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Optimization of Bus Capacitance of Six-Phase Permanent Magnet
Power Generation System Based on PWM Modulation
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Abstract—The reliability of DC-bus capacitors in six-phase drives is an important issue in multi-phase
drive systems, and the influence of symmetrical and asymmetrical motor winding loads on the lifetime
of DC-bus capacitors is essential. This article uses the SVPWM modulation algorithm to analyze
the current and voltage ripple of DC-bus capacitors in a six phase voltage source inverter. Then, by
optimizing the capacitance value when searching for the maximum stress point, the capacitance range
of the DC-bus capacitors is determined. At a power factor of 0.6 and modulation ratios of 0.4, 0.7,
and 0.9, considering the changes in ESR, current, and voltage ripple in the capacitor, taking 80% of
the rated lifespan as an example, it is found that the lifespan of the DC-bus capacitors in symmetrical
configuration of the motor winding is increased by 0.20%, 1.80%, and 10.08% compared to that in
asymmetric configuration, respectively. Finally, the analytical and experimental results were compared
with existing methods, and the experimental results verified the effectiveness of the proposed method.

1. INTRODUCTION

Thanks to the development of modern power electronics technology, the application of multiphase
motors in industry has also shifted from theory to reality.

Compared with the general three-phase motor drive system, multiphase motor drive system has
significant advantages. Firstly, the increase in the number of phases in the system enables the effective
distribution of motor output power among multiple motor windings, enabling low-voltage and high-
power control on the basis of existing power devices. Secondly, as the number of phases increases, the
system has a richer spatial voltage vector, and the segmentation of voltage space tends to be more
refined, which can significantly reduce the frequency of motor torque ripple and the harmonic content
of the DC-bus [1–4]. The redundancy of phase numbers allows for reduced load operation without the
need to shut down in the event of system phase loss, thereby improving the reliability of the system.

Currently, many industries choose multiphase drive over three-phase drives. Six-phase drive is
one of the most popular multi-phase drives. In order to control the voltage of a six-phase inverter
with a sinusoidal waveform output, pulse width modulation (PWM) is usually used even in cases of
load asymmetry. Some PWM techniques for inverters have been proposed to achieve sinusoidal output
voltage and improve other performances [5–8]. Due to certain requirements for volume, weight, and cost
of DC-bus capacitors, excessive design of DC-bus capacitors should be avoided. On the other hand, if
DC-bus capacitors are too small, high DC-bus voltage ripple will occur and affect the PWM process,
which may cause distortion of the output voltage and reduce the service life of the capacitor. Therefore,
conducting ripple analysis on the current and voltage of the DC link is crucial for optimizing the design
of DC-bus capacitors [9–11].

In [12, 13], modulation methods such as Sinusoidal PWM (SPWM), Space Vector PWM (SVPWM),
and Discontinuous PWM (DPWM) were studied, and spectral analysis techniques were used to select
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capacitors for the three-phase inverter DC-bus based on ripple rating and lifespan prediction. However,
this has not been extended to the study of multi-phase inverters. Reference [14] analyzed control
techniques based on synchronous input and output AC power to reduce low-frequency AC power and
voltage fluctuations in the DC-bus. However, additional circuits and control schemes will generate new
potential faults in the DC-bus section, and there has been no effective evaluation of capacitor life. The
influence of electrical stress on DC-bus capacitors was analyzed in [15], but the impact of thermal stress
caused by changes in Equivalent Series Resistance (ESR) and temperature on the lifespan of capacitors
on DC-bus was not considered. In [16, 17], the frequency spectrum analysis of DC current ripple was
performed using double Fourier series method for continuous and discontinuous modulation schemes
in two-stage and multi-stage three-phase voltage source inverters. This method is commonly used to
determine the output harmonics generated by the PWM processes. Reference [18] studied the adverse
effects of harmonic currents on the temperature rise of capacitors and evaluated their lifespan, but did
not consider the range of capacitor capacity selection.

In most of the aforementioned literature, the current and voltage analysis and calculation of DC-bus
capacitors are generally assumed to be symmetrical loads. So far, there has been insufficient research
on the current and voltage ripple of DC-bus capacitors under asymmetric loads. Similarly, the life
assessment of DC-bus capacitors under two different load configurations is also insufficient. Therefore,
this article will conduct further research on the above situation.

The remaining part of this article is as follows. In the second section, the configuration of the
six phase motor winding is introduced. The third section analyzes the current and voltage ripple of
DC-bus capacitors. The fourth section analyzes the capacitance design range of capacitors. It optimizes
the capacitance of the capacitor based on the analysis of the maximum stress point. The fifth section
evaluates the lifespan of DC-bus capacitors under symmetrical and asymmetric motor winding loads.
The sixth section conducts simulation and experimental verification. Finally, the seventh section draws
a conclusion.

2. SIX-PHASE VOLTAGE SOURCE INVERTER AND LOAD WINDING
CONFIGURATION

A schematic diagram of the six-phase voltage source inverter structure is shown in Figure 1, while
Figure 2 shows the symmetrical (δ = pi/3) and asymmetrical (δ = pi/6) configurations of the six-phase
motor windings ABC1 and ABC2. Vdc is used to provide power.

Figure 1. Structure of six-phase voltage source inverter.

The modulated voltage signal of the six-phase inverter is shown in (1):

vA1 = M sin θ + v0
vB1 = M sin(θ + 120◦) + v0
vC1 = M sin(θ + 120◦) + v0
vA2 = M sin(θ − δ) + v0
vB2 = M sin(θ − 120◦ − δ)) + v0
vC2 = M sin(θ + 120◦ − δ) + v0

(1)
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(a) Symmetrical configuration (b) Asymmetrical configuration

Figure 2. Six-phase motor winding configuration.

where θ = 2πf1t, f1 is the fundamental frequency; δ is the phase shift angle between the two three-phase
windings (δ = pi/3 and δ = pi/6 for the symmetrical and asymmetrical windings, respectively); M is
the modulation index; and v0 is the zero-sequence voltage. The six-phase output current of the inverter
bridge is shown in (2): 

iA1 =
√
2IL sin(θ − φ)

iB1 =
√
2IL sin(θ − 2

3π − φ)

iC1 =
√
2IL sin(θ + 2

3π − φ)

iA2 =
√
2IL sin(θ − φ− δ)

iB2 =
√
2IL sin(θ − 2

3π − φ− δ)

iC2 =
√
2IL sin(θ + 2

3π − φ− δ)

(2)

where IL is the load current; φ is the power factor angle (PF angle).
If the capacitance of the DC-bus is large enough, then most of the ripple on the DC side can be

filtered out, ĩdc = 0. At this point, ĩc = −ĩinv, then one can use iinv to analyze the current ripple of
DC-bus capacitors.

3. CURRENT AND VOLTAGE RIPPLE OF DC-BUS CAPACITORS IN SIX-PHASE
INVERTERS

According to the circuit in Figure 1, the input current of the inverter iinv is determined by the load
current and switch S1−S12. A switch function is used to define the state of the switch tube. The switch
function is 1 or 0, where 1 represents that the switch tube is on, and 0 represents that the switch tube
is off. Therefore, the expression for iinv is:

iinv =
∑

x
ix × Sx (3)

where ix is the output current of the inverter, and Sx is a Boolean function that simulates the switching
state and can be expressed as:

Sx =

{
1, top switch is ON

0, bottom switch is ON
(4)

Each half switching cycle can be divided into seven time periods T0, T1, T2, T3, T4, T5, and T6, and
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the values of each time period T0, T1, T2, T3, T4, T5, and T6 are shown in (5):

T0 =
Ts

4
(1−M sin θ − v0)

T1 =
Ts

4
M [sin θ − sin (θ + 120◦ − δ)]

T2 =
Ts

4
M [sin (θ + 120◦ − δ)− sin (θ − δ)]

T3 =
Ts

4
M [sin (θ − δ)− sin (θ + 120◦)]

T4 =
Ts

4
M [sin (θ + 120◦)− sin (θ − 120◦)]

T5 =
Ts

4
M [sin (θ − 120◦)− sin (θ − 120◦ − δ)]

T6 =
Ts

4
[1 +M sin (θ − 120◦ − δ) + v0]

(5)

When the six-phase voltage source inverter is connected to a symmetrical motor winding load, iinv
is uniformly distributed into 12 modes at π/6 intervals, and the waveforms of PWM, switching states,
iinv, and vc at π/3 to π/2 intervals are shown in Figure 3.

The inverter DC-bus input side current is shown in (6):

iinv =



0, for t0 ≤ t ≤ t1
iA1, for t1 ≤ t ≤ t2
iA1 + iC2, for t2 ≤ t ≤ t3
iA1 − iB2, for t3 ≤ t ≤ t4
− (iB1 + iB2) , for t4 ≤ t ≤ t5
−iB2, for t5 ≤ t ≤ t6
0, for t6 ≤ t ≤ t8
−iB2, for t8 ≤ t ≤ t9
− (iB1 + iB2) , for t9 ≤ t ≤ t10
iA1 − iB2, for t10 ≤ t ≤ t11
iA1 + iC2, for t11 ≤ t ≤ t12
iA1, for t12 ≤ t ≤ t13
0, for t13 ≤ t ≤ t14

(6)

The current ripple value on the input side of the six phase voltage source inverter under symmetrical
motor winding is:

Ĩinv = IL

{
M

π

[
3 + 3

√
3− 9π

4
M +

(
4 + 2

√
3− 9π

4
M

)
cos 2φ

]}1/2

(7)

When the six-phase voltage source inverter is connected to an asymmetric motor winding load, iinv
is unevenly distributed in 18 patterns at π/6 and π/12 intervals. The current ripple value on the input
side of the inverter in a six-phase voltage source inverter under asymmetric motor winding load is:

Ĩinv = IL

{
M

2π

[
2
(√

3−
√
2
)
+
√
6 +

(
4
√
2 + 8

√
3 + 4

√
6− 9πM

)
cos2 φ

]}1/2

(8)

From [19], Ĩinv of the three-phase inverter connected to the motor winding is given as follows:

Ĩinv = IL

{
4M

[√
3

4π
+ cos2 φ

(√
3

π
− 9

8
M

)]}1/2

(9)



Progress In Electromagnetics Research C, Vol. 138, 2023 265

Figure 3. The switching pulse signal, iinv, and vc during the next cycle of the π/3 to π/2 interval at
symmetrical motor winding load.

When the windings of a six phase motor are connected in symmetrical and asymmetric
configurations, the voltage ripple value of DC-bus capacitors can be expressed as:

ṼC =
IL

8Cfs
M

√
1

60
M +

(
6− 65

2π
M +

9

2
M2 + 18v20

)
cos2 φ (10)

ṼC =
IL

8Cfs
M

{
3− 24

5
M +

9

4
M2 + 9v20 −

16

5π
Mv0 sin 2φ+

(
3− 21

4
M +

9

4
M2

)
cos 2φ

}1/2

(11)

4. OPTIMIZATION RESEARCH BASED ON MAXIMUM STRESS POINT TIME
CAPACITY VALUE

The modulation ratio is determined by the DC input voltage and output voltage. Through formulas (7),
(8), (10), and (11), it can be concluded that the main factors affecting the current and voltage ripple of
DC-bus capacitors include Mφ. Regarding the selection of the capacitance value of DC-bus capacitors,
on the one hand, the rated current that the capacitor passes through should be greater than the current
ripple it bears, and on the other hand, it can withstand voltage ripple below 10% of the rated voltage.

Therefore, this article proposes an optimized design for the capacitance value of the busbar based
on the maximum stress point. So the study of current and voltage stress related to current and voltage
ripple is particularly important. By using formulas (7), (8), (10), and (11), the current and voltage

stresses of two types of motor winding configurations can be expressed as σI = Ĩinv/IL, σ2 = 8CfsṼc/IL.
The definition of the maximum stress point is shown in formula (12):

x∗ = argmax
x

f (x) (12)

where f(x) is σI , σ2, x = [x1x2]
T = [Mφ]

T . As shown in Figure 4, ⋆ provides a more intuitive
representation of Mφ at the maximum stress point affected.
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(a) σ   in symmetric configuration (b) σ   in symmetric configuration1 1

(c) σ   in symmetric configuration (d) σ   in symmetric configuration2 2

Figure 4. Mφ situation at the maximum stress point affected.

It can be seen that when the power factor angle φ = kπ, k = −1, 0, 1, there exists a maximum
stress point, which is independent of the configuration of the motor winding. Under the influence of M ,
the maximum stress points for symmetric and asymmetric motor winding configurations are shown in
Table 1.

Table 1. M at maximum stress point in two configurations.

Symmetric configuration Asymmetric configuration

σ1 M = 0.51 M = 0.55

σ2 M = 0.60 M = 0.72

Substituting M and φ at the maximum stress point into (7) and (8), the rated current ranges of
DC-bus capacitors for the six phase permanent magnet power generation system in symmetrical and
asymmetric motor winding configurations can be obtained, which are I1 ≥ 6IL/5, I2 ≥ 5IL/4. To ensure
that the total harmonic distortion of the output voltage after PWM modulation is relatively small, the
voltage of the DC-bus must be relatively stable. Therefore, M and φ are substituted into (10) and (11),
respectively. As shown in (13), the capacitance range of the DC-bus capacitors for two configurations
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is obtained.

C ⩾


3
√
3IL

16fs∆Vmax
, symmetric configuration

4
√
3IL

16fs∆Vmax
, asymmetric configuration

(13)

Among them, ∆Vmax is the maximum voltage ripple value of the busbar capacitor. The capacitance
value of the capacitor calculated in this way can effectively reduce the loss of bus capacitance, greatly
reducing costs.

5. LIFETIME ASSESSMENT

The current stress caused by Ĩinv is an important stress source that affects the lifespan of DC-side
capacitors. Throughout the entire frequency range, Ĩinv has an impact on the thermal load of the
capacitors, which also greatly reduces the reliability of the capacitor. At a certain frequency, the power
loss is a function of ripple current and ESR, while the total power loss is the sum of the power losses
over the entire frequency range, as shown in (14):

Ploss =
∑n

i=1

[
ESR (fi)× I2rms (fi)

]
(14)

Among them ESR(fi) is the equivalent series resistance at frequency fi, and Irms(fi) is the root
mean square value of current ripple at frequency fi. The relationship between ESR and frequency for
model LGR2G820MELZ35 electrolytic capacitor is shown in Figure 5.

Figure 5. Relationship between ESR and frequency of electrolytic capacitors.

Thermal stress is the key stress source for capacitor failure. The ESR of the anodic oxide film
that forms the aluminum electrolytic capacitor is relatively large in the low frequency range. As
the frequency increases, it decreases inversely proportional to the frequency, and the capacitance also
decreases inversely proportional to the frequency. The failure of the electrolytic capacitors used in this
system is mainly caused by electrochemical reactions in the oxide layer and electrolyte evaporation.
Both of these factors will increase the ESR over time.

The hot spot temperature of capacitors is affected by current stress and environmental temperature,
as shown in (15):

Th = Ta +Rha ∗
∑n

i=1

[
ESR (fi)× I2rms (fi)

]
(15)

where Th is the hot spot temperature, Ta the ambient temperature, and Rha the equivalent thermal
resistance from the hot spot to the ambient. For electrolytic capacitors, this system will be calculated
with Rha = 1W/◦C.

Therefore, a lifetime model is proposed as shown in (26):

L = L0 ×
(
V

V0

)−p1

× 2
Ta−Th

p2 (16)
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where L0, V0, V , Ta, and Th are the rated life, rated voltage, true voltage, ambient temperature, and
hot spot temperature of the capacitor. As for electrolytic capacitors, p1 ∈ [3, 5] and p2 ∈ [9, 11], this
system will be calculated with p1 = 4 and p2 = 10.

6. SIMULATION AND EXPERIMENTAL VALIDATION

In order to verify the correctness of the above theoretical analysis, a Simulink simulation model was
established and downloaded to RT-LAB (OP5600) to implement a semi-physical system of a six-phase
permanent magnet drive system. The TMS320F2812 was used for the controller, and RT-LAB was used
for the inverter and other components. Figure 6(a) shows the schematic of the RT-LAB hardware-in-
the-loop system, and Figure 6(b) shows the RT-LAB platform. Figure 7 depicts the RT-LAB hardware

(a) Systemin-the-loop configuration

 
(b) Semi-physical composition

 

Figure 6. RT-LAB semi-physical experimental platform.

Figure 7. RT-LAB hardware system block diagram.
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Table 2. Experimental setup and simulation parameters.

Parameter Symbol Value Unit

Dc-link voltage Vdc 100 V

Dc-link capacitor C 80 µF

Dc-link resistance Rdc 30 mΩ

Dc-link inductance Ldc 10 µH

Fundamental frequency f1 50 Hz

Switching frequency fs 10 kHz

Switching dead time td 2 µs

Table 3. RL load parameters per phase.

PF (f1 = 50Hz) 0.6 0.8 0.9

RΩ 1.1 2.2 4.4

L (mH) 5.0 5.0 5.0

Table 4. Simulated current and voltage ripple values of DC-Bus capacitors in six phase voltage source
inverters under SPWM modulation algorithm.

Configuration Symbol Unit M = 0.4 M = 0.7 M = 0.9

Symmetrical
ṽc V 1.9000 4.0000 4.2000

ĩinv A 5.1000 10.2000 11.1000

Asymmetrical
ṽc V 3.0000 9.0000 17.0000

ĩinv A 5.3000 10.9000 12.2000

system diagram. Table 2 lists the basic parameters of this inverter, while Table 3 shows the RL
parameters and power factor (PF) values of each phase motor winding load.

Figure 8 shows the simulated waveform of the inverter input-side current ripple ĩinv in one cycle,
from which it can be seen that ĩinv is a pulsating current with a profile similar to a six-pulse wave.

Figure 9(a) depicts the simulation results of DC-bus capacitors current and voltage ripple under
two motor winding configurations, PF = 0.6 and M = 0.4. Figure 9(b) depicts the simulation results
of DC-bus capacitors current and voltage ripple under two motor winding configurations, PF = 0.6
and M = 0.7. Figure 9(c) depicts the simulation results of DC-bus capacitors current and voltage
ripple under two motor winding configurations, PF = 0.6 and M = 0.9. It can be observed that
when PF = 0.6, the current and voltage ripple of DC-bus capacitors increase with the increase of
modulation ratio. Under the same modulation ratio, when the winding load of a six phase motor is
symmetrically configured, there are lower current and voltage ripple on DC-bus capacitors. Among
them, when PF = 0.6, M = 0.4, M = 0.7, and M = 0.9, the peak voltage ripple of DC-bus capacitors
under symmetrical motor winding load is reduced by 15.63%, 33.33%, and 50.40% compared to the
asymmetric configuration, respectively.

According to Tables 4 and 5, it can be seen that under the SVPWM modulation algorithm, the
capacitor current and voltage ripple are significantly reduced.

Figure 10 depicts the experimental results of the current and voltage ripple of DC-bus capacitors in
a six-phase voltage source inverter under symmetrical and asymmetrical motor winding loads. It can be
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Table 5. Simulated and experimental values of current and voltage ripples of DC-Bus capacitors in six
phase voltage source inverters under SVPWM modulation algorithm.

Configuration Type Symbol Unit M = 0.4 M = 0.7 M = 0.9

Symmetrical

Simulation
ṽc V 1.3500 2.5000 3.1000

ĩinv A 4.1233 9.4713 10.4969

Experimental
ṽc V 1.2000 2.8400 2.8400

ĩinv A 4.8000 10.0000 10.3800

Asymmetrical

Simulation
ṽc V 1.6000 3.7500 6.2500

ĩinv A 4.4695 10.6934 12.7136

Experimental
ṽc V 1.2800 3.7600 5.3200

ĩinv A 4.7000 10.3600 11.9800

Figure 8. ĩinv simulation waveform.

(b) PF = 0.6, M = 0.7

(a) PF = 0.6, M = 0.4
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(c) PF = 0.6, M = 0.9

Figure 9. Simulation results of current and voltage ripple of DC-bus capacitors in a six-phase voltage
source inverter with symmetrical (left column) and asymmetrical (right column) motor winding loads.

(a) PF = 0.6, M = 0.9

(b) PF = 0.6, M = 0.7

(c) PF = 0.6, M = 0.4

Figure 10. Experimental results of current and voltage ripple of DC-bus capacitors in a six-phase
voltage source inverter with symmetrical (left column) and asymmetrical (right column) motor winding
loads.
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seen that the current ripple of DC-bus capacitors under symmetrical motor winding is generally smaller
than that under asymmetric conditions. When PF remains constant, the voltage ripple of DC-bus
capacitors increases with the increase of M , and the voltage ripple under the same symmetrical motor
winding load decreases compared to the asymmetric load, which also fully verifies the consistency with
the simulation results.

Figure 11 shows the Cumulative Distribution Function (CDF) diagram for evaluating the lifespan of
DC-bus capacitors in the six-phase voltage source inverter under symmetrical and asymmetrical motor
winding loads. It can be seen that when PF = 0.6 and CDF = 0.8, the critical life values of DC-bus
capacitors under symmetrical motor winding load at M = 0.4, M = 0.7, and M = 0.9 are approximately
10180 h, 9589 h, and 8281 h, respectively. When PF = 0.6 and CDF = 0.8, the critical life values of
DC-bus capacitors under asymmetric motor winding load at M = 0.4, M = 0.7, and M = 0.9 are
approximately 10160 h, 9419 h, and 7523 h, respectively. Therefore, the critical values for reaching 80%
of the rated life probability of DC-bus capacitors under symmetrical motor winding are increased by
0.20%, 1.80%, and 10.08%, respectively, compared to those under asymmetric motor winding.

Figure 11. CDF diagram for life assessment of DC-bus capacitors in a six-phase voltage source inverter
under symmetrical and asymmetrical winding motor winding loads.

7. CONCLUSION

This article analyzes the current and voltage ripple on DC-bus capacitors in a six-phase voltage source
inverter under symmetrical and asymmetrical motor winding loads. When SVPWMmodulation method
is used, compared with asymmetric winding loads, the current and voltage ripple of DC bus capacitors
under symmetric motor winding loads are significantly improved. Subsequently, the range of bus
capacitor capacitance values is optimized through analysis at the maximum stress point. Finally, at
a power factor of 0.6 and CDF of 0.8, it was found that the lifespan of DC-bus capacitors under
symmetrical motor winding loads at M = 0.4, M = 0.7, and M = 0.9 is increased by 0.20%, 1.80%, and
10.08%, respectively, compared to asymmetric loads. In this article, the impact of changes in ESR at
high frequencies on the power loss of DC-bus capacitors is not considered, and the next step will focus
on this issue.
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