 

 

Figure 4. Calculated current ripples of six-phase motor (a) in the 𝛼𝛽 coordinate and (b) in the 𝑥𝑦 coordinate 
 
 

  
(a) (b) 

 

Figure 5. Calculated current ripples of nine-phase motor (a) in the 𝛼𝛽 coordinate and (b) in the 𝑥𝑦 coordinate 

 

 

5. RESULTS AND DISCUSSION 

5.1.  Optimal configuration for dual mode operation 

The previous analyses have presented the inverter input current and motor current ripples. The 

current ripple characteristics are summarized in Tables 1 and 2. As stated in the introduction, the optimal 

configuration is one that produces minimum current ripples in both the inverter input and the rotor. From 

Table 1, it is known that the optimal configuration of six-phase motor under squarewave operation is the 

asymmetrical one. However, under PWM operation, the optimum configuration is symmetric. It means six-

phase motor is not worthy for dual mode operation. Table 2 shows that nine-phase motor can be considered 

as a better option for dual mode operation since its symmetrical configuration provides optimum 

characteristics under PWM and squarewave operations. In general, the right motor is an odd multiple three-

phase motor with symmetrical configuration. The general equation of 𝑛-phase inverter input current ripple 

under PWM operation is: 
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The general equation of the motor current ripple in the 𝛼𝛽 coordinate is: 
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The general equation of the motor current ripple in the 𝑥𝑦 coordinate is: 
 

𝐼𝑥𝑦 𝑟𝑚𝑠
2 = 𝐾𝑥𝑦

2 1

𝜋

[
 
 
 
 
 
 
 −

16(𝑛−3)

3𝑛
√3

− ∑
96𝑚

𝑛2
sin ((

𝑛

3
− 𝑚)

3𝛾

2
)

𝑛

3
−1

𝑚=1

−∑
32𝑚

𝑛2

𝑛

3
−1

𝑚=1 (√3 cos ((
𝑛

3
− 𝑚)

5𝛾

2
) − sin ((

𝑛

3
− 𝑚)

5𝛾

2
))

+∑
128𝑚

𝑛2

𝑛

3
−1

𝑚=1 (√3 cos ((
𝑛

3
− 𝑚)

𝛾

2
) + sin ((

𝑛

3
− 𝑚)

𝛾

2
))

]
 
 
 
 
 
 
 

𝑘3 (12) 

 

By inserting the phase number 𝑛 in (10)–(12) and differentiating with respect to the phase displacement 𝛾, we 

will get the optimal configuration for the related phase number. 
 

 

Table 1. Six-phase motor characteristics 
Six-phase Current Ripples 0° 30° 60° 

Squarewave Input Max Min Max 
Stator Min Max Min 
Rotor Max Min Max 

PWM Input Max  Min 
Stator Min  Max 
Rotor Max  Min 

 

Table 2. Nine-phase motor characteristics 
Six-phase Current Ripples 0° 20° 40° 

Squarewave Input Max Min Min 
Stator Min Max Max 
Rotor Max Min Min 

PWM Input Max  Min 
Stator Min  Max 
Rotor Max  Min 

 

 

 

5.2.  Experimental results 

Experiments were conducted to evidence the effect of motor configuration on the inverter input and 

motor current ripples. The experimental setup is shown in Figure 6. The switching components are IRFP460 

with TLP250 used as the gate driver and opto-isolator. The squarewave and PWM algorithms are embedded 

in an FPGA Altera DE2-70. The motor parameters are shown in Table 3 and Table 4, each is for six-phase 

motors and nine-phase motors, respectively. The inverter input is set to a constant value of 40 Vdc. The 

frequency of 50 Hz is used for the inverter fundamental frequency. In order to eliminate the effects of motors 

Electromotive Force in the calculation, the rotors were locked during the experiments. A digital oscilloscope 

is used to record the current waveforms. 

 

 

 
 

Figure 6. Experimental setup 
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Table 3. Six-phase motor parameters 
Parameter Value 

Rotor resistance 1.25 Ω 
Stator resistance 1.25 Ω 
Rotor leakage inductance 4.85 mH 
Stator leakage inductance 5.2 mH 
Magnetizing inductance 40.93 mH 
Number of poles 4 
Nominal power 3 HP 
Nominal current 8.3 A 

 

Table 4. Nine-phase motor parameters 
Parameter Value 

Rotor resistance 0.86 Ω 
Stator resistance 0.92 Ω 
Rotor leakage inductance 4.64 mH 
Stator leakage inductance 5.40 mH 
Magnetizing inductance 160 mH 
Number of poles 4 
Nominal power 7.5 HP 
Nominal current 11.3 A 

 

 

 

5.2.1. Experimental results of squarewave operation 

The input current of squarewave six-phase inverters are shown in Figures 7 (a)-(c). The figures 

show that the asymmetrical configuration provides minimum current ripple in the inverter input. The 

symmetrical configuration and zero phase displacement have equal input current ripple. In addition, the 

frequency of the input current ripple of the asymmetrical configuration is higher (twelve times of the 

fundamental frequency). Therefore, this is an additional benefit of the asymmetrical configuration in addition 

to the minimum rotor current and torque ripples. Experiments of squarewave operation of nine-phase 

inverters also have been conducted. The input currents can be seen in Figure 8 (a) and Figure 8 (b). The 

figure shows that the symmetrical configuration gives similar input current ripple to the asymmetrical one. 

The stator currents of six-phase motors under squarewave operation can be seen in Figure 9 (a)-(c).  

After all the phase currents are measured, transformation into 𝛼𝛽 coordinate is conducted. The currents in the 

𝛼𝛽 coordinate are presented in Figures 10 (a)-(c). The figures show that the asymmetrical configuration 

produces minimum current ripple in the 𝛼𝛽 coordinate, but the stator current ripple become larger. The stator 

currents of nine-phase motors under squarewave operation are shown in Figure 11 (a) and Figure 11 (b) and 

the currents in the 𝛼𝛽 coordinate are presented in Figure 12 (a) and Figure 12 (b). The figures show that the 

stator current ripple and current ripple in the 𝛼𝛽 coordinate of the motor with symmetrical configuration are 

similar to those of the motor with asymmetrical configuration. 
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Figure 7. Input currents of six-phase inverters (Ampere/div = 4 A; time/div = 2.5 ms) (a) zero phase 

displacement, (b) asymmetrical configuration, and (c) symmetrical configuration 
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Figure 8. Input currents of nine-phase inverters (Ampere/div = 4 A; time/div = 2.5 ms) (a) asymmetrical and 

(b) symmetrical configurations 

 

 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 13, No. 1, March 2022: 68-83 

76 

1ai2ai
C

u
rr

e
n

t 
(4

 A
/d

iv
)

Time (2.5 mS/div)

(a) 

1ai2ai

C
u

rr
e

n
t 
(4

 A
/d

iv
)

Time (2.5 mS/div)

(b) 

1ai2ai

Time (2.5 mS/div)

C
u

rr
e

n
t 
(4

 A
/d

iv
)

 
(c) 

 

Figure 9. Stator currents of six-phase motors (Ampere/div=4 A; time/div=2.5 ms), (a) zero phase 

displacement, (b) asymmetrical configuration, and (c) symmetrical configuration 
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Figure 10. The six-phase motors currents in the 𝛼𝛽 coordinate (a) zero phase displacement, (b) asymmetrical, 

and (c) symmetrical configurations  
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Figure 11. Stator currents of nine-phase motors (Ampere/div = 4 A; time/div = 2.5 ms) (a) asymmetrical 

configuration and (b) symmetrical configuration 
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Figure 12. The nine-phase motors currents in the 𝛼𝛽 coordinate (a) asymmetrical configuration and  

(b) symmetrical configuration 
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5.2.2. Experimental results of inverter input current ripples under pulsewidth modulation operation 

During the experiments of PWM operation, 1 kHz carrier frequency is used. The input current of 

six-phase inverter and the stator current are presented in Figures 13(a)-(c). At these figures, the modulation 

indexes are one. From Figure 13, it is known that the stator currents are almost perfect sinusoidal. These 

figures also show that the symmetrical configuration results in the lowest current ripple in the inverter input. 

The inverter input current ripples as function of modulation indexes are shown in Figure 14. From the 

figures, the agreement between the results of calculations and experiments can be appreciated. 

The experimental results of nine-phase inverter are shown in Figure 15(a) and Figure 15(b). The 

modulation indexes are also one at those waveforms. Figure 15(a) and Figure 15(b) clearly show that the 

symmetrical configuration gives lower inverter input current ripple compared to the asymmetrical one. Figure 

16 shows the calculation and measurement results of the inverter input current ripples as a function of the 

modulation indexes. The validity of the input current ripple calculation can be appreciated from this figure. 
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Figure 13. Input currents of six-phase inverters (Ampere/div = 4 A; time/div = 10 ms) (a) zero phase 

displacement, (b) asymmetrical configuration, and (c) symmetrical configuration 

 

 

 
 

Figure 14. Six-phase inverters input current ripples  
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Figure 15. Output current of phase a1 and input current of nine-phase PWM inverters (Ampere/div = 4 A; 

time/div = 10 ms) (a) asymmetrical configuration and (b) symmetrical configuration  
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Figure 16. Nine-phase inverter input current ripples 
 

 

5.2.3. Experimental results of motor current ripples under pulsewidth modulation operation 

The stator currents of six-phase motors are shown in Figures 17(a)-(c). The modulation indexes that 

are used are one. It is known from the figures that the minimum stator current ripple is given by zero phase 

displacement and the maximum is provided by the symmetrical configuration. The currents in the 𝛼𝛽 

coordinate are shown in Figures 18(a)-(c). The figures show that zero phase displacement gives the highest 

current ripple and the minimum is provided by the symmetrical configuration. 
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Figure 17. Stator currents of six-phase motors (Ampere/div = 2 A; time/div = 2.5 ms), (a) zero phase 

displacement, (b) asymmetrical configuration, and (c) symmetrical configuration 
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Figure 18. Six-phase motors currents in the 𝛼𝛽 coordinate (a) zero phase displacement, (b) asymmetrical 

configuration, and (c) symmetrical configuration  

 

 

The waveform of the stator current is passed to a high pass filter (HPF) to obtain the ripple 

component. The HPF cut-off frequency is chosen to be lower than the switching frequency and higher than 

the fundamental frequency. In this study we uses cut-off frequency of 450 Hz. The rms of the filtered signal 

(current ripple) can be easily obtained by using PSIM software. The rms of the motor current ripples are 

shown in Figure 19 (a) and Figure 19 (b). From Figure 19 (a), we can see that the 𝛼𝛽 coordinate current 

ripple of the zero phase displacement motor is in agreement with the prediction. Current ripple in the 𝑥𝑦 

coordinates in Figure 19 (b) can occur due to system imbalances, such as in stator windings and switching 

delays in power semiconductors. The agreement between the calculation and experimental results of the 

asymmetrical six-phase motor can be seen in both αβ and 𝑥𝑦 coordinates. In the case of the symmetrical six-

phase motor, the agreement in the 𝑥𝑦 coordinate can also be appreciated. The difference between the 
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calculation results and the measurement results lies in the 𝛼𝛽 coordinates. However, the measured current 

ripples are still close to the predicted value. This difference could be resulted from the motor parameter 

variation during the measurement process. From Figures 17 and 18 we can see the appearance of noise in the 

captured signals, however the noise is quite small and does not obscure the main information from the 

captured signals. 

Figure 20 shows the stator current ripples of six-phase motors as function of modulation indexes. 

From Figure 20 and also Figure 19 (b), it is known that the stator current ripples are strongly influenced by 

the current ripples in the 𝑥𝑦 coordinate. The highest stator current ripple is given by the symmetrical 

configuration and then followed by the asymmetrical configuration. Zero phase displacement motor has 

smallest stator current ripple because theoretically it has no current ripple in the 𝑥𝑦 coordinate. 

The measured stator currents of nine-phase motors are presented in Figures 21 (a) and (b) and the 

currents in the 𝛼𝛽 coordinate can be seen in Figures 22 (a) and 22 (b). From Figures 21 (a) and (b), it is not 

so clear the difference of the current ripple between the symmetrical and the asymmetrical motors, however 

Figures 22 (a) and (b) show clearly that the current ripple in the 𝛼𝛽 coordinate of the symmetrical motor is 

lower than the asymmetrical motor. The rms values of motor current ripples as function of modulation 

indexes can be seen in Figure 23 (a), Figure 23 (b), and Figure 24. These figures show that the calculations 

and experiments are in a good agreement. Similar to Figures 19 (b) and 20, Figures 23 (b) and 24 also show 

that the current ripples in the 𝑥𝑦 coordinate have a large effect on the stator current ripples. The highest stator 

current ripples are also given by the symmetrical configuration. 
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Figure 19. Six-phase motors current ripples, (a) in the 𝛼𝛽 coordinate and (b) in the 𝑥𝑦 coordinate 
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Figure 20. Six-phase motors stator current ripples 
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Figure 21. Stator currents of nine-phase motors (Ampere/div = 2 A; time/div = 2.5 ms) (a) asymmetrical 

configuration and (b) symmetrical configuration 
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Figure 22. Nine-phase motors currents in the 𝛼𝛽 coordinate of (a) asymmetrical configuration and  

(b) symmetrical configuration 
 

 

Experimental
Calculated

Modulation Index (k)

M
ot

or
 C

ur
re

nt
 R

ip
pl

e 
(A

)

40

20

 

Experimental
Calculated

Modulation Index (k)

M
ot

or
 C

ur
re

nt
 R

ip
pl

e 
(A

) 40

20

 
(a) (b) 

  

Figure 23. Nine-phase motors current ripples (a) in the 𝛼𝛽 coordinate and (b) in the 𝑥𝑦 coordinate 
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Figure 24. Nine-phase motors stator current ripples  

 

 

6. CONCLUSION 

A study on current ripple characteristics of inverter-fed multiple three-phase motor operated under dual 

mode operation has been presented. Experiments are conducted to verify the analysis. From the analysis and 

experimental results, we can observe the optimum configuration for the motor. Under squarewave operation, the 

optimal configuration for six-phase motor is asymmetical configuration. However, under PWM operation, the 

optimum configuration is the symmetrical one. As a result, six phase motor is not worthy for dual mode 

operation. For nine-phase motor, both the symmetrical and asymmetrical configurations give similar current 

ripple characteristics and both are optimal compared to the zero phase displacement. Investigation of nine-phase 

motor under PWM operation showed that the optimal is the symmetical configuration. From this, we can 

conclude that symmetrical nine-phase motor provides optimum  current ripple characteristics under dual mode 

operation. Furthermore we can generalize that the optimal multiphase motor for dual mode operation is an odd 

multiple three-phase motor with symmetrical configuration. 
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