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Abstract. Analysis and minimization of output current ripple of multiphase
carrier-based PWM inverters are presented in this paper. Analytical expression
of rms value of output current ripple of multiphase PWM inverters as a function
of the reference signal is first derived. Based on this expression, it is shown that
a pure sinusoidal signal is the optimum reference signal that results in minimum
output current ripple. Different to three-phase PWM inverters, injection of
harmonics into the sinusoidal reference signal is neither necessary nor useful.
The rms values of output current ripple of 5-, 7-, and 9-phase PWM inverters
under various reference signals are compared. Experimental results are included
to show the validity of the analysis method.

Keywords: Multiphase; PWM Inverter; Ripple; AC drive.

1 Introduction

Multiphase (number of phase higher than three) technique to improve the power
density and reliability of ac motor drives is gaining interest in the recent
decades [1]. Various control methods for multiphase ac drives were proposed.
Different to three-phase PWM inverters, suitable PWM techniques for
multiphase PWM inverters have not been developed very well [2-5]. In the case
of three-phase PWM inverter, it has been shown that a sinusoidal signal plus
twenty-five percent third harmonic is the optimum reference signal that results
in minimum output current ripple or harmonics [6-8]. Third harmonic injection
is also useful to increase the maximum output voltage of three-phase PWM
inverters. No paper has shown what the optimum reference signal for
multiphase PWM inverters is. Is twenty-five percent third harmonic also the
optimum injected harmonic signal?

In this paper, analysis and minimization of the output current ripple of
multiphase PWM inverters are presented. Analytical expression of the rms
value of output current ripple of multiphase PWM inverters as a function of the
modulation signal is first derived. Based on this expression, it is shown that a
pure sinusoidal signal is the optimum reference signal that results in minimum
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output current ripple. Different to three-phase PWM inverters, injection of
harmonics into the sinusoidal reference signal is neither necessary nor useful.
The rms values of output current ripple of 5-, 7-, and 9-phase PWM inverters
under various reference signals are compared. Experimental results are included
to show the validity of the analysis method.

2 Multiphase PWM Inverters

A multiphase PWM inverter is defined as an inverter with a phase number
higher than three. The scheme of multiphase PWM inverters is shown in Figure
1. The load is assumed to be connected in polygon connection. If the actual load
is connected in star connection, a polygon equivalent connection can be found
easily. Each phase of load is represented as a series connection of a resistance,
an inductance, and a sinusoidal emf. The dc voltage source of the inverter is
assumed to be a ripple free constant dc voltage source. The center-tap in the dc
voltage source does not really exist but it is used only for analysis purpose. The
switching devices are assumed as ideal switches.

The ON-OFF signals for the switching devices are obtained by
comparing a multiphase reference or modulation signal to a high-
frequency triangular carrier signal. Figure 2 shows an example of
sinusoidal nine-phase reference signal. If the instantaneous value of a
phase reference signal is higher (lower) than the carrier signal then the
associated upper (lower) switching device receives an ON signal. By
using this method, the average value (average over one carrier period) of
the phase-to-zero voltage will follow the reference signal. If the reference
signal is sinusoidal then the average value of phase-to-zero voltage is
also sinusoidal.

3 Analysis and Minimization of Output Current Ripple

Let us assume that the reference signal can be written as follow:
 =ksin(0)+s,
v, =ksin(6-y)+s,
v; =ksin(6-2y)+s, 1)

vy =ksin(0—(N-1)y)+s,
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Figure 1 Scheme of multiphase inverter and load connections.
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Figure 2 Nine-phase sinusoidal reference signal.

at

where y=2z/N and N is the number of phase (N>3) and &=wt. In (1), S, is an
arbitrary signal that is injected into the sinusoidal reference signal. Because the
same signal is injected into the phase reference signals, the phase-to-phase
voltages will not be changed by this injection of arbitrary signal. The arbitrary
assumption of signal s, is valid as long as the frequency is much lower than the
carrier frequency.

Based on the circuit in Figure 1, the voltage between phases 1 and 2 can be
written as:

Vv

. di
12 = RI12 +L—% +€, 2)

dt
If the voltage and current in the above equation are separated into the average
(average over one switching cycle) and ripple components, v, =V, +V,

andi, =i, +1,, then (2) can be rewritten as

~ - =~ d — ~
12+V12:R(|12+|12)+La(|12+|12)+e12 (3)

Because the load emf is assumed sinusoidal, the load emf has no ripple
component. The average and ripple components on the left hand and right hand
parts of (3) must be the same, respectively, and therefore:

_ di,
V12=R|12+Ld_liz+elz (4)
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. d
7, =Ri, + Lf (5)

The ripple voltage drop across the load resistance, REZ , 1S much smaller than

other components in (5) and, therefore, the expression of the ripple current can
be obtained as follow:

~ 1, 1 _
I, = E Vlzdt = IJ.(Vlz —Vp, ) dt (6)

Figure 3 shows the detailed waveforms of multi-phase PWM inverter over one
carrier period. In order to simplify the analysis, it is assumed that amplitude of
the triangular carrier signal is unity. Because the carrier frequency is much
higher than the reference ones, the reference signals over one carrier period can
be assumed as constants. This figure was drawn for the case when the
instantaneous value of reference signal for phase 1 is higher than the one for
phase 2.

Time intervals in Figure 3 can be obtained as below:

T 1 1
_0:___\/r 7
T 4 4° 0
T 1,, 1,
Tsz(Vl —Vz)ZZVu (8)
T, 1 1,
—“=—+—V 9
T 4 4° ®)
where

v, =V, —v;, =Cksin(0+«) (10)
T =1/f (11)
C=4/2(1—cosy) (12)

ad

5 (13)

and f, is the switching or carrier frequency. Based on (6) and the output voltage
waveform in Figure 3, the output current ripple over one switching period can
be written as given by (14). The waveform of the current ripple over one carrier
period is also shown in Figure 3.
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Figure 3 Detailed output waveforms over one switching period.
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is the average value of voltage between phases 1 and 2. The mean square value
of the output current ripple over one carrier period can be obtained as

- 1 pt+T, -
I122 z__[t ' Iédt
:E T? T3 T3 (16)
r 0 r r r r 2 r
- T EZ {Vlzz ? +V122T02T1 —Vy (2 —Vy )T0T12 + (2 _V12) ? +V123 ?2:|

If (1) is substituted into (7)-(9) and the results are substituted into (16) then the
mean square value of output current ripple over one switching period as a
function of s, can be obtained as:

2

2= %v{j x {2 —2kCsin (6 +a)+3k’® +6s’ +6Dks, sin (H—ﬂ)} 17)

where
Ed
K= L_fs (18)
D = \/2(1+cosy) (19)
p=yl2 (20)

If only the terms containing s, are considered, the modified mean square value
of current ripple can be obtained from (17) as follow:

K2 2 2 -

v,, 16s. +6Dks_sin (60— 21
384 12 { 0 (o] ( ﬂ)} ( )
By using the same method, the modified mean square values of current ripple
for other phases can be obtained as:

12 _
IlZ_

2

_oKE, .
[ ;:@vzj {6 +6Dks, sin (0 - B 7)}

2

. K2 | _
1% = @v&f {6s; +6Dks, sin(0- 52y

2
I =%vj§ {6s; +6Dks, sin(0- 5 —3y)} (22)

2

i - 324\/;21{655 +6Dks,sin[6- B~ (N -1)7]}
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where
v, =kCsin(6+a-y)
v, =kCsin(0+a—2y)
V,, =kCsin(0+a—-3y) (23)

Viy =kCsin[0+a - (N -1)y]
The total modified output current ripple is defined as

[2 _j»

T2 e 2
tot 12+| 23+| 34+"'+| N1 (24)

If (21) and (22) are substituted into (24) then the following is obtained:

- K?
2 =——(6Ns?) for N£3 25
o = g (BNS?) (25)
If N=3, the total modified current ripple is
K2
I =——|18s? —9ks, sin (36 26
o = g 1857 ~9ks, sin(30) | (26)
The optimum injected signal can be obtained by solving the following equation:
di 2,
—% =0 27
i (27)

(o]

The results are

s, =0 (28)
for N#3, and
s, = Esin (39) (29)

for N=3. Thus, third harmonic injection can be used to reduce the output current
ripple if and only if the number of phase is three. For higher number of phase,
harmonic injection into the sinusoidal reference signal is neither necessary nor
useful to reduce the output current ripple. It should be noted that the result as
shown by (29) is the same as the result in [6-8].

The root-mean-square (rms) value of the mean square value of the current ripple
through phase 12 over one fundamental output period can be obtained as:



Multiphase Carrier-Based PWM Inverters 61

1 ~ 1/2
I12|'ms = |:_J‘ a |122d0i| (30)
T
Under pure sinusoidal reference signal, the rms values of current ripples of all
phases are the same regardless the number of phase. Under this reference signal,
the rms value of phase current ripple is
(31)

rms _16«/5

0.30 7

) Kk 1 12
[ =X [Z—Emgkﬂ

<«— D-phase
3-phase
<———7-phase
—9- phase

/K]

0.25 -

| rms
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Figure 4 Output current ripple for several phase numbers.

Figure 4 shows the rms value of output current ripple of three-, five-, seven-,
and nine-phase PWM inverters under sinusoidal modulation signal. In [9], it
was shown that a harmonic signal injection can be used to increase the
maximum modulation index of multiphase carrier-based PWM inverters. The
injected harmonic signal is (for N>3):

k . (7).
s, = —Nsm(ﬁjsm(NH) (32)

Under this harmonic injection, the maximum modulation index is increased
into:

__ 1 (33)

cos (%)
If (32) is substituted into (17) and the result is substituted into (30) and
performing the integration then the following is obtained:

max
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2- "k +k - (34)

rms 1 6 \F 372_

If the phase number is higher than three, the maximum modulation index is
increased by the harmonic injection but the output current ripple is increased.

;_KkC|, 16C (3 3sin’ (ﬁ/ZN)]

4 Experimental Result and Validity Limits

A small five-phase PWM inverter was constructed to verify the analysis
method. The inverter switching devices were implemented by using power
MOSFETSs. A stalled five-phase induction motor was used as the load. The
locked resistance and inductance are 2.2 ohm and 6 mH, respectively. The
switching frequency of the inverter was fixed at 2000 Hz. The fundamental
frequency of the output voltage was fixed at 50 Hz. The dc input voltage is
fixed at 60 Vdc.

Figure 5 shows the output current under sinusoidal reference signal. This figure
shows that the output current waveform is almost purely sinusoidal.

In order to measure the output current ripple, the output current waveform is
stored in a digital oscilloscope. The stored data is then processed by using a
computer to determine the ripple content. Figure 6 shows the experimental and
calculated results of output current ripples under sinusoidal reference signal.
This result shows clearly the validity of the proposed analysis method.
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Figure5 Output current waveform of five-phase PWM inverter under
sinusoidal reference signal.
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Figure 6 Experimental and calculated results.

In order to determine the validity limits of the proposed analysis method, an
extensive simulation has been done by the author. In general, the proposed
method results in accurate results (error less than 5%) as long as the followings
are fulfilled:

1. The ratio of the carrier frequency to the reference frequency is higher than
10.

2. The ratio of load time constant (L/R) to the carrier period is higher than 10.

3. The dc source ripple is less than 5%

4. The load unbalance factor is less than 2%.

5 Conclusion

Analysis and minimization of output current ripple of multiphase PWM
inverters have been presented in this paper. It is shown that a pure sinusoidal
reference signal is the optimum reference signal that results in minimum output
current ripple. Different to three-phase PWM inverters, the maximum
modulation index cannot be increased by harmonic signal injection without
sacrificing the output current ripple. Experimental results have shown the
validity of the proposed analysis method. Extension of this work to
nonsinusoidal emf is under investigation.
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