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Abstract—This paper presents a generalized approach to-
wards the dc-link voltage switching ripple analysis in two-level
multiphase PWM voltage source inverters with balanced load.
Since voltage ripple is one of the crucial sizing criteria for dc-link
capacitor, simple and practical equation for designing the dc-link
capacitor, based on the maximum (peak-to-peak) value of the dc-
link voltage ripple, has been proposed for multiphase inverters.
The amplitude of the dc-link voltage switching ripple is analyti-
cally derived as a function of operating conditions. The effect of
the number of phases on the dc-link capacitor size is investigated
as well. It is found that considering the same total output current,
the dc-link capacitor size is reduced increasing the number of
phases up to seven. However, from the point of view of dc-link ca-
pacitor size, there are no benefits of further increasing the num-
ber of phases. Reference is made to two commonly used modula-
tion strategies — sinusoidal PWM and continuous symmetric cen-
tered PWM (i.e., space vector). The mathematical models derived
aim to provide precise dc-link capacitor sizing and hence im-
prove the power density of the whole system. Comparison of
different phase numbers has been made. Proposed theoretical
developments are verified by simulation and experimental tests.

|. INTRODUCTION

Nowadays, highly reliable and efficient power electronics,
as well as low operational and maintenance cost, are the major
requirements set by the industry. Besides active semiconduc-
tor power devices, capacitors are another type of components
that fail more frequently than other components in power elec-
tronic systems [1, 2]. Therefore, a huge research interest has
been recently devoted to the dc-link capacitor optimization.
This is particularly important for the applications of multi-
phase machines such as in electric vehicles, where the volume,
fault-tolerance, weight and cost are of crucial importance.
Therefore, reduction of dc-link capacitor size (and not in-
crease) is an additional benefit.

The challenges in the design and selection of dc-link capaci-
tors could be considered from different perspectives, such as
the trends for reduction of weight and volume, high reliability
for exposure to harsh environments (high ambient tempera-
ture, high humidity, etc.), the prevention of overheating, the
extension of life-time and cost reduction [3]. In order to over-
come the above challenges, it is necessary to carry out a de-
tailed analysis of inverter’s input variables since the dc-link
capacitor is usually sized and selected according to their ripple
profiles.
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The presence of high ripple currents on the dc-link side
causes the increase of capacitor’s core temperature, and thus
accelerates the degradation of the capacitor itself. This is why
many recent studies have focused on root mean square (RMS)
calculations and spectral analysis of the input current. Domi-
nantly, the analysis refers to the two-level three-phase invert-
ers. In [4-6], the RMS value of the dc-link capacitor current is
calculated, by using the time domain approach. In [7-9], the
dc-link current spectra are described by a double Fourier se-
ries. A new PWM strategy, called extended double carrier
PWM, for a two-level three-phase inverters has been proposed
in [10] aiming at reducing the RMS current flowing through
the dc-link capacitors. The RMS values and frequency spectra
of the capacitor current in three-phase EV drive systems are
analyzed in [11] with respect to three modulation strategies
and various operating conditions. A generalized approach for
determining the harmonic spectrum of the dc-link capacitor
currents in different two- and three-level VSI topologies has
been developed in [12]. The calculation of dc-link capacitor
RMS current and current spectrum comparison considering
AC current ripple has been achieved in [13].

The RMS calculations of the input current has been ex-
tended to the two-level multiphase inverters as well. For
example, in [14] the impact of classical PWM modulation,
with and without common mode injection on the RMS value
of the dc-link current has been studied for dual-three phase
induction machine. A PWM strategy dedicated to minimiza-
tion of the RMS of the dc-link current in dual three-phase
drive has been compared in [15] with more conventional
PWM techniques. It has been shown that PWM strategies have
different effect on the RMS of the dc-link current and on the
quality of the output current. However, both constraints have
to be taken into account for the dc link capacitor sizing. The
RMS value of the input current ripple is derived in [16] for a
six-phase drive system. As an alternative solution to six-phase
drive system, double winding and dual inverter fed ac drive
systems are considered and the input current ripple is com-
pared among several modulations. In [17] it has been shown
that if a square-wave VSI control is used, the increase of the
phase number allows decrease of the RMS value of the dc-link
current. Comparison of square-wave and a PWM control
through spectral analysis is conducted for a seven-phase drive.
The RMS calculations of input current ripple in nine-phase
PWM inverter are carried out in [18]. In [19] is shown that the
RMS of the input current ripple can be reduced by increasing
the phase number from three to five. It also shows that when
the phase number is higher than nine no significant reduction
of the input current ripple was proven.
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Unlike the input current, the input (dc-link) voltage has
been analyzed less. The peak-to-peak voltage ripple calcula-
tions are useful for sizing the dc-link capacitor precisely,
allowing thus, more stringent requirements on the dc-link
capacitor size reduction to be met. Apart from this, maximum
of the dc-link voltage switching ripple amplitude could have
additional specific restrictions to limit switching noise,
electromagnetic interferences and voltage stress on the dc bus
components. Still, most of the research related to the dc-link
voltage has been devoted to the three-phase cases. For exam-
ple, the peak-to-peak voltage ripple envelope is calculated in
[20] as a function of modulation index, output current and out-
put phase angle when space vector modulation is applied. The
theoretical developments are further used for the dc-link
capacitor design. The effect of unbalanced load conditions on
the input current and dc-link voltage, in three-phase VSls, has
been presented in [21]. In [22], the dc-link current and voltage
ripple are calculated for inverters and rectifiers in hybrid elec-
tric vehicle (HEV) converter/inverter systems, operated by
sinusoidal PWM and six-step modulation.

Referring to the multiphase inverters, the input dc-link volt-
age ripple analysis has been significantly less investigated.
Calculation of input current and voltage ripple RMS values,
for five-phase inverters has been reported in [23]. Different
modulation techniques are considered, and it is shown that the
RMS value of the input current ripple is practically independ-
ent of it. However, for the dc-link voltage ripple RMS value it
is concluded that it is minimal for sinusoidal PWM (which is
different to three-phase case). The peak-to-peak (rather than
RMS) dc-link voltage ripple amplitude for five-phase VSlIs
has been preliminary derived in [24] when space vector
modulation is applied. Its maximum value has been shown as
a function of modulation index for different output phase an-
gles. Simulations are shown but the experimental proofs are
not reported. Similarly, the dc-link voltage switching ripple
amplitude has been calculated for the seven-phase VSIs in
[25]. The analytical developments are supported by simulation
results only.

Therefore, most of the analyses of multiphase inverters have
been related to the RMS calculations of the input current rip-
ple, and only two preliminary analyses related to the dc-link
peak-to-peak voltage ripple analysis in multiphase drives have
been performed. Apart from the experimental proofs, a
generalization and a fair comparison among the different cases
are missing, and hence are performed here.

In this paper, the analysis of the dc-link voltage switching
ripple for two-level multiphase PWM voltage source inverters
with an odd number of phases, equal or greater than three, has
been presented considering balanced load conditions.

The peak-to-peak value of the ripple has been considered.
Being an intermediate variable in calculating the dc-link volt-
age ripple, the inverter input current calculation has been re-
vised in Section Il. A short review of applied modulation tech-
niques is provided in what follows. In Section Ill, the dc-link
voltage switching ripple has been evaluated, focusing particu-
larly on the five- and seven-phase case. The peak-to-peak volt-
age ripple amplitude is analytically determined over the funda-

mental period as a function of operational conditions for two
applied modulation techniques. In Section 1V, different dia-
grams of the normalized peak-to-peak voltage ripple ampli-
tude are shown, and the maximum of the voltage ripple ampli-
tude is numerically determined as a function of modulation in-
dex. The comparison of voltage switching ripple in terms of
the voltage ripple envelope and its maximum value has been
provided considering also higher phase numbers. The effect of
applied modulations on the maximum value of the dc-link
voltage switching ripple has been analyzed as well.

The capacitor size is designed according to the voltage
switching ripple requirements, and the effect of the number of
phases on the sizing has been discussed. In Section V numeri-
cal simulations and complete set of experimental tests for
both, five- and seven-phase inverter topologies are performed
in order to verify theoretical developments. Finally, the main
results are summarized in the Conclusion.

1. BASIC INVERTER EQUATIONS

A. General remarks

The multiphase (n-phase, n is generally considered here as
an odd number) VSI topology supplying a star connected
balanced passive- or motor-load is presented in Fig. 1. The
inverter is supplied by a dc-link voltage v, supposed to be
almost constant (v = V), determined by a dc voltage source Vg
and a series dc impedance Zq, representing an input filter (i.e.
a dc reactor) or a resistive dc supply.

Considering the linear modulation region, the reference
inverter phase voltages are sinusoidal and symmetrical,
corresponding to:

vy =mV cos[&l—(k —1)2—7[), k=12,..n (1)
n

where ©=wt, w=27/T is the fundamental angular frequency, T
is the fundamental period and m is the inverter modulation
index, defined as the ratio between the amplitude of the
desired phase voltage Vo, and V, i.e. m = Vo/V.

Considering sinusoidal PWM output voltages (1), for
balanced load and neglecting the output current ripple, the
corresponding n-phase output currents are sinusoidal and
symmetrical as well

i =|0cos[3—(k—1)27”—¢} k=1,2, . @)

where | is the output current amplitude and ¢ is the output

o
T

Fig.1. Circuit scheme of n-phase voltage source inverter.
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B. A short review of applied modulations

For the dc-link voltage ripple evaluation developed in the
next sections, two commonly used modulation techniques,
sinusoidal PWM (SPWM) and continuous symmetric centered
PWM (CPWM, equivalent to space vector modulation, SVM),
are considered. Therefore, a short review of them follows.

The general n-phase reference signals are obtained using n
fundamental sinusoidal signals (1), which are summed with an
appropriate common-mode injected signal vi and expressed as:

vV, =mV COS(S—(k—l)E\J-FVi, k=12,..n. (3)
n

The injected signal is equal to O in case of SPWM.
Consequently, the reference signals correspond to sinusoidal
voltages given by (1).

In case of CPWM (equivalent to SVM), the centering
process is called “min-max” injection, assuming the form:

Viz'_%(vmu'+vmm)' (4)
where V., = max[\/fv;v:] and Vi, = min [va;v;]

Since the timing waveforms have the same pattern in
Sector I, as in other sectors as well, the following evaluation
can be reduced to the first sector of the SV diagram, or first
n/n radians. From the mutual order of the reference signals in
the first sector, the application times for five-phase and seven-
phase VSIs can be derived for both SPWM and SVM and they
are summarized in Table | [26], [27].

The table is identical for SPWM and SVM except for the
time sharing of the null configuration between the application
times of the two redundant switching states. In case of so
called “centered modulation” (CPWM, equivalent to SVM)
the total application time of the zero state (to+t,) is equally
distributed among two zero space vectors. Therefore,
(according to the notation in Table 1) to = ts (five-phase VSIs),

TABLE |
The application times t, for SPWM determined in the half period T, /2.

Five-phase VSI (SPWM) Seven-phase VSI (SPWM)

t, :-I—STW(1/2—mcos(8)) to :TSTW(1/2—mcos(8))

t, =mT,,sin(n/5)sin(n/5-9) t, =mTg,sin(r/7)sin(x/7 - 9)

t, =mTg,sin(2n/5)sin(9)  t, =mT,sin(51/7)sin(9)

ty = mT,,sin(27/5)sin(/5- 9) t; =mT, sin(3r/7)sin(/ 7 - 9)

t, =mT,,sin(r/5)sin(9) t, =mT,,sin(3r/7)sin(9)

ts = TSTW(1/2— mcos(n/5-9)) tg = mTSWsin(Sn/Y)sm(n/? 9)

tg =mT,sin(r/7)sin(9)

t, =T%(1/2—mcos(n/7-9))

TABLE Il
Zero vector application times t, for SVM (CPWM) determined in Tq/2.

Five—phase VSI (SVM)

=
ty =t =%—(t1+t2+t3+t4)=

- T%[l—m(l+cos(;r/5))cos$—msin(;r/S)sin 9]

Seven—phase VSI (SVM)

T
t =t :%—(tl—&-tz Hly b, g +tg) =

T 1-2m(sin(n/7)+sin(3n/7)+sin(5n/7))

~ 2 [(sin(n/7)cos(8) +(1~cos(n/ 7)sin(9)))

and to = t; (seven-phase VSIs). Corresponding application
times, to (t5) and to (t7), determined in the half period Tsw /2,
are given in Table Il. The limit of the linear modulation range
is given according to the generalized expression for n phases,
(n is odd number) mmax = 1/[2 cos(n/2n)] [28].

C. Inverter input current analysis

The instantaneous input current i(t) can be generally
expressed by three components: dc (average) component | =
lae, low-frequency component (hundreds Hz), and high-
frequency (switching frequency, 1-20 kHz) component Ai(t).
Considering balanced load conditions, the low-frequency
component is zero and the inverter input current contains only
the dc (average) and the high frequency component, written
as:

i(t) = l4c +AI(t). (5)

Under the assumption that inverter power switches are ideal,
the input current averaged over the switching period Tsy can
be obtained on the basis of the input/output power balance.
Therefore, the average input current is given by (6):

Idczgnlocow). (6)

The input current can be calculated from the switching
intervals when the energy is transferred from the input to the
output. Therefore, the input current is the sum of n inverter leg
currents, where each leg current is defined as a product of the
binary switching function Sy= [0, 1], k =1, 2, ..., n (where
‘1°/°0” corresponds to the ‘on’/‘off” state of the upper switch
in particular leg), and corresponding output current. Conse-
quently, the input current can be expressed as:

= Sy . @)
k=1

The switching frequency input current component can be
easily calculated utilizing equations (5)—(7) as:

n
AIt) =)~ lge = D Syl —on 1o €05 (8)
k=1 2
Due to the symmetry of the inverter input current wave-
forms, the analysis can be limited to 1/(2n) of the fundamental
period [T/(2n)], i.e. the first /n radians.
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I11. DC-LINK VOLTAGE RIPPLE EVALUATION

A. Dc-link voltage components

Similar to the inverter input current, the instantaneous dc-
link voltage can be expressed by three relevant components:
dc (average) component V, low-frequency component, and
high-frequency (switching frequency) component Av. The
low-frequency dc-link voltage component is zero in the
considered case of balanced load since it results from the
corresponding current component. As a consequence, the
instantaneous dc-link voltage is expressed as:

v(t) =V +Av(t) . 9)

In case of presence of the series dc supply resistance Rgc,
the average component V is calculated by subtracting the
voltage drop on the dc supply resistance Rqc from the dc
supply voltage Vg, as (see Fig. 1):

V =V —Raelgc - (10)

The peak-to-peak amplitude of the switching frequency dc-
link voltage component, Avpy, can be defined as the difference
between its maximum and minimum value within a switching
period:

AV, = Max{Av(t) }

., —Min{Av®)r (11)
Due to the symmetry among the n-phases in the considered
case of sinusoidal balanced output currents, only one phase

(the first) is examined in the following analysis.

B. Peak-to-peak voltage ripple evaluation

The peak-to-peak amplitude of the switching frequency dc-
link voltage component Avp, can be evaluated on the basis of
the switching frequency current component Ai. An equivalent
circuit of the dc-link inverter side at the switching frequency is
shown in Fig. 2. In particular, the equivalent dc source
impedance Zq and the reactance 1/(2nfswC) of the dc-link
capacitor C are connected in parallel. Assuming that the
capacitor reactance is much smaller than the equivalent dc
source impedance calculated at the switching frequency
(fsw=1/Ts), the whole switching frequency current ripple
component (Ai) can be assumed to circulate only through the
dc-link capacitor. In this case, only the capacitance is
determining the voltage switching ripple.

In general, any real capacitor can be modelled as a series
connection of an ideal capacitor (C), an equivalent series
resistor (ESR) and the equivalent series inductor (ESL, or Ls).
To understand the effect of ESR and Ls on the dc-link voltage
ripple, the total impedance of the capacitor (Z¢) should be

e

Zdc (fSW) |::| 2nfswC —— AV Ai
dc source de-link inverter
impedance capacitor dc side

Fig. 2. Dc-link equivalent circuit of the inverter at switching frequency.
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Fig. 3. Impedance vs. frequency characteristic of a real capacitor with the
following parameters: C = 200 pF, Ls = 25 nH, ESR; = 20 mQ, ESR; =2 mQ.

taken into account. Fig. 3 shows the impedance (Z.)
characteristic of the adopted film capacitor for two values of
ESR. The impedance Z is calculated as:

2
Z, = \/ESRZ J{znf L — 27;cj : (12)

The strong dependency of the dc-link capacitor impedance
on the frequency is obvious. A reasonable criterion to estab-
lish if Ls should be considered for voltage ripple calculation
could be the comparison of switching frequency (fsw) with
self-resonance frequency (f;). Similarly, to establish if ESR has
to be considered, a comparison between the ESR and the value

of \/L;/C, i.e. the intersection depicted in Fig. 3, should be

also made. It can be noticed in Fig. 3 that for the switching
frequencies well below the self-resonant frequency of the dc-
link capacitor, its inductive reactance is negligible comparing
to the capacitive reactance, and the same applies to ESR if it

has similar or lower value comparing to JLS/C .

In case of inverter-fed drives, the maximum switching
frequency is usually 15-20 kHz. If a dc-link film capacitor in
the order of few hundred puF is considered, with Ls in order of
few tens nH, the resulting self-resonance frequency is always
higher than switching frequency. Hence, for the considered
cases, the effect of capacitor’s parasitic components on the dc-
link voltage ripple is negligible at the switching frequency.

On the basis of the previous considerations, only the dc-link
capacitance can be considered to determine the dc-link voltage
ripple. In particular, the voltage excursion can be calculated
within each application time interval tx (determined in Table |
and Table 11) based on the equation for the voltage drop over
capacitor and by considering the switching current component
Ai constant within the considered interval:

1

AVE =—Ait. (13)
pp C k

The global peak-to-peak dc-link voltage ripple amplitude
Avy is obtained by combining different Av,k)p and finding the
maximum within the switching period, as shown in the
following.
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Due to the periodicity of the input current i(t) waveform, the
evaluation of the voltage ripple can be reduced to the phase
angle range 0 < 9 < z/n (or the first sector of SV diagram).
Within the first sector, depending on the value of lg, n-1
different case can be distinguished. In Fig. 4, the peak-to-peak
dc-link voltage variation Avp, and an example of possible
instantaneous input current i(t) waveform (blue staircase
waveform with flat (horizontal) staircase treads) are depicted
in one switching period. In general, the instantaneous input
current i(t) is calculated by (7). Note that the output current
ripple is neglected in the following analysis. As a
consequence, the staircase treads shown in Fig. 4 can be
considered flat. It will be shown later that the omission of the
output current ripple for the dc-link current and voltage ripple
analysis was reasonable.

In order to analytically determine the dc-link peak-to-peak
voltage ripple amplitude, two different multiphase schemes
are further addressed. In particular, five-phase and seven-
phase VSI topologies are analyzed next, being the three-phase
case already examined in [20].

1) Five-phase case

Regarding the five-phase inverter, the evaluation of the volt-
age ripple can be reduced to the phase angle range 0 <9 < /5.
The following analysis refers to Fig. 4 (left). Depending on the
value of lg, and if SVM is applied (same as CPWM, tp = ts),
four different cases can be distinguished and corresponding
peak-to-peak dc-link voltage variations can be expressed as:

case A: when iy > lg,
A 1
Avpp :Eldczto.
case B: when iy < lgc < i1+i2,
B A 1 .
AV =Avy, +E(Id° —ip)24.

case C: when iy+iz < lge < — (ist+ia),

C B 1 -
Ay =Avpp+6(ldc—|1—|2)2t2.
case D: when — (iz+is) < lgc < — g,

AVP

¢ 1 o
pp :Avpp +E(Idc +|3 +|4)2t3.

The global peak-to-peak dc-link voltage ripple amplitude
Avpp is obtained by finding the maximum value of possible
cases, i.e., max{Avp,"...AvpP}, according to Fig. 4 (left).

When sinusoidal PWM is applied there is an additional case:

case E: when iy > lg, since to # ts,

E p, 1
AVpp ZAVpp +E IdC 2t5

The final equations obtained after analytical derivations, for
each sub-sector within the first sector, are presented in Table
I11. Note that for calculation of the final results given in Table
111, the values from Tables I and I, as well as (2), (6), and (7),
should be used. In order to emphasize the influence of the
modulation strategy, the dc-link peak-to-peak voltage ripple
amplitude can be normalized introducing rpp, according to:

|
AV, = ﬁ Fop (M, &, ). (14)

Normalized peak-to-peak voltage ripple amplitudes rSF\,’M

SPWM
pp

Avpy™ and Avp™ | for SVM (CPWM) and SPWM, respec-
tively.

and r , can be defined by (14) with reference to

2) Seven-phase case

Regarding the seven-phase inverter, the evaluation of the
voltage ripple can be reduced to the phase angle range 0 < 3 <
n/7. In Fig. 4 (right) the peak-to-peak dc-link voltage variation
Avpp, and the instantaneous input current i(t) (blue staircase
line) are depicted in one switching period. Depending on the
value of lg, if SVM is applied (same as CPWM, tp = t7), Six
different cases can be distinguished and corresponding peak-
to-peak dc-link voltage variations can be calculated as:

TABLE Il
Peak-to-peak dc-link voltage ripple amplitude in each sub-interval within the first sector,
considering five-phase VSI and both modulation techniques (SVM and SPWM).

Space vector modulation (SVM, CPWM)

Sinusoidal PWM (SPWM)

5 1 1+ cos(r/5)cos(9
A - [¢] —
AVgp =7 f.uC mcosw(l m(—msinin/SﬁsinsEé};D

I
AvB = AvA +2——2
PP PPTF C

|
AV§, =AVB, +2 0
sw

D — C
AVD, = AVS, +2
Sw

AVE 5k

AVA =2 IOC mcose(l/2—mcos(9))

pp 2 f

sSwW

msin(n/5)sin(r/5- S{Emcosw— cos(9 —(p)j
c msin(3rc/5)sin(8{gmc05(p —cos(9—¢)-cos(9—-2n/5 —q))j

fIOC msin(3n/5)sin(n/5—8{%mcos<p+cos(9—4n/5—(p)—cos(8—6n/5—(p)j

mcose(l/2-mcos(/5-9))

pp 2 f

SwW
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Fig. 4. Dc-link current and voltage ripple in one switching period T, for five-phase (left) and seven-phase (right) VSls.

case A: when iy > lgc,

1

A _
Avpp =

E IdCZtO'

case B: when iy < lgc < i1+i2,

AV = AV, +E(Id° —ip) 2t;.

case C: when it+iz < lge < igtio+iz,

c B 1 o
Avpp :Avpp +E(Idc —|1—|2)2t2.

case D: when ig+ip+iz < lge < — (ia+is+ie),

1 S
D c
Avp, =Avp, +E(Id° —iyp —iy —i7) 2t5.

case E: when — (is+is+ig) < lgc < — (iatis),

1 S
E D
AV, = AV, +E(Id° +iy +i5 +ig) 2t,.

case F: when — (ig+is) < lgc < — s,

1 S
F E
Avp, = AV, +E(IdC +iy +i5) 2ts.

When sinusoidal PWM is applied there is an additional case:

case G: when iy > lgc, since to # t7,

1

Av c I 4c 2t7.

G _
PP~

According to Fig. 4 (right), the global peak-to-peak dc-link
voltage ripple amplitude for SVM and SPWM method

(A and Avp™ ) is again obtained by finding the

maximum value of possible cases, i.c., max{Avp...AVp,C}.
By using (14), the normalized peak-to-peak voltage ripple

- SVM SPWM
amplitudes ryp o The

equations obtained after analytical derivations, for each sub-
sector within the first sector, are presented in Table IV.
Application times t, for seven-phase system, given in Table |
and Table II, as well as (2), (6) and (7) are used for obtaining
these analytical values.

and r are defined as well.
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IV. DC-LINK VOLTAGE RIPPLE COMPARISON IN
MULTIPHASE INVERTERS

A. Peak-to-peak voltage ripple amplitude

For the dc-link capacitor’s design and selection purposes, it
is of importance to understand behaviour of the peak-to-peak
voltage ripple amplitude and to identify its maximum value. In
order to predict the ripple behaviour, Fig. 5 shows normalized
function of the dc-link voltage ripple amplitude for three-,
five- and seven- phase VSls. For five- and seven- phase cases
the evaluation is done on the basis of the analysis presented in
the previous sections, whereas for the three-phase case the
evaluation is done according to [20], and it is used here for the
sake of comparison of different phase numbers.

For all considered topologies, the ripple normalization is
given according to (14). Three values of modulation index (m
= 1/4, 1/3, and 1/2) and two power phase angles are consid-
ered. In particular, ¢ = 20° and ¢ = 70° have been chosen to
approximately represent the usual phase angle range for an
induction motor, corresponding to rated and no-load condi-
tions, respectively. An additional intermediate angle (¢ = 45°)
will be also consider for further analysis.

The results are shown in Fig. 5 with reference to both
SPWM and SVM (solid and dashed lines, respectively). The
impact of applied modulation techniques is evident in case of
three-phase inverter. Significant reduction in the voltage ripple
amplitude can be noted due to the centering performed in the
SVM (CPWM), especially for lower power phase angles. It
leads to the conclusion that SVM (or CPWM) is preferable
modulation for three-phase inverters from the point of view of
the dc-link voltage ripple requirements and the dc-link capaci-
tor sizing. However, no significant influence of CPWM on the
voltage ripple amplitude is shown in case of five- and seven-
phase inverters.

A wide excursion of the normalized voltage ripple is notice-
able, generally ranging between 0 and 0.22. Yet, it is evident
that by increasing the number of phases the voltage ripple
amplitude profile becomes more flat and uniform. Unlike the
three-phase case, in five- and seven- phase case increasing the
power phase angle the voltage ripple amplitude is significantly
reduced. In presented cases, the amplitude is half reduced, and
the reduction is better noticeable for higher number of phases.

B. Maximum of the peak-to-peak voltage ripple amplitude

For a fair comparison of inverter topologies with different
phase numbers, the same output power should be considered.
For this reason, the total output current nl, is introduced (that
is proportional to the apparent power), and a “per-phase”
normalization of the dc-link peak-to-peak voltage ripple is
defined as

nl

AV =—21 ., (15)
P Co

r
being ryp,=—"> and n the number of phases. Maximum of
n

the per phase normalized peak-to-peak voltage ripple ampli-
tude rppn, as a function of modulation index is obtained nu-
merically and shown in Fig. 6, considering the same phase an-
gles as in Fig. 5 with the additional intermediate point ¢ = 45°
to better cover the considered range. Numerical analysis is ex-
tended to higher number of phases in order to provide
comparative evaluation of the peak-to-peak voltage ripple
amplitude behavior in two-level multiphase inverters and sup-
port general conclusions on the dc-link capacitor sizing.

TABLE IV
Peak-to-peak dc-link voltage ripple amplitude in each sub-interval within the first sector,
considering seven -phase VSI and both modulation techniques (SVM and SPWM).
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Fig. 5. Normalized peak-to-peak dc-link voltage ripple amplitude rp,(8) over its period for three-, five-, and seven-phase VSIs, considering three modulation
indices, m = 1/4, 1/3, and 1/2, two output phase angles ¢ = 20° (left column) and ¢ = 70° (right column), with SPWM and SVM (continuous and dashed lines,

respectively).

The following observations are worth noting on the maxi-
mum peak-to-peak voltage ripple amplitude (rgpn) displayed in
Fig. 6. First, the maximum of dc-link voltage ripple amplitude
is decreasing when the number of phases increases. The re-
duction is significant when the number of phases increases
from three to five, and less significant when it increases to
seven. Finally, no practical difference in the maximum voltage
ripple is obtained for the number of phases higher than seven.

Referring to the three-phase case, the maximum of the
normalized peak-to-peak voltage ripple amplitude is almost

linear function of modulation index. A slight increase of the
maximum value can be noticed when increasing the output
phase angle. However, for five- and seven-phase case the
global maximum of the voltage ripple amplitude slightly
reduces when the phase angle increases. No further reduction
of maximum voltage ripple is observed for higher number of
phases (n > 7).

These diagrams are particularly useful for the dc-link
capacitor design, proposed in the following sub-section.

According to Fig. 6, global maximum r; & for different
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Fig. 6. Maximum of peak-to-peak voltage ripple amplitude in multiphase VSIs, normalized per total output current, r™a*

output phase angles: (a) ¢ = 20°, (b) ¢ =45°, and (c) ¢ = 70°.
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phase numbers is presented in Table V. It is evident that
considering the same total output current (apparent power) the
maximum value of the dc voltage ripple amplitude reduces
with the increase of the phase number up to seven, but not for
higher number of phases.

C. Dc-link capacitor design

In this sub-section, the capacitor size is designed based on
the voltage switching ripple requirements Avgp by assuming
that at given switching frequency (at least in order of kHz), the
dc source impedance (Zq) is much higher than the capacitor
reactance (1/(2=fsuC)). As discussed, under this assumption, dc
voltage ripple is determined only by the size of the dc-link
capacitor (Fig. 2). By observing Fig. 6, and considering
roon given by Table V, a simple formula for the dc-link
capacitor design is obtained on the basis of (15), by specifying
the desired Av,, as:

nl 1
C2 =y (0)—
SW Avpp

(16)

Of course, the worst-case scenario should be considered
for final design of capacitor. As an example, five-phase VSIs
is analyzed in the following.

According to Table V, the angle ¢ =20° (motor around the
rated power conditions) should be considered because the
maximum of the peak-to-peak voltage ripple amplitude

(normalized per total output current) I’p”;ix reaches then the

highest value of 0.0361. If given the values of the output
current of an inverter, its switching frequency and the required
peak-to-peak voltage switching ripple, the dc-link capacitor
can be chosen based on (16) as

51
C>0,0361——"—. )
o AV,
The given example shows that (16) can be used
straightforward in case of any multiphase VSI topology where

n>3.

TABLE V

M2 as a function of number of phases for different

Global maximum of rppn

phase angles.

Angle Phase number (n)

¢ 3 5 6 7 9 11 12 13

20° 0.061 0.036 0.034 0032 0031 0.031 0.031 0.031

45° 0.066 0.028 0.025 0.024 0.023 0.023 0.023 0.023

70° 0.071 0.018 0.014 0.013 0.012 0.012 0.012 0.012

V. RESULTS

Theoretical developments shown in previous sections are
verified by numerical simulations and experimental tests.
Circuit simulations are performed by Matlab/Simulink
considering five- and seven-phase inverters with balanced
loads. Multiphase passive loads have been preferred to motor
load for a better stability of the measured voltage switching
ripple profile. However, regardless of whether the load is a
passive- or a motor- load, if the output currents are almost
sinusoidal and balanced (and the output current ripple is not
severe) the proposed analysis of the dc-link input current and
voltage is the same. The simulation parameters, summarized
in Table VI, are set to match the corresponding experimental
setup parameters. The two output phase angles of interest are
obtained by using two different sets of passive balanced R-L
load impedances, having the parameters shown in Table VII.

The hardware set-up consists of custom-made voltage
source inverter (VSI), with up to eight-phases. It is based on
Infineon FS50R12KE3 (50A, 1200V) IGBT modules. For
control implementation dSpace ds1006 real-time platform,
directly programmable from Matlab/Simulink, is used. PWM
signals are generated using ds5101 board, as a part of the
dSpace system. Sampling frequency in all cases is 2 kHz. The
inverter dead-time value is 6us. Dc supply voltage is provided
from the external dc source Sorensen SGI 600/25. The Zgc
impedance is added between the dc source and the dc-link.
Equivalent value of two dc-link film capacitors connected in
parallel is 200uF. The experimental setup is shown in Fig. 7.

Tektronix oscilloscope MS02014 with P5205A differential
voltage probe was used for measurement. In order to clean the
waveforms and eliminate the switching spikes, the low-pass
filter with a cut-off frequency of 1MHz has been applied in
post-processing of the experimental data. In addition, to re-

TABLE VI
The experimental setup parameters.
Parameter Symbol Value
Dc voltage supply Ve 300 V
Dc source resistance Rc 53Q
Dc source inductance Lac 45mH
Dc-link capacitance (2x parallel film caps.) C 200 pF
Equivalent series resistance ESR 10 mQ
Equivalent series inductance Ls 25nH
Fundamental frequency f 50 Hz
Switching frequency fow 2 kHz
TABLE VI
Passive R-L load parameters.
5x, 7X ¢ =20° 9 =170°
RL(Q) 24 24

L. (mH) 25 204
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R-L load

Dc voltage source

Fig. 7. Experimental setup.

move small low frequency components, FFT was applied.
Figs. 8 and 9 show simulations (blue traces) and experimental
results (gray traces) together with the analytically calculated
voltage ripple envelopes for five-phase inverter when SPWM
and SVM are applied, respectively. Two values of modulation
index: m = 1/4 and 1/2 are considered for two output phase an-
gles ¢ = 20° (left column) and ¢ = 70° (right column). The
peak-to-peak envelopes are calculated as shown in Section Ill,
as the half of the peak-to-peak voltage ripple amplitude,
Avgp()/2.

Figs. 10 and 11 show the simulations (blue traces) and the

lc voltage ripple (V)

de voltage ripple (V)

S 2
2 o
& 0.5 Té:
T o0 (@ =
505 s
3 O
s m=1/2 < -
0.5
’ (b)

de voltage ripple (V)

0.02
Time (s)

experimental results (gray traces) together with the calculated
voltage ripple envelopes for seven-phase inverter when
SPWM and SVM are applied, respectively. Again, two values
of modulation index: m=1/4 and 1/2 are considered for two
output phase angles ¢ = 20° (left column) and ¢ = 70° (right
column). The instantaneous dc-link voltage switching ripple
Av(t) is shown together with the peak-to-peak envelope that is
calculated as one half of the peak-to-peak voltage ripple
amplitude Avpy(t)/2.

In all cases, numerical simulations show perfect matching
between dc voltage ripple and theoretically calculated enve-
lope. Experimental results are also in a good agreement with
both theoretical and simulation results. Note that an ideal dc-
link capacitor has been primarily considered in the simula-
tions. In order to show the effect of the capacitor’s parasitic
components on the dc-link voltage ripple, the simulations have
been also performed considering a real-world capacitor model
(a series-connected RLC circuit). An equivalent dc circuit of
analyzed inverter when a real dc-link capacitor’s model is
considered is shown in Fig. 12.

Since the two film capacitors connected in parallel have
been used in the experiments, having the total capacitance and
parasitic components’ given in Table VI, the simulation
parameters are set to match the corresponding experimental
values. The impedance characteristics of the adopted equiva-
lent capacitor has been previously shown in Fig. 3. Simulated
dc-voltage ripple is filtered in the same way as the experimen-
tal data. Simulation results are shown in Fig. 13 for the five-
phase case when m = 1/4 and ¢ = 70°. It corresponds to the
experimental result shown in Fig. 8 (b). Therefore, as com-

de voltage ripple (V)

de voltage ripple (V)

0.014 0.018

0.022
Time (s)

Fig. 8. Dc-link voltage switching ripple in five-phase inverter (SPWM): (a) simulation and (b) experimental results.
Calculated peak-to-peak envelope (red trace) for ¢ =20° (left) and ¢ = 70° (right) for m = 1/4 and 1/2.
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Fig. 11. Dc-link voltage switching ripple in seven-phase inverter (SVM): (a) simulation and (b) experimental results.
Calculated peak-to-peak envelope (red trace) for ¢ =20° (left) and ¢ = 70° (right) for m = 1/4 and 1/2.
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Fig. 12. Dc-link equivalent circuit of the inverter when a real dc-link
capacitor model is considered.

nant frequency of the dc-link capacitor, as shown in Fig. 3, but
the detail analysis of this is beyond the scope of this paper.
Moreover, note that the results prove that when going for
higher numbers of phases, smaller capacitance can be used,
which practically means that instead of large electrolytic
capacitors, smaller higher quality capacitors (such as film
capacitors) with lower ESR can be used.

V1. CONCLUSION

This paper presents the analysis of dc-link voltage switch-
ing ripple in two-level multiphase PWM voltage source invert-
ers with balanced load, focusing on odd phase numbers, equal
or greater than three. The peak-to-peak voltage ripple ampli-
tude is determined as a function of modulation index, ampli-
tude of the output current and output phase angle, for five- and
seven-phase VSlIs. Two popular modulation techniques (SPWM

3
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Fig. 13. Dc-link voltage ripple and its envelope in five-phase VSI (m=1/4,
@=70°) considering a real dc-link capacitor model with the following
parameters: C=200 pF, ESR=10 mQ, Ls=25 nH, simulation results.

and SVM, i.e. CPWM) are considered and their effect on the
voltage ripple amplitude has been discussed. Namely, it is
shown that the use of the SVM results in lower voltage ripple
amplitude only in case of three-phase inverter, especially for
lower output phase angle. However, the centering performed
in SVM (CPWM) has no significant influence on the voltage
ripple in case of five-, seven- and higher phase numbers.

In order to show characteristics and distribution of the
voltage ripple amplitude, the normalized function is intro-
duced, and various diagrams are presented. Comparison is
made considering different multiphase VSIs, output phase an-
gles within the typical range for induction motors (from rated-
load up to no-load), and full range of modulation index. The
maximum value of the peak-to-peak dc-link voltage ripple
envelope is derived as a function of modulation index. Finally,
the required dc-link capacitor is designed according to the



IEEE POWER ELECTRONICS REGULAR PAPER

voltage switching ripple requirements, providing for simple
formula on the basis of phase number and output phase cur-
rent. It is found that considering the same total output current
(apparent power), the dc-link capacitor size can be reduced
when increasing the number of phases from three up to seven.
However, no further size reduction is obtained when increas-
ing the number of phases more than seven. These findings are
particularly important for the design of the multiphase power
inverters especially when supplied by batteries (e.g. in electric
vehicles) where the impedance of the dc source can be ex-
tremely variable, and where very careful choice of the dc-link
capacitors (size and type, including parasitic properties) have
to be made.

Theoretical developments are verified by numerical
simulations and experimental tests for two-level five-phase
and two-level seven-phase VSIs supplying a balanced load. In
all considered cases, a very good agreement is achieved.
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