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Abstract—This paper investigates the optimum phase number 
for multiphase PWM inverters. The input current ripple is used 
as a performance indicator. Analysis results show that phase 
number more than nine cannot provide significant input current 
ripple reduction. Experimental results are included in this paper 
to show the validity of the proposed analysis method. 
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I.  INTRODUCTION 

An electric machine with phase number more than three is 
called multiphase machine. The phase number can be divided 
into two types, i.e prime phase machine and multiple three-
phase machine [1]-[3]. Multiphase machine was firstly 
attempted to reduce torque pulsation that is inherent in 
squarewave inverter-fed three-phase machines. The first 
multiphase machine has shown that five-phase machine could 
reduce torque pulsation compared to three-phase machine [4]. 
It was also shown that asymmetrical stator winding 
configuration is useful to reduce the torque pulsation in 
multiple three-phase machines [3], [5]. 

Though torque pulsation is reduced by increasing the phase 
number, it was shown that stator current ripple is increased.  
The stator current ripple can be reduced by using appropriate 
pulsewidth modulation (PWM) techniques. However, this 
reduction is not significant when the number of phase is more 
than fifteen [6]-[7]. Another advantages of multiphase machine 
is torque enhancement when harmonic current injection is 
used. Compared to three-phase machine with equal size, the 
torque density of five-phase machine becomes 7.3% higher, for 
six-phase machine is 7%, seven-phase machine is 1.2% and 
eleven-phase machine is only 0.2% [8]-[9]. 

Different to three-phase inverters, just a few works on input 
current ripple of multiphase PWM inverters have been 
published. Predetermination of input current ripple is important 
in selecting input DC filter capacitor. At present, DC filter 
capacitor is considered as the most unreliable component in 
power electronic systems. Although various modulation has 
been proposed to reduce the inverter output current ripple, it 
has no benefit on the input current ripple [10]-[11]. Further 
efforts show that the symmetrical configuration gives 
minimum input current ripple in multiple three phase PWM 
inverters [12]-[14]. Previous works also have shown that the 
input current ripple cannot be reduced by increasing the 
switching frequency but can be reduced by increasing the 
phase number [10]-[15].  

This paper takes further investigation to the maximum 
phase number that provides significant benefit on the inverter 
side. This paper concentrates on the analysis of the input 
current ripple of several multiphase inverters, i.e. from five to 
seventeen. Experimental results are included to clarify the 
discussion. 

II. INPUT CURRENT RIPPLE ANALYSIS 

In this section, input current ripple analysis of inverter-fed 
six-phase motor is detailed. A similar approach can be applied 
to other phase numbers. The scheme of inverter-fed six-phase 
motor is shown in Fig. 1. Two level voltage source inverter is 
used to drive the motor. A carrier based sinusoidal PWM is 
used to control the inverter. Sinusoidal reference signals as  
shown in Fig. 2 are compared to a high frequency triangular 
carrier signal to produce the ON-OFF signals for the inverter 
switching devices. If a reference signal is higher than the 
carrier signal, the associated upper (lower) switching device 
receives an ON (OFF) signal. For inverter input current ripple 
analysis, it is assumed that the inverter input voltage is a 
constant DC voltage with no ripple. Moreover, it is assumed 
that the inverter switching devices are ideal switches. It is also 
assumed that the motor is a balanced multiphase motor. 

 

 

Fig. 1. Six-phase AC drive system. 
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Fig. 2. Reference signals of six-phase inverter. 

The sinusoidal reference signals for the inverter are: 

௔௥ݒ  = ݇ sin(ߠ) (1) 

௕௥ݒ  = ݇ sin(ߠ + గଷ) (2) 

௖௥ݒ  = ݇ sin(ߠ + ଶగଷ ) (3) 

ௗ௥ݒ  = ݇ sin(ߠ +  (4) (ߨ

௘௥ݒ  = ݇ sin(ߠ + ସగଷ ) (5) 

௙௥ݒ  = ݇ sin(ߠ + ହగଷ ) (6) 

In (1)-(6), ݒ௫௥  is the reference signal for phase ݔ, ݇ is 
modulation index, ߠ =  and ݂ is the inverter fundamental ,ݐ݂ߨ2
frequency. 

If the carrier signal frequency is much higher than the 
fundamental output frequency, the reference signals over one 
carrier period can be assumed as constants. The inverter 
waveforms over one carrier period in the interval of ߨ 6⁄  to ߨ 3⁄  are shown in Fig. 3.  
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Fig. 3. Detailed waveform during switching periode. 

Based on Fig. 3, the time periods can be obtained as in (7)-
(13). 

 బ்்ೞ = ଵି௩ೝ್ସ  (7) 

 భ்்ೞ = ௩ೝ್ି௩ೝೌସ  (8) 

 మ்்ೞ = ௩ೝೌି௩೎ೝସ  (9) 

 య்்ೞ = ௩೎ೝି௩೑ೝସ  (10) 

 ర்்ೞ = ௩೑ೝି௩೏ೝସ  (11) 

 ఱ்்ೞ = ௩೏ೝି௩೐ೝସ  (12) 

 ల்்ೞ = ଵା௩೐ೝସ  (13) 

When the switching frequency is very high, the output 
currents can be assumed sinusoidal and can be written as: 

 ݅௔ = ௟ܫ2√ sin(ߠ − ߶) (14) 

 ݅௕ = ௟ܫ2√ sin(ߠ + గଷ − ߶) (15) 

 ݅௖ = ௟ܫ2√ sin(ߠ + ଶగଷ − ߶) (16) 

 ݅ௗ = ௟ܫ2√ sin(ߠ + ߨ − ߶) (17) 

 ݅௘ = ௟ܫ2√ sin(ߠ + ସగଷ − ߶) (18) 

 ௙݅ = ௟ܫ2√ sin(ߠ + ହగଷ − ߶) (19) 

In the above equations, ܫ௟  is the rms of output current, ߶ is the 
power factor angle, and ݅௫ are the output current for phase ݔ. 

To calculate the input current ripple, firstly the input 
current is represented as a function of output currents and the 
switching function of the inverter as follows. 

 ݅ௗ = ܵ௔݅௔ + ܵ௕݅௕ + ܵ௖݅௖ + ܵௗ݅ௗ + ܵ௘݅௘ + ௙ܵ ௙݅ (20) 

Where ܵ௫ equal to unity (zero) when the corresponding upper 
switching device receives an ON (OFF) signal. The input 
current during one switching periode in Fig. 3 can be written 
as shown by (21). 
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 ݅ௗ =

ەۖۖ
ۖۖۖ
۔ۖ
ۖۖۖ
ۓۖ 0 , ଴ݐ ≤ ݐ ≤ ଵ݅௕ݐ , ଵݐ ≤ ݐ ≤ ଶ݅௔ݐ + ݅௕ , ଶݐ ≤ ݐ ≤ ଷ݅௕ݐ − ݅௘ , ଷݐ ≤ ݐ ≤ ସ−݅ௗݐ − ݅௘ , ସݐ ≤ ݐ ≤ ହ−݅௘ݐ , ହݐ ≤ ݐ ≤ ଺0ݐ , ଺ݐ ≤ ݐ ≤ ଻−݅௘ݐ , ଻ݐ ≤ ݐ ≤ ௗ݅−଼ݐ − ݅௘ , ଼ݐ ≤ ݐ ≤ ଽ݅௕ݐ − ݅௘ , ଽݐ ≤ ݐ ≤ ଵ଴݅௔ݐ + ݅௕ , ଵ଴ݐ ≤ ݐ ≤ ଵଵ݅௕ݐ , ଵଵݐ ≤ ݐ ≤ ଵଶ0ݐ , ଵଶݐ ≤ ݐ ≤ ଵଷݐ

 (21) 

The mean square value of the input current in one switching 
period can be obtained as 

ௗଶܫ  = ଵ்ೞ ׬ ݅ௗଶ݀ݐೞ்ା௧బ௧బ  (22) 

and its average value over one fundamental period is obtained 
as 

ௗ,௔௩ଶܫ  = ଷగ ׬ ഏయ଴ߠௗଶ݀ܫ  (23) 

Finally the mean square value of the input current ripple 
can be obtained as : 

ሚௗଶܫ  = ௗ,௔௩ଶܫ −  ௗ̅ଶ (24)ܫ

 
 

where 

ௗ̅ܫ  = ଷ√ଶଶ ݇. ௟ܫ . cos߶ (25) 

is the DC component of the input current. The resulted input 
current ripple of six-phase inverter is  ܫሚௗଶ = ߨ௟ଶܫ݇ ൣcosଶ ߶ ൫8 + 4√3൯ − 1 + √3൧ − 92 ݇ଶܫ௟ଶ cosଶ ߶ 

 (26) 
By using the same method, inverter input current ripple of 

other multiphase inverters can be determined. The results are 
shown in the Appendix.  

III. COMPARISON 

Figs. 4 and 5 show the inverter input current ripple as a 
function of modulation index for power factors of 0.8 and 1.0, 
respectively. In these figures, the input current ripples of 
multiphase inverters are normalized with respect to three-phase 
inverters, with equal total output current. These figures show 
that under the same total output power,  the input current ripple 
of the inverter is reduced with the increase of phase number. 
However, this reduction is not proportional to the phase 
number. A significant reduction is obtained when the phase 
number is increased from three to five. The reduction is higher 
when the modulation index is closed to unity.  

Fig. 6 shows the normalized input current ripple value 
when the modulation index is unity for both power factors. The 
figure shows that the input current ripple reduction is not 
significant when the phase number is more than nine. The 
phase number more than nine is suitable in application where 
another reasons e.g. reliability or power semiconductor rating 
are considered. 
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Fig. 4. Input current riple when PF=0.8. 
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Fig. 5. Input current riple when PF=1.0. 
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(a) PF = 0.8                                                                          (b) PF = 1.0 

Fig. 6. Input current ripple when modulation index is unity. 

 

IV. EXPERIMENTAL RESULTS 

The experiments were carried out using six-phase and nine-
phase machines. Both machines are locked during the 
experiments. The inductance of six-phase machine is 12.52 mH 
and the resistance is 2.7 Ohm. For the nine-phase machine, the 
inductance is 10.04 mH and the resistance is 1.78 Ohm. The 
DC input for the inverters was set to 40 Vdc. The PWM uses 
carrier frequency of 1 kHz. The input current ripple is 
measured by using a digital oscilloscope then the results are 
processed by using a digital computer.  

The experimental results are shown in Figs. 7 and 8 for six-
phase and nine-phase inverters, respectively. From these 

figures, very good agreement between the calculated and 
experimental results can be appreciated. 

V. CONCLUSION 

Analysis method for input current ripple of multiphase 
inverters with phase number of five to seventeen have been 
presented. It has been shown that the inverter input current 
ripple can be reduced by increasing the phase number.  
However, the reduction is not significant when the phase 
number is more than nine. Experimental results have been 
included in this paper to verify the proposed analysis method. 
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Fig. 7. Input current ripple of  six-phase inverter. 

 

Fig. 8. Input current ripple of nine-phase inverter. 
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APPENDIX 

Input current ripple of multiphase PWM inverters 

Phase 
number 

Input current ripple ܫሚௗଶ 

ߨ௟ଶܫ݇ 3 ቈ2√3 cosଶ ߶ + √32 ቉ − 98݇ଶܫ௟ଶ cosଶ ߶ 

5 
ߨ௟ଶܫ݇ ൦203 ൬sin൬25ߨ ൰ + sin ቀ5ߨቁ൰ cosଶ ߶+103 ൬2 sinቀ5ߨቁ − sin ൬25ߨ ൰൰ ൪ − 258 ݇ଶܫ௟ଶ cosଶ ߶ 

6 
ߨ௟ଶܫ݇ ቈ൫8 + 4√3൯ cosଶ ߶−1 + √3 ቉ − 92݇ଶܫ௟ଶ cosଶ ߶ 

7 
ߨ௟ଶܫ݇ ൦283 ൬sin ቀ7ߨቁ + sin ൬27ߨ ൰ + sin ൬37ߨ ൰൰ cosଶ ߶+143 ൬− sin ቀ7ߨቁ + 2 sin ൬27ߨ ൰ − sin൬37ߨ ൰൰ ൪ − 498 ݇ଶܫ௟ଶ cosଶ ߶ 

9 
ߨ௟ଶܫ݇ ൦൬24 sin൬49ߨ ൰ + 6√3൰ cosଶ ߶+6 sin൬49ߨ ൰ − 3√3 ൪ − 818 ݇ଶܫ௟ଶ cosଶ ߶ 

11 
ߨ௟ଶܫ݇ ൦443 ൬sin ቀ 11ቁߨ + sin൬211ߨ൰ + sin ൬311ߨ൰ + sin൬411ߨ൰ + sin൬511ߨ൰൰ cosଶ ߶+223 ൬2 sin ቀ 11ቁߨ − sin ൬211ߨ൰ − sin൬311ߨ൰ + 2 sin ൬411ߨ൰ − sin ൬511ߨ൰൰ ൪ − 1218 ݇ଶܫ௟ଶ cosଶ ߶ 

12 
ߨ௟ଶܫ݇ ቈ൫16 + 8√6 + 8√2 + 8√3൯ cosଶ ߶−2 + 2√6 − 4√2 + 2√3 ቉ − 18݇ଶܫ௟ଶ cosଶ ߶ 

13 
ߨ௟ଶܫ݇ ൦ 523 ൬sin ቀ 13ቁߨ + sin ൬213ߨ൰ + sin൬313ߨ൰ + sin൬413ߨ൰ + sin ൬513ߨ൰ + sin൬613ߨ൰൰ cosଶ ߶+263 ൬− sin ቀ 13ቁߨ + 2 sin ൬213ߨ൰ − sin൬313ߨ൰ − sin൬413ߨ൰ + 2 sin ൬513ߨ൰ − sin൬613ߨ൰൰൪ − 1698 ݇ଶܫ௟ଶ cosଶ ߶ 

15 
ߨ௟ଶܫ݇ ێێۏ

ቆ15√3ۍێ + 5√15 + 10ට10 + 2√5 + 5ට10 − 2√5ቇ cosଶ ߶
+154 √3 + 54√15 − 54ට10 + 2√5 − 52ට10 − 2√5 ۑۑے

ېۑ − 2258 ݇ଶܫ௟ଶ cosଶ ߶ 

17 
ߨ௟ଶܫ݇ ൦683 ൬sin ቀ 17ቁߨ + sin൬217ߨ൰ + sin ൬317ߨ൰ + sin൬417ߨ൰ + sin൬517ߨ൰ + sin ൬617ߨ൰ + sin൬717ߨ൰ + sin൬817ߨ൰൰ cosଶ ߶+343 ൬2 sinቀ 17ቁߨ − sin ൬217ߨ൰ − sin൬317ߨ൰ + 2 sin ൬417ߨ൰ − sin ൬517ߨ൰ − sin൬617ߨ൰ + 2 sin൬717ߨ൰ − sin ൬817ߨ൰൰൪ − 2898 ݇ଶܫ௟ଶ cosଶ ߶ 
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