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Abstract—In traction applications, particularly in transport
electrification, multiphase drives are increasingly being an in-
teresting alternative over their three-phase counterparts due
to a range of advantages outweighing the additional cost, e.g.
smoother torque performance, higher current capability, en-
hanced fault tolerance, higher efficiency and lower DC-Link
current ripples. This work focuses on the impact this multiphase
drives modulated by continuous and discontinuous PWM tech-
niques have in a such a pricey and bulky component as it is
the DC-Link capacitor. Taking into account that the equivalent
series resistance of the DC-Link capacitor varies with frequency,
the typical approximated calculation of the power losses in
this component by means of the RMS value of the current is
often inaccurate. Therefore, the spectral analysis of the DC-Link
current has been carried out for the five-phase two-level VSI
in order to estimate more accurately the power losses in the
DC-Link capacitor and see which PWM modulation technique
benefits this bulky and expensive component depending on its
ESR curve and the selected switching frequency.

Index Terms—Multiphase, DC-Link capacitor, DC-Link cur-
rent spectrum, PWM modulation, ESR, power loss.

I. INTRODUCTION

Multiphase systems, provides several advantages at an af-
fordable cost compared with the classic three-phase elec-
tric motor driven systems (EMDS): power splitting between
phases (lower currents and power losses through the inverter’s
semiconductors for the same rated output power), reduction
of the torque ripple (efficiency improvement), torque density
improvement using harmonic current injection (in concen-
trated winding machines), lower DC-Link current ripples, and
intrinsic fault-tolerant operation [1]-[4]. For these reasons,
multiphase voltage-source inverters (VSIs) have great potential
in life-critical applications, and when high power density
is needed, such as in electric vehicle (EV) drivetrains, and
aerospace applications [5]. In this context, as far as the mul-
tiphase topologies is concerned, the two-level star connected
five-phase inverter (Fig. 1) is generally preferred among the
multiphase topologies alternatives [6] since it provides a good
trade-off among the system complexity, its cost, and the
advantages mentioned above.

Pulse-width modulation (PWM) has become the standard
when it comes to modulate these multiphase systems. They
follow the same pattern or philosophy as the classic three-
phase VSIs which have been extrapolated to higher number of
phases system. Conceptually, there are two different strategies
for carrying out pulse width modulation: Carrier-Based PWM
(CB-PWM) and Space Vector PWM (SV-PWM). The first one
consist of obtaining the semiconductor switching logic signals
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Fig. 1. Five-phase two-level star-connected VSI.

(Fig. 1, sq---s.) by comparing the normalized reference
voltage signals (v ---v}), which act as modulator signals,
with a triangular carrier (v.-). On the other hand, SV-PWM
consists of synthesizing a reference space vector (™) by means
of the instantaneous application of the possible states of the
VSI, which are represented as vectors [7].

The choice of the modulation technique affect directly in
many different manners the performance of the EMDS. One
of the affected elements is the DC-Link capacitor, which is one
of the most critical component of the converter. According to
[8] almost 30% of the failures of the inverter are caused by
this critical element. The lifetime of this component depends
strongly on its hot-spot temperature and, consequently, on the
current flowing through it and its equivalent serial resistor
(ESR). In [9]-[11] it is analysed the RMS current of the DC-
Link capacitor in five-phase systems. However, in [12]-[14]
it is shown that although the RMS DC-Link capacitor current
is an important parameter so as to quantify the power losses
in the capacitor, as the ESR varies against the frequency, it
is convenient to obtain the full DC-Link capacitor current
spectrum. In this context, in [12]-[16] it is obtained the DC-
Link capacitor current spectrum for three-phase systems, and
in [17] for multiphase systems (but only for sinusoidal PWM
modulation technique). Once the full harmonic spectrum is
obtained, in [18] the power losses have been estimated for a
traditional continuous PWM modulation in three-phase VSIs.

This paper analyses the DC-Link current spectrums for
different CB-PWM in five-phase VSIs by means of the Fourier
integral method. These current spectrums are used to estimate
accurately the DC-Link capacitor power losses using the
capacitor’s ESR curve. This way, it is quantified the errors
which are usually made by using the typical approximation of
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Fig. 2. Vectorial representation of the five-phase two-level star-connected VSI
(plane a1 31).
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Fig. 3. Analysed single CB-PWM modulations analysed in this work.

the estimation of power losses of this component.

II. PWM MODULATION DEFINITION IN FIVE-PHASE VSIs.

Five-phase two-level star connected VSI (Fig. 1) can be
vectorially represented with two orthogonal planes a;/3; and
a3f3 in addition to the homopolar component [7]. As each
switch of the five-phase inverter has two different states
(ON/OFF), there are 2° possible states for the inverter’s output
voltage. These states are represented as 32 vectors which form
three concentric decagons for each plane (Fig. 2). Under this
vectorial approach, the vectors ¥ to ¥3p are active vectors
and 7y and ¥3; are zero vectors. In addition, according to
the magnitude of the vectors in «;/3; plane, there are three
different vector groups: large vectors (L, situated in the outer
decagon), middle vectors (M, middle decagon) and small
vectors (S, inner decagon) (Fig. 2).

The inverter’s states which have been obtained by the single
carrier! based PWM modulation algorithms can be represented
vectorially in the oy 3; plane as 2L, 2M and zero vectors?.

IThe carrier frequency is the same as the switching frequency (fer = fsw)-
2These PWM modulation techniques are known as 2L2M PWM.
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Fig. 4. Modulating and zero-sequence components for continuous and
discontinuous CB-PWM techniques using M = 0.9.

Depending on the desired output voltage amplitude, which
is proportional to the modulation index of the inverter, the
duty cycles of the active vectors are set [7]. However, there
is a degree of freedom when it comes to manage the zero
vectors which leads to different PWM modulation techniques
(Fig. 3). During both zero vector states (ty and ¢3;) the input
current of the inverter (¢;,,,,) 1S zero, therefore these CB-PWM
modulation techniques give the same input RMS current.



The different CB-PWM modulation techniques are ob-
tained by means of the injection of different zero-sequence
components (vps, which are multiples of the 5" harmonic)
into the reference signals (v*) (Fig. 4). In this context, the
CB-PWM modulations can be in turn subdivided between
continuous and discontinuous modulations [7]. On the one
hand, sinusoidal PWM (SPWM), 5t harmonic injection PWM
(FHI-PWM) and min-max method PWM (MINMAX-PWM,
sometimes also known as SV-PWM), are known as continuous
modulations (C-PWM) (Fig. 3). All of these continuous PWM
use both zero states (tp and t37). On the other hand, D-
PWMO, D-PWM1, D-PWM2, D-PWM3, D-PWMMAX and
D-PWMMIN are known as discontinuous modulations (D-
PWM) (Fig. 3) because they use a single zero state, and
consequently, one branch does not switch in a whole switching
period (when v** is clamped to £1 in Fig. 4) [7]. This fact
leads to a significant reduction of the switching power losses
in the semiconductors of the VSI for discontinuous PWM
techniques because the average equivalent switching frequency
is reduced to 4/5 - fg, due to the fact that there are only
switching four branches out of five.

The vast majority of modulation techniques, including the
mentioned CB-PWM, are primarily aimed at synthesising high
quality (low THD) output current. On the other hand, some
of them have partial objectives improving other figures of
merit such as reducing the switching losses and reducing
the common-mode voltage. However, these modulations rarely
focus on achieving lower inverter input current ripple and
spectrum. Considering how this input current spectrum affects
via the power losses in the temperature and consequently, in
the lifetime of such bulky and expensive component as it is the
DC-Link capacitor, it is interesting to analyse the influence of
the different CB-PWM modulation techniques in this aspect.

III. APPROXIMATED POWER LOSS ESTIMATION IN THE
DC-LINK CAPACITOR

The classical way to obtain the power losses in the DC-Link
capacitor is defined by:

Ploss :ESR.ICQQP7R]\4S’ (])

where ESR is the equivalent serial resistance of this ca-
pacitor, which is considered constant in the whole frequency
range (usually taken at fs,,) and I.qp ras is the RMS value
of the current through the DC-Link capacitor.

Applying Kirchhoff in Fig. 1, it is deduced:

iinv = Z'ca;n + Z'bat- (2)

Assuming that the whole current ripple of the inverter input
comes from the DC-Link capacitor (icap = %inv,Ac) and
the battery supplies the whole average current of the inverter
(Upat = Iinv,avg), it is deduced:

2 _ 12 2
Icap,RMS - Iinv,RMS - Iinv,avg' (3)

Performing a power balance between inverter’s input and
output it is deduced that [19]:
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Fig. 5. Typical inverter’s input current waveform for CB-PWM modulations.
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where M is modulation index, ¢ is the current phase angle,
and I, is the output peak current value.

On the other hand, in [9], analysing the different subin-
tervals of Fig. 5, and assuming that the output current has
no ripple, and that the switching frequency (fs,) is much
higher than the fundamental reference voltage frequency (f1),
the following compact expression of Iy, rms 1S Obtained:
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Substituting (4) and (5)
Icap,RMs 1S Obtained:

in (3), the final expression of
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(6)
where it can be deduced that I.,, rars does not depend on
the modulation technique®. This happens because both zero
states (o and t3; in Fig. 5) have the same inverter input current
value, which means the distribution of these zero states does

3Referring to the modulation techniques analysed in this work (traditional
2L2M continuous and discontinuous PWM modulation techniques).



not affect on this parameter. As it can be observed in (6), the
RMS current through the capacitor depends on M, ¢, and I,.

However, in real cases, and taking into account that the
ESR varies with frequency, a more complex model, where it
is necessary to know the harmonic spectrum, has to be applied
S0 as to estimate more accurately the power losses of the DC-
Link capacitor:

o0

Pross = Z [ESR (fh) : Iczap,h,RMS]a
h=1

(7

where h is the harmonic order, ESR(f3) is the equivalent
series resistance of the DC-Link capacitor for the h harmonic,
and I.qp n,rMms is the RMS value of the A harmonic of the
DC-Link capacitor’s current.

IV. DOUBLE FOURIER INTEGRAL ANALYSIS OF A
TWO-LEVEL PWM WAVEFORM

PWM switched waveforms are function of two time periodic
independent variables f(z,y): the carrier waveform z(t) =
wert and reference or modulating waveform y(t) = wot = 6.
In [14] it is shown how a Fourier series expression is obtained
and developed for this double variable controlled waveform

f(z,y):

18

flx,y) = % + [Aor cos (ny) + Bop sin (ny)]

n=1

+ i [Asmo cos (mx) + By sin (ma)]
m=1

+ > > [Amncos (mz + ny) + By sin (ma + ny)],
= )
®)

where the Fourier coefficients A,,, and B,,, can be
grouped in C'y,,, as:
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where m is the carrier index variable and n is the baseband
index variable. These two variables (m, n) define the frequency
of each harmonic component as w = m we, + N wy.

There are two main ways for the determination of the har-
monic frequency components C,,,: the Fast Fourier Transform
(FFT) and the Double Fourier integral analysis. While the FFT
requires a completely sampled signal and its mathematical
development, the Double Fourier integral analysis provides a
more simple and compact way for obtaining these harmonic
components [12], [18].

When the Fourier analysis is carried out for the current
of one branch of the inverter (i;p0,q, Fig. 1), it has to be
considered that f(x,y) are some rectangular pulses (assuming
that w. >> wo):

0 if v** < v,
if v** > v,

(10)

This way, the Fourier coefficients C,,, follow the next
double Fourier integral:
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It can be observed in (11) that the Fourier coefficients, and
in consequence, the current spectrum of ¢;y,, 4, does depend
on the PWM technique by the inner integral’s limits v**(y).
Similarly, the Fourier analysis of the input current through
the other branches must be obtained and their effects added
in order to obtain the full current harmonic spectrum of ;.
The input current waveform of the consecutive branch of an
equilibrated two-level five-phase inverter is analogous to the
input current of the previous branch but shifted an angle
of 2m % n/5 rad. For example, the Fourier coefficients of
the branch ‘b’ can be obtained by taking as a reference the
coefficient corresponding to the branch ‘a’ and multiplying
it by the complex number 1 - ¢U'27*7/5) Thus, the Fourier
coefficients of the total input current of the inverter are
obtained by the complex sum of the coefficients of every single
branch of the inverter.

V. INPUT CURRENT AND DC-LINK CAPACITOR POWER
LOSS SPECTRAL ANALYSIS

A. CB-PWM modulation techniques in a five-phase VSI

Applying the Fourier double integral analysis of Section IV,
the different current spectrums of traditional single CB-PWM
modulations have been obtained with the phase angle ¢ =
0 rad (Fig. 6). For continuous modulations, the following can
be observed:

o Predominant harmonic component is at 2 f,,, (m = 2 and

n = 0). It has a maximum point at M ~ 0.6.

« MINMAX-PWM and FHI-PWM are quite equivalent in
the full range of frequency and modulation index.

e SPWM has smaller sideband harmonics at m = 1 and
n £ 5 than MINMAX-PWM and FHI-PWM.

Regarding to discontinuous modulations:

o All analysed discontinuous PWM modulations have a
significant harmonic component around f,, (m = 1).

¢ D-PWMMAX and D-PWMMIN are almost equivalent.
The sideband harmonics around m = 1 are almost
insignificant and the predominant component is at m = 1
and n = 0.

e« D-PWMO, D-PWMI1, D-PWM2, and D-PWM3 are al-
most equivalent. They have wide sideband harmonics
around m = 1, which leads to have harmonic components
at lower frequencies.

B. Comparison between a five-phase and a three-phase VSI
for the SPWM modulation technique.

In order to perform a comparison between two inverters in
which the phase number is not the same as far as the input
current spectrum is concerned, it has been set the same output
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Fig. 6. Amplitudes of the input current harmonic spectrum for the analysed CB-PWM modulations with ¢ = 0 rad.

power for both VSIs. This means that the peak value of the
phase current in a three-phase systems is 5/3 times higher
than in a five-phase systems for the same output power.

5.

§ 0,5ph (12)

Io73ph =

In Fig. 7 it is compared the inverter’s input current spectrum
of a five-phase inverter and a three-phase inverter for SPWM
modulation. Here it can be observed that while in three-phase
VSIs the sideband harmonics exist at m = 1, n = =£3, in
five-phase VSIs exist at m = 1, n = £5. In addition, these
harmonic amplitudes are reduced significantly as the number
of phases is increased. Since the harmonics of the input current
have smaller amplitudes in a higher phase number system, the
input current’s RMS value will be reduced. Consequently, the
RMS value of the DC-Link capacitor’s current will be also
reduced [20].

C. DC-Link capacitor power losses: spectral analysis

In order to estimate the power losses through the DC-Link, it
has been selected polypropylene metallized film (MKP) capac-
itor for automotive applications B25632E1117K000 (110 uF,
1000 VDC) from TDK Electronics. The variation of ESR with
the frequency can be observed in Fig. 8.

There have been performed two analysis with different
switching frequencies (1 kHz and 10 kH z) in order to see the
influence of this parameter in the power losses of the selected

capacitor. In Fig. 9 the DC-Link power losses for different
PWM modulation techniques relative to SPWM power losses
can be observed so as to make a comparison among them.
Here, it can be observed that for fy,, = 10 kHz (Fig. 9(a))
the analysed PWM modulation techniques (Fig. 3) obtain a
similar result regarding the DC-Link capacitor power losses.
This happens because for this fs,, = 10 kHz case the ESR of
the capacitor is almost constant in the frequency range where
the inverter’s input current has its predominant harmonics
(around m = 1, and m = 2). On the other hand, when
the analysis is carried out at fs, = 1 kHz (Fig. 9(b)), as
the ESR curve goes down with frequency in that area, the
modulations which have a predominant component at smaller
frequencies such as discontinuous modulations which have
m = 1 as a predominant component, have a worst performance
(higher Pj,ss) than continuous PWM modulation techniques.
These greater power losses are harmful for the lifetime of the
capacitor.

In Fig. 10 it has been compared the power losses calculated
by the full spectral analysis of (7) and the ones calculated by
the approximation of (1) where the ESR has been considered
as constant (ESR = ESRQf,,). The comparison performed
at 10 kHz in Fig. 10(a) shows that as the ESR curve is almost
constant around the frequencies where %;,, has its predominant
harmonics, it is an acceptable approximation where the error
is small enough. However, when it comes to switch at 1 kHz
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Fig. 8. ESR of the DC-Link capacitor TDK MKP B25632E1117K000.

(Fig. 10(b)), as the ESR is not constant around the frequencies
where %;,,, has its predominant harmonics, this approximation
is not good enough and should not be used. On the other
hand, for this specific cases where the ESR of the capacitor
goes down with the frequency (at fs, = 1 kHz), the esti-
mated power losses would be always overestimated because
in this approximation it would be used the highest ESR
value (ESRQ fq,,) for obtaining the power losses. In addition,
as in continuous modulations it predominates the m = 2
carrier wave harmonic and in discontinuous modulations it
does m = 1 as well as m = 2, the error made by using the
approximated expression for continuous would be bigger than
for discontinuous modulations because the used ESR values
would be lowers.
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Fig. 9. Difference of the DC-Link power losses for the analysed PWM
modulations compared to SPWM with ¢ = 0 rad for two different switching
frequencies.

VI. CONCLUSIONS

This work has been focused on a such critical element
of the CB-PWM modulated multiphase VSIs as it is the
DC-Link capacitor. It has been proved that as the number
of phases increases, the current ripple harmonic is reduced
benefiting the lifetime of this element. As far as the analysed
CB-PWM modulation techniques are concerned, it has been
seen that there are some predominant components around the
carrier wave harmonics m = 1 and m = 2. More precisely,
continuous modulations have a significant predominant carrier
wave harmonics at m = 2 and discontinuous modulation
techniques have a wide sideband around m = 1 even though it
cannot be neglected their carrier wave harmonics at m = 2 (it
is also predominant even though it is smaller than continuous).

The analysed CB-PWM modulations can provide different
power losses in the DC-Link capacitor even though all of them
have the same RMS current. This happens due to the fact
that every single PWM modulation have a different current
waveform in the inverter’s input, and in consequence, different
harmonic spectrum. This current spectrum is critical in order
to estimate the power losses through the DC-Link because
of the dependency of its ESR with the frequency. As it has
been seen, for the specific capacitor and switching frequencies
analysed in this paper, performing the typical approximation
80 as to estimate the power losses in the DC-Link capacitor can
provoke unacceptable relative errors up to 50%. However, the
importance of the current spectrum analysis in the DC-Link
so as to calculate the power losses can be neglected if the
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ESR curve is almost constant around the switching frequency.
Thus, knowing the switching frequency and the ESR curve
is important to know whether the power loss approximation
or input current spectrum based calculation should be carried
out.
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