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 A B S T R A C T

Dual Three-Phase (DTP) winding configurations are gaining importance in automotive powertrains, where the 
DC-Link capacitor plays a critical role in terms of power density and reliability, as it accounts for approximately 
40% of the inverter’s volume and about 30% of its failures. This work systematically analyses the influence 
of various DTP configurations (S0-DTP, A30-DTP, S60-DTP) and DTP-specific Double Zero-Sequence Injection 
(DZSI) PWM techniques on the DC-Link capacitor current spectrum to minimize its RMS value. Using the 
Double Fourier Integral formalism, this work derives analytical expressions for input current harmonics, 
identifies dominant ripple components, and assesses interleaving strategies to suppress these harmonics, 
thereby reducing RMS current stress on the capacitor. The findings are validated through experimental 
measurements, which confirm that proper selection of DZSI-PWM techniques and interleaving angles leads 
to up to 85% reduction in capacitor RMS current stress compared to standard non-interleaved modulation, 
thus enhancing power converter reliability without additional hardware modifications. These insights offer 
practical design guidelines for electric vehicle powertrains and high-performance multiphase inverters.

1. Introduction

The electric vehicle powertrain is undergoing significant advance-
ments in power electronics and machine drive systems. The intro-
duction of wide-bandgap semiconductors, rare earth-free motors, and 
innovative converter architectures is radically transforming the elec-
tric mobility landscape, emphasizing enhancements in specific power 
(kW/kg), power density (kW/𝓁), efficiency (%), and cost ($/kW) [1]. 
This trend has revived interest in multiphase machines since the early 
20th century, prompting researchers to reconsider the choice of three-
phase machinery. In this context, a whole new field has been explored, 
gradually extending the knowledge from three-phase drive technology 
to cover multiphase modelling, design, modulation, and control [2,3]. 
However, the most interesting aspect of this advancement is not just 
extending existing three-phase technologies, but also discovering new 
ways to exploit the extra advantages offered by multiphase machines. 
These advantages include power distribution among phases, reducing 
torque ripple, improving torque density via harmonic current injection 
(in concentrated winding machines), minimizing DC-Link current rip-
ples [4] (resulting in smaller DC-Link capacitors), and enabling intrinsic 
fault-tolerant operation [5,6].
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unai.ugalde@ehu.eus (U. Ugalde), jon.andreu@ehu.eus (J. Andreu).

In order to benefit from such advantages, multiple three-phase 
topologies have emerged as well-established solutions [7,8]. These 
include the dual three-phase (DTP) configuration (Fig.  1- 1⃝), which 
has garnered attention for several reasons: (i) it strikes a favourable 
balance between performance and complexity; (ii) it enables a smooth 
transition from three-phase technologies by utilizing multiple generic 
and modular three-phase inverters, each feeding independent three-
phase winding sets (Fig.  1- 2⃝) [9,10]; and (iii) it exhibits excellent 
fault tolerance, in handling open- and short-circuit events, as well as 
DC power supply faults (only when each inverter is supplied from 
independent power supplies).

DTP configurations can be classified into symmetrical (S) and asym-
metrical (A) depending on the phase displacement (𝛿) between the two 
three-phase sets (Fig.  1- 1⃝: S0-DTP (𝛿 = 0◦), A30-DTP (𝛿 = 30◦), and 
S60-DTP (𝛿 = 60◦) configurations). Significant efforts are being made 
to study the performance of these promising DTP architectures. Recent 
works have addressed various aspects of these configurations, focusing 
on the spatial harmonics of the magnetomotive force, the parameters of 
the equivalent circuits in the different planes, and the current quality at 
the output, through their winding configuration and coil-pitch (chorded 
vs unchorded windings) [11,12]. Furthermore, in [13] the total current 
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Fig. 1. Conceptual architecture of an DTP configuration considering all its constituent elements and the concepts analysed in this work.

harmonic distortion is compared between the S60-DTP and A30-DTP 
configurations using direct controllers.

Voltage-Source Inverters (VSIs) along with Pulse-Width Modulation 
(PWM) techniques are widely used for controlling the output power 
of those electric traction systems. For DTP configurations, Double 
Zero-Sequence Injection (DZSI) PWMs are usually preferred over other 
Carrier-Based (CB) PWMs, because they consist of duplicating the 
standard three-phase VSI and their well-studied three-phase CB-PWMs, 
typically used in three-phase drives [14]. Thus, an independent zero-
sequence is injected into each three-phase set (Fig.  1- 2⃝, VSI1 and 
VSI2). Table  1 and Fig.  2 show how these CB-PWMs are implemented, 
where 𝑣∗ = 𝑀 cos(𝜃) is the modulating signal, 𝑣𝑧𝑠 is the injected 
zero-sequence component, 𝑣∗∗ = 𝑣∗ + 𝑣𝑧𝑠 is the modified modulating 
signal, 𝜃 is the modulating signal’s angular position and the modulation 
index (𝑀) is defined as 𝑀 = 𝑉1∕

(
0.5⋅𝑉𝐷𝐶

) [15], where 𝑉1 is the peak 
phase-neutral voltage and 𝑉𝐷𝐶 is the DC-Link voltage. Fig.  1- 3⃝ also 
shows how two homopolar sequence components are injected equally 
but phase-shifted by 𝛿 to each three-phase set composing the DTP. 
When modulating the VSI2, it is feasible to phase-shift the carrier an 
interleaving angle 𝜁 , as depicted in Fig.  1- 4⃝.

Exploiting this additional degree of freedom has proven beneficial 
for multiple aspects of DTP-based systems. In particular, interleaving 
has been extensively studied in the context of torque ripple, vibrations, 
and output ripple, with promising results for both S0-DTP and A30-DTP 
configurations [16–19]. Furthermore, interleaving modulation schemes 
have been successfully applied to minimize common-mode voltage 
(CMV) of A30-DTP permanent magnet synchronous machines [20].

Beyond its impact on the inverter output, interleaving has also been 
widely employed to reduce the input current in parallelled three-phase 

VSIs [21–24]. This aspect is especially relevant given that DC-Link 
capacitors (Fig.  1- 5⃝, 𝐶𝐷𝐶 ) can account for up to 40% of the total 
volume of the VSI [3,25–27] and are directly linked to 30% of VSI fail-
ures [28–30]. However, despite these potential benefits, publications 
analysing interleaved modulation for DTP machines remain limited, 
often focusing on a single winding configuration or specific DZSI-PWM 
techniques [31–35].

Therefore, this work differs from previous research by thoroughly 
investigating the S0-DTP, A30-DTP, and S60-DTP configurations to-
gether with the DZSI-PWM techniques. First, it analyses how the wind-
ing configurations inherently affect the DC-Link current ripple without 
interleaving. Then, the potential of introducing the interleaved vari-
ants of these modulation techniques is explored to further reduce the 
current stress on the DC-Link capacitor without requiring additional 
hardware, thereby enabling for smaller and more reliable DC-Link ca-
pacitors. Thus, this approach not only enhances converter reliability but 
also contributes to the optimal design of inverters in electric traction 
systems.

2. Theoretical basis of the DC-link capacitor current stress in DTP 
configurations

The DC-Link capacitor is responsible for reducing the low-frequency 
voltage ripple at the input of the converter, in both steady and transient 
states, as well as storing the necessary energy to allow an instantaneous 
power balance between the converter input (battery) and output (DTP 
load). It must provide a low-impedance path for switching currents in 
order to decouple and reduce the current ripple from the battery (stress 
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Table 1
Phase leg reference voltage e.g. 𝑣∗∗ for inner integral limits of (1). 
Source: Adapted from [14].

Fig. 2. Voltage reference modulating signals and zero-sequence components for the 
most relevant CB-PWMs with 𝑀 = 0.9.

Fig. 3. Conceptual pulsed current waveform for one branch of the DTP configuration 
e.g. 𝑖𝑣𝑠𝑖,𝑎1.

reduction and lifetime extension) and maintain a proper voltage at the 
VSI input, thus ensuring the control of the fundamental voltage ampli-
tude at the converter output. The RMS value of the current through 
the DC-Link capacitor (𝐼𝑐𝑎𝑝,𝑟𝑚𝑠) is a key parameter in its selection, as it 
directly impacts its size, thermal stress and reliability [36,37]. Since 
‘the worst case scenario’ for the DC-Link capacitor occurs when the 
whole input current ripple goes through the DC-Link capacitor [23,38], 
𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 is obtained by adding up the RMS values of its harmonics. Thus, 
the critical role played by the DC-Link capacitor makes it necessary to 
study its current spectrum for DTP configurations in detail.

The input current of the leg ‘a’ of the VSI1 (Fig.  1, 𝑖𝑣𝑠𝑖,𝑎1) consists of 
pulses whose width is determined by the applied PWM technique, and 
height proportional to the output instantaneous phase current (Fig.  1, 

𝑖𝑎1). Fig.  3 shows the conceptual pulsed waveform of this current. Its 
harmonic spectrum can be calculated using the double Fourier integral 
method. This analysis assumes that the carrier frequency is much higher 
than the fundamental frequency (𝑓𝑠𝑤 ≫ 𝑓1); and therefore, that the 
phase currents are sinusoidal, with amplitude 𝐼𝑜𝑢𝑡, phase lag 𝜙, and 
having no high-frequency ripple current [33]. It is also assumed that 
the carrier signal and modulation signal are in phase, neglecting the 
effect of any phase shift between them on the harmonics distribution: 

𝐶
𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 =

1

2𝜋2 ∫
2𝜋

0

⎛⎜⎜⎝∫
[
1+𝑣∗∗

𝑎1
(𝑦)

]
𝜋

2

−
[
1+𝑣∗∗

𝑎1
(𝑦)

]
𝜋

2

𝐼𝑜𝑢𝑡 cos (𝑦 − 𝜙) ⋅ 𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥

⎞⎟⎟⎠
𝑑𝑦 (1)

where 𝐶𝑚𝑛 represents each harmonic which arise at frequency values 
equalling 𝑓ℎ = 𝑚𝑓𝑠𝑤 + 𝑛 𝑓1, where 𝑚 is the carrier index variable 
and 𝑛 is the baseband index variable. In addition, 𝑥 = 2𝜋𝑓𝑠𝑤𝑡 and 
𝑦 = 2𝜋𝑓1𝑡 = 𝜃 are two time variables which represent the carrier and 
modulating angles, respectively. Eq. (1) shows that the complex Fourier 
coefficient associated with the inverter input current is proportional 
to the amplitude of the load current 𝐼𝑜𝑢𝑡. Therefore, from this point 
onward, all these Fourier coefficients are normalized with respect to 
𝐼𝑜𝑢𝑡 = 1 A to facilitate comparison.

Table  1 shows the phase leg voltage reference 𝑣∗∗
𝑎1

 in order to 
solve the inner integral limits of (1) depending on the selected PWM 
technique. Fig.  2 shows graphically the waveform of this leg voltage 
reference.

The Fourier coefficients for the consecutive branches ‘b1’ and ‘c1’
(𝐶

𝑖𝑣𝑠𝑖,𝑏1
𝑚𝑛  and 𝐶 𝑖𝑣𝑠𝑖,𝑐1

𝑚𝑛 ) of the VSI1 can be obtained from (1) by replacing 
𝑛𝑦 with 𝑛(𝑦 +

2𝜋

3
) and 𝑛(𝑦 +

4𝜋

3
), respectively. Likewise, 𝐶 𝑖𝑣𝑠𝑖,𝑎1

𝑚𝑛  can be 
phase-shifted as 

𝐶
𝑖𝑣𝑠𝑖,1𝑏
𝑚𝑛 = 𝐶

𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅ 𝑒

𝑗𝑛
2𝜋
3 , (2)

𝐶
𝑖𝑣𝑠𝑖,1𝑐
𝑚𝑛 = 𝐶

𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅ 𝑒

𝑗𝑛
4𝜋
3 . (3)

Now, because 𝑖𝑣𝑠𝑖1 = 𝑖𝑣𝑠𝑖,𝑎1 + 𝑖𝑣𝑠𝑖,𝑏1 + 𝑖𝑣𝑠𝑖,𝑐1,

𝐶
𝑖𝑣𝑠𝑖1
𝑚𝑛 = 𝐶

𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅

[
1 + 𝑒

𝑗𝑛
2𝜋
3 + 𝑒

𝑗𝑛
4𝜋
3

]

= 𝐶
𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅

[
1 + 2 cos

(
𝑛
2𝜋

3

)]
;

(4)

which clearly show that 𝐶 𝑖𝑣𝑠𝑖1
𝑚𝑛 = 0 for all values of 𝑛 except for 0 and 

multiples of 3. Therefore, although at the output currents of any three-
phase VSI the triplen harmonics cancel each other out, the opposite 
occurs at the input.

Fig.  4 depicts the spectra of 𝑖𝑣𝑠𝑖1, obtained through numeric calcu-
lations of (4) using Matlab, for cos𝜙 = 11, as a function of M, for the 
most relevant DZSI-PWMs. These input current spectra are inherent to 
any traditional three-phase VSI, but are also applicable to DTPs since 
they are composed of two such three-phase VSIs. Fig.  4 also illustrates 

1 The value of 𝑐𝑜𝑠𝜙 for standardized driving cycles in electric drives 
oriented to electric vehicle applications is close to unity [33].
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Fig. 4. Normalized input current harmonics of the VSI1 (𝑖𝑣𝑠𝑖1∕𝐼𝑜𝑢𝑡) using double Fourier integral formalism 
(
|𝐶 𝑖𝑣𝑠𝑖1

𝑚𝑛 |
)
 as a function of the modulation index (𝑀), for the analysed 

DZSI-PWM techniques, with cos𝜙 = 1.

how continuous modulations (SPWM and MINMAX-PWM) exhibit a 
dominant harmonic, characterized by the highest amplitude, at (𝑚, 𝑛) =
(2, 0), whereas discontinuous modulations tend to have more sidebands 
around 𝑚 = 1. It is worth noting that the input current spectra of D-
PWMMAX and D-PWMMIN are almost equal, and due to the absence 
of abrupt changes in the modified modulating signal (𝑣∗∗), they exhibit 
fewer sidebands.

Usually, each three-phase subsystem has its own isolated neutral 
point (Fig.  1, n1 and n2). Thus, the Fourier coefficients for the input 
current harmonics of the second three-phase stator winding result 

𝐶
𝑖𝑣𝑠𝑖2
𝑚𝑛 = 𝐶

𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅

[
1 + 2 cos

(
𝑛
2𝜋

3

)]
⋅ 𝑒𝑗𝑛𝛿 , (5)

where 𝑒𝑗𝑛𝛿 corresponds to the 𝛿 displacement of the second stator 
winding with respect to the first one, and consequently, to the phase 
shift between the modulating signals (𝑣∗) of both VSIs. By adding 
(4) and (5) the Fourier coefficients of the input current for any DTP 
configuration 

𝐶
𝑖𝑣𝑠𝑖
𝑚𝑛 = 𝐶

𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅

[
1 + 2 cos

(
𝑛
2𝜋

3

)]
⋅
[
1 + 𝑒𝑗𝑛𝛿

]
(6)

are obtained. The main difference between the input current harmonics 
of a three-phase system (4) and a dual three-phase VSI (6) lies in the [
1 + 𝑒𝑗𝑛𝛿

] term. This means that the phase displacement 𝛿 between the 
two three-phase sets determines how the input current harmonics in-
teract, as it modifies (or even cancels) some high-frequency harmonics. 
Table  2 determines how harmonics interact when summing 𝑖𝑣𝑠𝑖1 and 
𝑖𝑣𝑠𝑖2 (Fig.  1- 2⃝). When the modulus is 2, the harmonics are in phase and 

Table 2
Modulus of [1 + 𝑒𝑗𝑛𝛿

] derived from (6) for different DTP configurations.
 𝑛 S0-DTP A30-DTP S60-DTP 
 0,±12,±24… 2 2 2  
 ±3,±9,±15… 2

√
2 0  

 ±6,±18,±30… 2 0 2  
Note: The most relevant harmonics inherent to DZSI-PWM techniques that are cancelled 
are emphasized in bold.

reinforce each other. If the modulus is 
√
2, a relative phase shift of 𝜋∕2

occurs between them. Conversely, if the modulus is 0, those harmonics 
are completely cancelled.

Therefore, the harmonic cancellation effects inherent to each DTP 
configuration can be summarized as follows:

• S0-DTP does not cancel any extra harmonic.
• A30-DTP cancels n = ±6 and n = ±18. However, these 𝑖𝑣𝑠𝑖
harmonics are not relevant for any DZSI-PWM because their 
amplitudes are negligible compared to other harmonics.

• S60-DTP cancels inherently n = ±3 sideband harmonics, which 
are dominant for D-PWM1 and D-PWM3.

As an example, Figs.  5 and 6 show the normalized input current 
spectrum amplitudes for the leg ‘a’ of the VSI1, the whole VSI1, and 
for S0-DTP, A30-DTP and S60-DTP, respectively, applying the SPWM 
technique, 𝑀 = 0.9 and cos𝜙 = 1. These plots reveal that 𝑛 = 0, 3, 6, 9
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Fig. 5. Normalized input current harmonics for the leg ‘a’ of the VSI1 (𝑖𝑣𝑠𝑖,𝑎1∕𝐼𝑜𝑢𝑡) 
and the whole VSI1 (𝑖𝑣𝑠𝑖1∕𝐼𝑜𝑢𝑡) using double Fourier integral formalism: 

(
|𝐶 𝑖𝑣𝑠𝑖,𝑎1

𝑚𝑛 |
)
 and (

|𝐶 𝑖𝑣𝑠𝑖1
𝑚𝑛 |

)
, under SPWM, 𝑀 = 0.9 and cos𝜙 = 1.

harmonics are the only harmonics arising in 𝑖𝑣𝑠𝑖1 and 𝑖𝑣𝑠𝑖 for any DTP 
configuration. Fig.  6 also depicts that S0-DTP, A30-DTP and S60-DTP 
exhibit different 𝑖𝑣𝑠𝑖 current harmonics due to the phase displacement 
𝛿 between the two three-phase sets. It is highly remarkable that (1,±3)
sideband harmonics are cancelled for S60-DTP 6(c).

Since the worst-case scenario for the DC-Link capacitor occurs when 
all the ripple of this 𝑖𝑣𝑠𝑖 flows through it, 

𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 =

√
𝐼2
𝑣𝑠𝑖,𝑟𝑚𝑠

− 𝐼2
𝑣𝑠𝑖,𝑎𝑣𝑔

, (7)

where the rms value of the input current is 

𝐼𝑣𝑠𝑖,𝑟𝑚𝑠 =

√√√√√√
∞∑
𝑛=0

⎛
⎜⎜⎝

|||𝐶
𝑖𝑣𝑠𝑖
0𝑛

|||√
2

⎞
⎟⎟⎠

2

+

∞∑
𝑚=1

∞∑
𝑛=−∞

⎛
⎜⎜⎝

|||𝐶
𝑖𝑣𝑠𝑖
𝑚𝑛

|||√
2

⎞
⎟⎟⎠

2

, (8)

and from the principle of power conservation, the average value of the 
input current of any DTP configuration results 

𝐼𝑣𝑠𝑖,𝑎𝑣𝑔 =
6

4
𝑀𝐼𝑜𝑢𝑡 cos𝜙. (9)

3. Interleaving schemes to reduce the DC-link current stress in 
DTP configurations

Applying the concept of interleaving (Fig.  1- 4⃝) to the Fourier 
double integral formalism of 𝑖𝑣𝑠𝑖2 yields 

𝐶
𝑖𝑣𝑠𝑖2
𝑚𝑛 = 𝐶

𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅

[
1 + 2 cos

(
𝑛
2𝜋

3

)]
⋅ 𝑒𝑗𝑛𝛿 ⋅ 𝑒𝑗𝑚𝜁 , (10)

where 𝑒𝑗𝑚𝜁  corresponds to interleaving; i.e. the additional phase shift 
of the second carrier signal (Fig.  1, 𝑣𝑐𝑟2), which involves replacing 𝑚𝑥
with 𝑚(𝑥 + 𝜁 ) in (1). Consequently, this new parameter affects 𝐶 𝑖𝑣𝑠𝑖

𝑚𝑛  of 
(6), leading to 

𝐶
𝑖𝑣𝑠𝑖
𝑚𝑛 = 𝐶

𝑖𝑣𝑠𝑖,𝑎1
𝑚𝑛 ⋅

[
1 + 2 cos

(
𝑛
2𝜋

3

)]
⋅
[
1 + 𝑒𝑗(𝑛𝛿+𝑚𝜁 )

]
. (11)

Now, making the second term of (11), [1 + 𝑒𝑗(𝑛𝛿+𝑚𝜁 )
]
, equal to zero, 

interleaving angle values equalling 

𝜁 =
(2𝑘 + 1) ⋅ 𝜋 − 𝑛𝛿

𝑚
∀𝑘 ∈ Z

+ (12)

Fig. 6. Normalized input current harmonics (𝑖𝑣𝑠𝑖∕𝐼𝑜𝑢𝑡) using double Fourier integral 
formalism 

(
|𝐶 𝑖𝑣𝑠𝑖

𝑚𝑛 |
)
, for S0-DTP, A30-DTP and S60-DTP respectively, under SPWM, 

𝑀 = 0.9 and cos𝜙 = 1.

Fig. 7. Normalized input current harmonic (𝑖𝑣𝑠𝑖∕𝐼𝑜𝑢𝑡) cancellation using double Fourier 
integral formalism 

(
|𝐶 𝑖𝑣𝑠𝑖

𝑚𝑛 |
)
, through interleaving schemes, for S0-DTP, A30-DTP and 

S60-DTP, under some DZSI-PWM techniques, 𝑀 = 0.9 and cos𝜙 = 1.
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Table 3
Most relevant cancelled DTP input current harmonics depending on the interleaving 
angle 𝜁 according to (12).
 Interleaving (𝜁) S0-DTP A30-DTP S60-DTP 
 

𝐶
𝑖𝑣𝑠𝑖
𝑚𝑛

0 rad – (𝑚,±6)
(𝑚,±9)  

 (𝑚,±3)  
 

𝜋∕2 rad (2, 𝑛)

(1,−9) (2,±6)  
 (1,+3) (2, 0)  
 (2, 0) (4,±9)  
 (3,−3) (4,−3)  
 

𝜋 rad (1, 𝑛)

(1, 0) (1,±6)  
 (2,±6) (1, 0)  
 (3, 0) (2,−9)  
 (4,±6) (2,−3)  
 – (3,±6)  
 – (3, 0)  
𝑚 = any carrier index e.g. 1, 2, 3,….
𝑛 = any baseband index e.g. 0,±3,±6,±9,….

Table 4
Parameters of the test rig.
 Parameter Symbol Value Units 
 Resistance 𝑅 5.1 Ω  
 Inductance 𝐿 1.93 mH  
 DC-Link voltage 𝑉𝐷𝐶 40 V  
 Switching frequency 𝑓𝑠𝑤 2 kHz  
 Fundamental frequency 𝑓1 50 Hz  
 Power factor of fundamental cos𝜙 0.98 p.u.  

that cancels some specific (𝑚, 𝑛) input current harmonics can be ob-
tained. In this sense, and because the dominant harmonic is the most 
important component when it comes to computing the RMS value of the 
whole current spectrum through the DC-Link capacitor, the interleaving 
angle can and will be exploited to remove this dominant harmonic.

Table  3 summarizes the most significant interleaving angles and the 
harmonic orders being cancelled. This table shows that, while A30-DTP 
and S60-DTP cancel specific (𝑚, 𝑛) harmonics, S0-DTP cancels the entire 
sidebands around a carrier frequency index (𝑚). Using the information 
from this table along with the dominant 𝑖𝑣𝑠𝑖1 harmonics depicted in 
Fig.  4, it is possible to identify which combination of machine (𝛿) and 
interleaving angle (𝜁) is most effective in reducing the RMS current 
through the DC-Link capacitor, thanks to the cancellation of the DTP 
current harmonics.

Thus, for an S0-DTP machine, an angle of 𝜁 = 𝜋∕2 rad is the best 
choice for continuous PWMs as it removes (2, 𝑛), whereas 𝜁 = 𝜋 rad 
is better for discontinuous techniques by removing (1, 𝑛). For the A30-
DTP machine, 𝜁 = 𝜋∕2 rad benefits continuous PWMs, as well as 
D-PWM1 and D-PWM3, since (2, 0) and (1, 3) are cancelled. 𝜁 = 𝜋 rad is 
best choice for D-PWMMAX and D-PWMMIN in this kind of machines 
since it removes the dominant harmonic (1, 0). Finally, the S60-DTP 
without interleaving benefits D-PWM1 and D-PWM3 because it removes 
inherently all (𝑚,±3) harmonics. When a phase shift of 𝜁 = 𝜋∕2 rad is 
applied, continuous PWMs are benefited by eliminating the harmonic 
(2, 0), and a phase shift of 𝜁 = 𝜋 rad is best option for D-PWMMAX and 
D-PWMMIN, as it removes (1, 0).

Fig.  7 depicts three significant examples of input current harmonic 
cancellation using interleaving schemes, one case for each DTP ma-
chine. These examples match (12) and Table  3. A collateral effect of 
cancelling an existing harmonic is that other harmonics can increase 
their amplitude; [1 + 𝑒𝑗(𝑛𝛿+𝑚𝜁 )

]
∈ [0, 2]. This suggests that the angle 

which removes the dominant input current harmonic and the one that 
minimizes 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 may differ. This is analysed and demonstrated in the 
following section.

4. Experimental validation

The experimental validation of the current through the DC-Link 
capacitor was conducted using the specific hardware setup described 

in Fig.  8 and Table  4. The employed test rig consisted of an RL load, 
which met the requirements outlined in the mathematical development 
of Section 2, where only sinusoidal output currents and a high switch-
ing frequency relative to the fundamental frequency (𝑓𝑠𝑤 ≫ 𝑓1) are 
required. Furthermore, two three-phase VSIs were used, which together 
are equivalent to a six-phase VSI in terms of input current (𝑖𝑣𝑠𝑖 =

𝑖𝑣𝑠𝑖1 + 𝑖𝑣𝑠𝑖2).
In this experimental setup, 𝑖𝑣𝑠𝑖1 and 𝑖𝑣𝑠𝑖2 were reconstructed through 

the measured currents 𝑖𝑐𝑎𝑝1, 𝑖𝑐𝑎𝑝2, 𝑖𝑏𝑎𝑡1, and 𝑖𝑏𝑎𝑡2, since the bus bar 
structure of commercial VSIs prevents their direct measurement. After 
obtaining these variables, the two currents were added to obtain the 
equivalent input current of the DTP-specific VSI (𝑖𝑣𝑠𝑖). Then, since the 
worst-case scenario for the DC-Link capacitor happens when all the 
ripple current 𝑖𝑣𝑠𝑖 flows through it, 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 was determined using (7). 
Additionally, in order to normalize 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠, it is necessary to divide it 
by the amplitude of the output current fundamental, obtained applying 
a Fast Fourier Transform to the measured output current.

Fig.  9 shows the RMS value of the normalized DC-Link current 
(𝐼𝑐𝑎𝑝,𝑟𝑚𝑠∕𝐼𝑜𝑢𝑡) as a function of the modulation index (M) for the most 
relevant interleaved and non-interleaved DZSI-PWM techniques and 
symmetrical and asymmetrical DTP configurations (S0-DTP: 𝛿 = 0◦; 
A30-DTP: 𝛿 = 30◦; S60-DTP: 𝛿 = 60◦). This figure contains both the-
oretical values (as continuous lines) and experimental measurements 
(‘*’ markers). Fig.  9 also shows 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠,𝑚𝑖𝑛 obtained by performing a 
sweep over the interleaving angle, as mentioned in Section 3. There 
are some specific combinations of modulation techniques, modulation 
indexes, and DTP winding configurations where the interleaving angle 
that minimizes 𝐼cap,rms is neither 𝜁 = 𝜋∕2 rad nor 𝜁 = 𝜋 rad. A 
strong correspondence can be observed between the experimentally 
obtained results and the mathematical developments of this study. 
From these data, Table  5 summarizes the suggested interleaving angles 
depending on the DZSI-PWM technique for S0-DTP, A30-DTP and S60-
DTP. Besides, it shows their respective 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 reduction compared with 
their non-interleaved operations.

In case interleaving is not feasible or desired:

(a1) S60-DTP machine combined with D-PWM1 and D-PWM3 results 
in a reduction in 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 up to a 79.6% compared to MINMAX-
PWM. This occurs due to the elimination of the (𝑚,±3) sideband 
harmonic pairs.

(a2) If a continuous modulation or D-PWMMAX (behaving as con-
tinuous modulation in terms of 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠) is chosen, there are 
no significant differences among any of these DTP configura-
tions. Although the improvement is minimal, for SPWM, the 
machine with the lowest 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 is the S60-DTP, whereas for 
MINMAX-PWM and D-PWMMAX, the A30-DTP prevails.

In the scenario where interleaving is feasible or preferred:

(b1) For continuous modulations, it is recommended to use an inter-
leaving angle of 𝜁 = 𝜋∕2 rad, regardless of the DTP configuration, 
as it significantly reduces 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 e.g. almost up to 80% for 
MINMAX-PWM (Figs.  9(d)–9(f)).

(b2) For D-PWM1, 𝜁 = 𝜋 rad interleaving is recommended for the S0-
DTP machine, 𝜁 = 𝜋∕2 rad for the A30-DTP, and non-interleaved 
operation for the S60-DTP.

(b3) For D-PWM3 and D-PWMMAX, the analysis becomes more com-
plex as the interleaving angle that minimizes 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 depends on 
the modulation index applied at that moment. For the S0-DTP 
with D-PWM3 and D-PWMMAX modulations, a combination of 
𝜁 = 𝜋 rad and 𝜁 = 𝜋∕2 rad is recommended, as observed in Figs. 
9(j) and 9(m). In contrast, for the S60-DTP, a combination of 
non-interleaved operation and 𝜁 = 𝜋∕2 rad is recommended. For 
the A30-DTP modulated by D-PWM3, 𝜁 = 𝜋∕2 rad is enough to 
reduce 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 on the whole range of M, and for D-PWMMAX, a 
combination of 𝜁 = 𝜋 rad and 𝜁 = 𝜋∕2 rad is again chosen.
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Table 5
Suggested interleaved DZSI-PWM variants and their Max. 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠 reduction compared with their non-interleaved operations for S0-DTP, A30-DTP 
and S60-DTP.
 DZSI-PWM S0-DTP A30-DTP S60-DTP

 𝜁 [rad] Max. 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠
reduction [%]

𝜁 [rad] Max. 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠
reduction [%]

𝜁 [rad] Max. 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠
reduction [%]

 

 SPWM 𝜋∕2 66.2 𝜋∕2 62.7 𝜋∕2 62.5  
 MINMAX-PWM 𝜋∕2 79.0 𝜋∕2 85.0 𝜋∕2 78.8  
 D-PWM1 𝜋 80.0 𝜋∕2 28.3 0 0.0  
 D-PWM3 𝜋 and 𝜋∕2a 78.3 𝜋∕2 35.1 0 and 𝜋∕2a 22.0  
 D-PWMMAX
D-PWMMIN

𝜋 and 𝜋∕2a 79.0 𝜋 and 𝜋∕2a 85.0 0 and 𝜋∕2a 78.9  

a Depends on the modulation index (M).

Fig. 8. Hardware and electrical schematics of the experimental set-up.

5. Conclusions

The impact of DTP winding configurations, along with interleaved 
or non-interleaved DZSI-PWMs, on the current through the DC-Link 
capacitor has been analysed. The aim of this work is to reduce the 
current stress on this bulky and failure-prone component without us-
ing any additional hardware. To achieve this goal, the input current 
spectra of these DTP configurations has been determined using the 
Double Fourier Integral formalism. While each phase of the multi-
phase VSI introduces specific input current harmonics, the interaction 
between different phases inherent to the chosen DTP configuration 
mitigates these harmonics and alters the amplitude of some. These 
current spectra are utilized to obtain 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠, a key figure-of-merit 
related to DC-Link capacitor.

Results from theoretical calculations and experimental measure-
ments reveal that in S60-DTPs, without employing advanced inter-
leaving techniques, but with discontinuous technique like D-PWM1 
or D-PWM3, reductions up to a 79.6% in the aforementioned current 
compared to MINMAX-PWM are achieved. If continuous modulations 
are preferred, an interleaving angle of 𝜁 = 𝜋∕2 rad is recommended as 

it considerably reduces 𝐼𝑐𝑎𝑝,𝑟𝑚𝑠, regardless of the DTP winding config-
uration. In contrast, for discontinuous modulations, each machine has 
its own approach to reduce this metric depending on the modulation 
index. S0-DTP and A30-DTP machines should employ combinations 
of 𝜁 = 𝜋∕2 rad and 𝜁 = 𝜋 rad; whereas S60-DTP should utilize a 
combination of non-interleaved and 𝜁 = 𝜋∕2 rad schemes.

In conclusion, this work identifies and determines mathematically, 
through simulation, and via experimental results which combination 
of DTP configuration (𝛿) and DZSI-PWM technique, along with its 
interleaving angle (𝜁), is most effective in reducing the RMS current 
through the DC-Link capacitor. This reduction is achieved by cancelling 
the dominant DTP input current harmonics, thereby enhancing the 
reliability of the power converter.

The results obtained in this work pave the way for future research 
in several directions. A detailed analysis of the effect of each harmonic 
component represented in this work on the thermal behaviour of the ca-
pacitor, considering the frequency dependence of the Equivalent Series 
Resistance (ESR), would allow for a more accurate correlation between 
RMS current reduction and capacitor lifespan. Additionally, exploring 
hybrid modulations and optimizing the interleaving angle could simul-
taneously improve multiple figure-of-merits of the DTP system. Finally, 
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Fig. 9. RMS value of the normalized DC-Link current (𝐼𝑐𝑎𝑝,𝑟𝑚𝑠∕𝐼𝑜𝑢𝑡) as a function of the modulation index (M) for the most relevant interleaved and non-interleaved DZSI-PWM 
techniques and DTP configurations (S0-DTP: 𝛿 = 0◦; A30-DTP: 𝛿 = 30◦; S60-DTP: 𝛿 = 60◦). It contains both theoretical values (as continuous lines) and experimental measurements 
(‘*’ markers), along with the theoretical minimum normalized DC-Link current (𝐼𝑐𝑎𝑝,𝑟𝑚𝑠,𝑚𝑖𝑛∕𝐼𝑜𝑢𝑡) obtained by sweeping the interleaving angle (𝜁).

validating these strategies in real-world applications, such as elec-
tric vehicle propulsion systems, would provide a more comprehensive 
assessment of their impact under real operating conditions.
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