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In an industrial grid, variable frequency drives (VFDs) are the major
appliances that contribute to harmonic pollution. To reduce the effects of this
harmonic pollution and comply with the regulatory standards, multi-pulse
transformers are used to cancel out the specific harmonics. The VFDs
experience a different input current profile when fed through multi-pulse
transformers compared to direct grid connection. Despite the harmonic
pollution reduction in the grid due to this implementation, the current stresses
faced by the front-end devices will become higher. If the VFDs are designed
only considering the impact of the direct grid consideration, the lifetime and
reliability of the front-end devices will be a concern if operated with a multi-
pulse feeder. This condition will be worse if there are presence of different
types of sag events. This research details the effects of the reflected sags in
the multi-pulse transformer’s secondary windings and the current stresses in
the different front-end converter elements due to this. Also, a systematic

methodology using the FIDES approach is used to estimate the reliability of
the front-end converter. A 7.5 kW-rated VFD is fed with a 12-pulse
transformer is used for this research.
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1. INTRODUCTION

A variety of power quality issues exist today, including harmonic distortion, frequency variation,
noise, transient voltage spikes, outages, and sags. Power quality problems in VFDs have been documented in
numerous research surveys and papers [1]-[3]. These studies indicate that voltage sags and long-term voltage
unbalances are more severe than other power quality issues. Multi-pulse drives offer a simple, low-loss solution
for meeting harmonic standards and provide flexibility to achieve limits with six-pulse diode bridges [4], [5].
Typically, voltage unbalances induce lower-order harmonic voltage components onto the DC bus voltage,
increasing electrical stresses on the DC-bus choke inductor and the DC-link electrolytic capacitors. This
shortens the capacitor’s lifetime and increases inductor losses. Voltage unbalances increase the DC link ripple
more than balanced voltage conditions, which inadvertently affects the torque ripple at the variable frequency
drives (VFD) output, leading to increased induction motor heating and mechanical stress.

This paper focuses on twelve-pulse VFDs that contain two rectifier sections. The inputs of each
rectifier section are connected to one of the secondary windings of the twelve-pulse transformer. The DC sides
of these rectifiers are connected in parallel without an interphase reactor, serving as the input to the inverter,
as shown in Figure 1. However, the rectifiers have DC link inductors to meet harmonic regulations and reduce
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DC ripple in the capacitors [6], [7]. The DC link capacitors provide ride-through energy storage capacity and
a low-impedance path for ripple currents.

Generally, DC link inductors and capacitors are designed to absorb 300 Hz harmonic voltage
components when input voltages are balanced in six-pulse rectifiers [8], [9]. In twelve-pulse rectifiers, the
capacitors must absorb 600 Hz components. In cases of voltage unbalances, low-frequency components
(100 Hz, 200 Hz) will be present in the DC link voltage in both six-pulse and twelve-pulse cases. This increases
capacitor losses and heat due to the low-frequency ripple current, reducing the capacitors’ lifetime.
Additionally, significant AC flux stresses the magnetic core material due to low-frequency harmonic voltage
components. These components increase core losses in the inductor or lead to magnetic saturation, resulting in
significant drops in effective inductance. Cumulatively, magnetic saturation increases SCR/diode current
stresses, causing premature failures. In normal VFDs, extreme voltage unbalances are sensed by measuring
DC link voltage ripples, but this method is ineffective for twelve-pulse connections. This research aims to
clarify these issues and recommend alternative sensing approaches to designers.

The lifetime of capacitors is generally based on temperature, operating voltage, ripple currents, and
ripple frequencies. Capacitor losses vary due to different operating conditions of the inverter and rectifier.
Capacitor losses and heating effects in six-pulse rectifiers due to unbalances and phase loss conditions are
described in earlier research [9], [10]. These studies also discuss capacitor ripple current variation due to pulse
width modulation (PWM) operation of the inverter. Prolonged voltage sags often generate voltage unbalances,
except for type A sags. Voltage unbalance conditions produced by different types of sags transform differently
depending on the transformer type. In twelve-pulse cases, two different transformations occur based on the
construction of the primary and secondary windings. This difference produces a considerable difference in the
current stresses between the two rectifier components of the VFD. None of the earlier research has analyzed
the voltage reflection in the secondary windings of the 12-pulse transformer during such sag scenarios and the
effects on the rectifier components like DC Inductors and capacitors.

It is very important to know the behavior during such conditions, because most of the VFD
manufacturers design the converter to work in a modular fashion for both six-pulse operation and twelve-pulse
operation; however, they place more attention place more attention on the six-pulse condition as these are the
higher-volume products. But, more attention needs to be given during the 12 pulse case w.r.t the DC link
dynamics in case of sags and unbalance events, as the reliability of the front-end components will degrade
considerably due to the presence of the sags and unbalances. This research considers a 7.5 kW 12 pulse VFD to
verify the accuracy and effectiveness of the analysis by comparing the performance predictions of simulations
and experimental results. The effect on the DC link inductor currents and the losses due to them is discussed,
referring to [11]. The reliability of the capacitor has also been predicted based on the different mission profiles
[12], [13] and through the FIDES methodology [14]. Some of the earlier research work [15]-[23] has been
referred to for estimating the failure rate of the capacitor considering constant and wear-out failures. The impact
of the grid imbalance for this case has been analyzed, referring to the research done in [24], [25].

2.  TWELVE-PULSE VARIABLE FREQUENCY DRIVE SYSTEM

Twelve-pulse rectifiers have gained attraction in the present-day time, also as they meet the IEEE-
519 requirements because of the simple topological advantage. Twelve-pulse rectifiers provide fewer losses
and reduced control needs, as no active switching devices are involved. If the field installation has a twelve-
pulse transformer facility, the overall cost of the twelve-pulse VFD system will be the same as that of the six-
pulse VFD system, and it gets the advantage of meeting IEEE-519 needs. In a twelve-pulse variable frequency
drive system shown in Figure 1, the input current will have harmonic components at 11, 13, 23, 25, 35, 37th
multiples of fundamental frequency, wherein for a six-pulse variable frequency drive, in addition to this, 5, 7,
17, 19, 29, 31st multiples are also present. To achieve a twelve-pulse function in a variable frequency drive,
most of the manufacturers use conventional six-pulse drives and connect the DC side of the rectifier portion in
parallel, as shown in Figure 1. Ultimately, in the twelve-pulse drives, the DC link capacitors will experience
reduced ripple currents compared to six-pulse drives. This is because the ripple voltage present in the DC link
is less in magnitude, and the ripple frequency of the DC link voltage is 600 Hz, where the six-pulse drive will
see 300 Hz. These factors will generally reduce the loss in the capacitors. But the diode/SCR bridges and the
inductor will experience similar current conduction as that of the six-pulse rectifier case, with the phase shift
in the currents. Because of this phenomenon, the stresses in the DC link components are not exactly the same
as those of the six-pulse case. The use of interphase reactors can reduce this effect. But the design is more
expensive, and many drive manufacturers do not prefer this option, and the modularity in the design will be
lost. None of the earlier research has analyzed the stresses in the DC link components of twelve-pulse rectifiers
in detail. The voltage reflected on the DC side of the VFD will be directly impacted by two parameters. The
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first one is the voltage transformation in the secondary windings. The second one is the voltage variation in the
transformation due to the voltage sags and their type. The following two sections describe the same.
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Figure 1. Twelve-pulse variable frequency drive
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3. VOLTAGE TRANSFORMATION IN DIFFERENT TYPES OF TRANSFORMERS
The transformer types are classified into three categories. During the pre-fault voltages and during the
fault conditions, the voltage transformation will be different with respect to different types of transformers in
terms of magnitude and phase-angle. This is getting rotated without any influence on the equipment. Such
phasor rotation can be seen as a shift in the zero point on the time axis, which, of course, has no influence on
the equipment behavior. The three different types of transformers and their transformation are as explained
below, referencing [3].
— Type 1: Transformers that do not change anything to the voltages. Here, the secondary voltages are equal
to the primary voltages. This is possible with only a star-star (Yy) transformer with star points grounded.
The following is the voltage transformation matrix of typel transformer.

T,=10 1 0 1

0 0 1

100]

— Type 2: Transformer that can remove the zero-sequence component. The secondary voltages are equal to
the voltages on the primary side, minus the zero-sequence voltage. The examples are Yy transformer with
one or both points not grounded and a delta-delta (Dd) connected transformer. The following is the voltage
transformation matrix of a type 2 transformer.

[z -1 -1
T,=:|-1 2 -1 )
-1 -1 2

— Type 3: Transformers that swap line and phase voltages. For these transformers, each secondary voltage
equals the difference between two primary side voltages. The examples are delta-star (Dy) and the star-
Delta (Yd) transformers. The following is the voltage transformation matrix of a type 3 transformer (3).

} [0 1 —1}
T,=2|-1 0 1 ©)
1 21 oo

The previous discussions on the transformer voltage transformations are very important to consider,
as it is directly linked with the twelve-pulse transformers. The twelve-pulse transformers will have the two
secondary windings where one is delta-connected, and the other one is star-connected. The primary winding
can be either a star or a delta connection. So, the voltage transformation in the secondary windings can be any
one of the three transformation models as shown in (1), (2), and (3) based on the transformer arrangement.
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4. TYPE OF VOLTAGE SAGS

The voltage sags are classified as type A to type D sags, as shown in the Table. 1. Type A sag is the
balanced sag, and other sags are unbalanced sags. Type B sag is magnitude unbalanced sag, where type C and
type D changes both magnitude and phase angle.

Unbalance [%] = [Va%;gvm] 4)
Va+Vp+Ve
Vavg = Tb (5)

Where Vayq is the average value of the three-phase voltages. Vg is the individual phase voltage. Figure 2 shows
the phasor diagram of three-phase voltages under such sag scenarios. These sags reflect balanced and
unbalanced conditions according to their characteristics. The amount of unbalance is expressed according to
IEEE is given in (4), where Vay is shown in (5). Table 1 presents the phase voltage equations for different
types of sags, where h is the sag depth in p.u. V=V,/A/3 phase to ground voltage.

These sags will be mainly generated due to single-phase faults and line-to-line faults, as three-phase
faults are not common in many of the scenarios. The characteristic equations of these sags are given in
equations in Table 1. The voltage phasors create an unbalanced situation in most of the sag conditions, except
for type A sag. The type C and type D sags produce phase unbalances, along with magnitude unbalances.

Type 4 Sag Type B Sag
Type C Sag Type D Sag

Figure 2. Four types of sags in phasor diagrams obtained [3]

Table 1. Four types of sags in equations obtained [3]

Parameters Values
Type ASag V, =hV
1 1.
VDZ—EhV—E]hV\/g
1 1
ch—ihv+5th\/§
TypeBSag V, =hV
1 1.
VbZ—EV—E]V\/g
1 1.
Vc=—5+§}\/§
TypeCSag V, =V
1 1.
VbZ—EV—E]hV\/g

1 1
Vc = —EV+EthV3
TypeDSag V, =hV
1 1
Vb = —EhV—EJVV3

1 1.
V. =—5hV +51v\/§
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5. SAG PROPAGATION IN TWELVE-PULSE TRANSFORMER
5.1. Twelve-pulse transformer configurations

Twelve-pulse transformer consists of two secondary windings and one primary winding. The
secondary windings used to have star and delta connections. During the balanced voltage at the primary, the
phase shift between these two secondary windings will be 30° based on the configuration to eliminate 5th and
7th harmonics in the rectifier. So, in a twelve-pulse transformer’s primary current, 11th and 13th order
harmonics will be the major. The currents shared by two secondary windings will be equal during balanced
voltage and balanced load conditions. In the case of twelve-pulse three-phase rectifiers, as shown in Figure 1,
and the secondary loads are balanced, the currents or current harmonics carried by the individual rectifier will
be balanced until the balanced voltage is present in the primary transformer. Few earlier researchers have
addressed the analysis of twelve-pulse transformer functionality [4], [5] and briefly explained this. A twelve-
pulse transformer with a delta primary winding is considered for this analysis. Additionally, for simplicity,
instead of considering one single three-winding transformer, two two-winding transformers are considered.
The vector group of these two transformers is Dy1 (delta-star) and DdO (delta-delta).

5.2. Sag propagation in a twelve-pulse transformer

During the normal balanced operating conditions of a twelve-pulse transformer, the transformation of
voltages from primary to secondary windings is described in earlier sections. But during the sag scenario, the
phase and amplitude will vary between the secondary windings because of the transformer configurations and
different sag transformation phenomena. Considering the twelve-pulse transformer configuration as per
Figure 1, the transformation of sag type in the secondary side, as shown in Table 2, referring to [1].

So, the expected voltage and current variations in the secondary windings will be different in the case
of the twelve-pulse rectifiers during sag and unbalanced conditions. For example, in the case of a type B sag
scenario, the reflected effect at the secondary winding’s delta and star of the transformer will be type D and
type C, respectively. This creates different phase and magnitude deflection between the two secondary
windings compared to the balanced operating condition. This creates a different scenario in rectifier conduction
as well. This scenario will create an unbalanced current conduction in between the rectifiers and the DC link
inductors. This will lead to the creation of high ripple currents in the DC link capacitors due to the presence of
low-frequency components other than 300 Hz. The next section will analyze this phenomenon in detail through
simulation and experimental results. The paper will focus on the impact of type A and type B sags in the
primary side of a twelve-pulse rectifier system and the reliability of different devices. The resultant effects
expected are like the scenarios of type C and type D, as mentioned in Table 2. In the further sections, only the
effect of sags and unbalances produced by type A and type B sags will be discussed because of this.

Table 2. Transformation of sag type to secondary windings vs various primary sags
Prim side sag (delta) Type A TypeB TypeC TypeD
Reflected sec. Side sag (delta) Type A TypeD TypeC TypeD
Reflected sec. Side sag (star) Type A TypeC TypeD TypeC

6. EFFECTS OF SAGS IN RECTIFIER COMPONENTS

A 7.5 kW, 500 V, twelve-pulse VFD setup is used to evaluate the drive characteristics with DC link
inductor characteristics. Figure 3(a). shows the experimental and measurement setup with an induction motor
load setup, and the measured results are presented in Figure 3(b). Figure 3(c) confirms very good agreement
with the simulated results with the balanced input voltage. The twelve-pulse transformer has primary star
configuration has been considered for the analysis. The simulation and practical experiments have been
extended with different sag scenarios according to Table 2 to analyze the effect of the sags on the twelve-pulse
VFD sections in the next sections.

6.1. Type A sag and the effect

Type A sag is a voltage-balanced sag. The increased sag depth produces the balanced sag reflection
in both the secondary sides of the transformers. Because of this fact, during any sag, the rectifiers will be
stressed equally. Figure 4 shows the simulation results at type A sag scenario.

6.2. Type B sag and the effect

Type B sag is an unbalanced sag with respect to the magnitude. But when the type B sag is applied at
the primary winding of the twelve-pulse transformer, it reflects into type C and type D sag in star and delta
winding, respectively.

Impact and reliability analysis of voltage sags in a multi-pulse transformer ... (R. Govarthanan)
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Figure 5 is the simulation result of the sag reflection at the twelve-pulse secondary windings when type
B sag with the sag depth of 0.9 is applied at the primary. Figures 6(a) and 6(b) are the practical results of the
reflected waveforms at the delta and secondary voltages, respectively. The measurement proves that the type-B
sag in the primary is reflected as type D sag in the Delta secondary winding and type C sag in the star secondary
winding. The results in Figures 6(a) and 6(b) confirm the sag reflection in Table 2. The simulations and
experiments were extended type B sag scenario applied at the primary side of the twelve-pulse transformer with
varying per unit sag depths from 0.1 to 0.7. The results are shown in Figure 7. The results show the variation in
the currents between two secondary windings along with the variation of different sag depths. In general, the
sag depth can vary between 10% to 90% according to the definition given in IEEE 1159-1995. The effect of
various rectifier components has been presented based on the simulation results. Figures 7 and 8 show the
simulation results of different sag conditions and their effect on the rectifier current and inductor currents. It is
noted that the reflected currents at the secondary windings of the twelve-pulse transformer are different from
winding to winding during the type B sag scenario compared to the type A sag. This is because of the sag
transformation between the primary and secondary windings during type B sag, as shown in Table 2.
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Figure 3. Verification of sag scenario with simulation and practical results at balanced conditions:
(a) 7.5 kw twelve pulse VFD experimental and measurement setup, (b) practical test results twelve-pulse
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Figure 4. The measured rectifier parameters for varying type A sag depth from 0.1 to 0.7
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Figure 6. Practical validation of sag reflections: (a) type B sag at sag depth = 0.9 at delta side and
(b) type B sag at sag depth = 0.9. at star side

Seeing the results, the unpredicted effects will be one of the rectifier sides will be very serious in case
of type B sag and its depth. The further sections of this paper will focus on the stresses and reliability of the
rectifier components due to type B sag during the possible sag conditions. Type B sag is an unbalanced sag,
So the effect of this sag will be analyzed in terms of amount of unbalance in the primary voltage. In general,
the VFD shall be aimed to work under 3% Unbalance condition and phase loss conditions, where the VFD
must perform with or without the power limitations during these conditions. So, the analysis has been extended
to see the effect on the DC link inductor and capacitor stresses in in 3% voltage unbalance and phase loss
situation. The current imbalances will impact on the multi-pulse transformer losses and its reliability as well.
However, in this research this has not been dealt with in detail. Because in many cases, the drive will be fed
from a common multi-pulse transformer which supplies multiple drives, where the impact on the transformer
is less compared to the drive components.
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Figure 7. The measured rectifier parameters for varying type B sag depth from 0.1 to 0.7

7. DCLINK INDUCTOR STRESS EVALUATION

The advantages of DC link inductors during balanced and unbalanced conditions of input voltage
supply have been summarized in the introduction. During the unbalanced condition, the effect of 100 Hz
component will be very high in the DC link, which leads to increased DC current peaks. This current peak may
lead to DC inductor saturation. If the VFD does not have the prediction of such scenario by measuring the DC
link voltage, the reflected harmonics and peak current will be increased at the input side due to the inductor
saturation. But the presence of 100 Hz component creates a high AC voltage across it in case of six-pulse cases.
This condition will be different in the case of twelve-pulse operation under the influence of different types of
sags. A 7.5 kW twelve-pulse VFD system operating at different depths of sags under type A and
type B scenarios at the primary, and the DC link inductor develops an AC voltage which contains both 100 Hz
and 300 Hz components. This has been shown in Figure 8. The current waveform is considerably different
between the two DC limb inductors. As the effect of type A sag does not create a difference between the
secondary input currents as shown in Figure 6, the effect of type B sag is only presented below. The simulation
has been further extended for operating in phase loss or single phasing condition (considering type B sag depth
of greater than 0.9) and different voltage unbalance conditions to check the effects in the inductor current
harmonics and capacitor current harmonics for further analysis. This analysis is intended to understand and
identify the VFD’s critical operating conditions which leads to failure or degradation of lifetime. From the
results, it is shown that the DC link inductor stressed variably between the two secondary rectifiers during the
time of sag. From the results of the measurements, the deviation in the inductor currents in between the two
secondary windings are shown in Figure 9.

7.1. Losses in the DC inductor

The DC link inductor serves to reduce the input current harmonics; additionally, it protects the inverter
from input current surges. The DC link inductor is usually designed for handling 300 Hz components as many
manufacturers consider the cost attractiveness and for getting compact design. The critical operating conditions
due to phase-loss and unbalance conditions are not being given in-depth attention during the design of DC
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Inductor. During the unbalanced and phase-loss condition, the DC link inductor experiences huge voltage
fluctuations across it, as shown in Figure 8. The inductor voltage drop contains various frequency components
apart from 300 Hz. This is a natural phenomenon in a six-pulse drive, also. But considering the reflection of
type B sag in the twelve-pulse drives, the effect gets aggravated. The influence of the 100 Hz component is
considerably strong during this time. The harmonic multiples of 100 Hz and 300 Hz components are also
present. The difference in this effect is high in between the two inductors of two rectifier circuits in case of

twelve-pulse.
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Figure 8. DC inductor current stress with respect to input current variation during type B sag
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The governing equations for flux density estimation [8] are given in (6), (7), and (8).

B = Ep x 10*
ah T Kp. fh. AcN

_ (0.4).mNIgep.(107%)

B
dc MPL

By = By + Yh=1 Bach

(6)

("
(®)

Where Bgc is the DC flux density, Bac is the AC flux density contributed by different harmonic components,
N is the number of turns in the inductor, f, is the harmonic frequency, A® is the core area, En is the amplitude
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of hth order component, MPL is the magnetic path length, h is the order of harmonic, p is the permeability of
the core. The peak flux density (Bpk) is determined by (8). The By varies based on the individual harmonic
contribution. Figures 10(a) and 10(b) show the harmonic spectrum of the DC inductors during three different
operation conditions. Figures 11(a) and 11(b) show the inductor current waveforms during phase-loss and 3%
unbalanced condition, respectively. From these figures, it is clearly understandable that the entire inductor
profile between the two secondary sides is totally different. The volt-sec product of the inductor is proportional
to the flux linkage or change in the current of the inductor.

Delta Side Inductor Current Spectrum

= = =
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Figure 10. DC inductor harmonic variations: (a) star side during type B sag in primary side and
(b) delta side during type B sag in primary side

So, there will be a considerable difference in the volt-sec product when the inductors are subjected to
unbalanced condition and phase loss condition. It is hard to say that the additional harmonic components in the
magnetic flux linkage will affect the inductor to enter in saturation of the magnetics without having the
specification of the inductor parameters and design. But during balanced operations, the majority will be the
300 Hz component in both star side and delta side inductors and Balanced. But during phase-loss conditions,
the 100 Hz component is considerably high only in the Delta side inductor and negligible in star side inductor.
This creates considerable current variation between these two inductors which in turn varies the loss
distribution as well. From Figure 10, it is shown that the harmonic current spectrum variation in between the
secondary windings is considerable when there is a type B sag of more than 0.9 depth (phase-loss condition).

The difference in 100 Hz component is considerably high during this condition. For analysis purpose,
a commercially available powder core inductor [11] is taken which has the core loss density characteristics is
shown in Figure 12. for two different critical frequencies. The detailed inductor design for this purpose is not
explained here. However, the loss density estimation is done for the inductor [8]. But the parametric
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comparison of this core with different flux densities and the core loss variation is shown here. The formulae
for core loss density for this core is given in (9).

P, = 136.93. B1781 f112 Iy /em® (9)

Estimation of core loss density is done for the DC link inductor for these three conditions are shown
in Table 3. From Table 3, it is understandable that the losses due to the 100 Hz component is considerably high
in case of phase-loss and unbalanced operating conditions, particularly in the delta side inductor.
The losses are not distributed evenly between the two inductors because of the higher sag depth. These losses
will be further aggravated by the local heating of the inductor. The deviation in the currents as shown
in Figure 9 cannot be estimated unless there is a measurement in the input current of individual rectifiers or
inductor current measurements. If the unbalance condition or the phase-loss conditions persists for long time,
the additional losses will increase the inductor temperature significantly to the dangerous levels if these
harmonics are not considered adequately while designing the DC link inductor. Note that in this research only
core losses are considered as the deviation in the copper losses between inductor are small during these
conditions.
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Figure 11. Measurement results during different sag scenarios: (a) phase loss condition [yellow: delta side
DC inductor; blue: star side DC inductor, pink: primary current, green: DC ripple voltage] and (b) 3%
imbalance condition [yellow: delta side DC inductor; blue: star side DC inductor, pink: primary current,
green: DC ripple voltage]
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Figure 12. Core loss characteristics of commercial core 0077083A7 from magnetics.inc®

Table 3. Core loss distribution between two DC inductors due to different harmonic influences

Secondary Winding Configuration  Harmonic Balance 3% Imb 8% Imb 50% Imb  Ph.* Loss

Star secondary winding 100 Hz [W]  0.0001 0.364 0.901 0.448 0
300 Hz [W]  3.309 2914 2.249 0.87 0
600 Hz [w] 0.113 0.215 0.337 0.158 0
900 Hz W]  0.429 0.183 0.175 0.059 0
Total [w]  3.803 49 5.2 2.98 0

Delta secondary winding 100 Hz [W]  0.0001 0.366 1.053 2.567 3.531

300 Hz Wi 3.229 2.899 1.927 1.395 1.157

600 Hz w1 0.314 0.180 0.095 0.306 0.364

900 Hz W] 0453 0.182 0.117 0.157 0.253

Total [W]  3.997 5.229 5.93 9.505 11.16

* As there is no conduction in the star rectifier during the phase loss condition, no watt-loss is present
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8. ESTIMATION OF LOSSES AND LIFETIME IN DC CAPACITORS

Many factors affect the lifetime of the electrolytic capacitors in VFDs. These can be the voltage
applied, ripple current, operating temperature, air flow, as well as the equivalent series resistance (ESR) of the
capacitor. The increase in the operating DC link voltage will increase the additional leakage current, which
will increase electrochemical degradation and hydrogen gas evolution. This will, in turn, reduce the lifetime of
the capacitor. Different manufacturers refer to different approaches to estimate the lifetime of the capacitors.
The following steps are taken for estimating the lifetime of the capacitors [9]. The ripple presence at the DC
link in a twelve-pulse rectifier is different from the six-pulse case. Most of the components are due to 600 Hz
in the case of twelve-pulse, where it is 300 Hz in six-pulse rectifiers.

8.1. Know the ripple current spectrum of the capacitor

The lower-order ripple currents (100 Hz, 200 Hz, 300 Hz, and 600 Hz) used to be considered
considerable for calculating losses. As the ESR used to be high at the lower order harmonics. The higher-order
harmonics should also be determined for calculation.

8.2. Understand the ESR profile of the capacitor
The ESR is the frequency-dependent parameter as shown in Figure 13. The ESR profile will be based

on the manufacturer and the type of electrolytic capacitor [13], [20], [21]. The capacitor ESR model is shown
in (10).

Zeap = ————+ Ry + Ry — —2— (10)

e 2
Ra+j2mfCyp mf e

Where Zcap: complex impedance of capacitor, RO: foil and terminal resistance, R1: resistance of electrolyte,
R2: dielectric loss resistance, C1: terminal capacitance (F), and C2: dielectric loss capacitance (F).

ESR = Real (Zqp) 11)

Ry
14(27f)2C3 %R,

Real(Z.qp) = + Ry +R, (12)

The equivalent ESR will be calculated based on the individual harmonic magnitude of the capacitor ripple current.
At very high frequencies beyond 2 kHz, ESR will be constant as R2 will be bypassed by the capacitance C2.

ESRo

ESR,

ESR,
ESR3

Equivalent Series Resistance [ESR]

ESRn

v

f, f, f3 Frequency [Hz] fa

Figure 13. ESR variation (vs) different harmonic frequencies

8.3. Calculate the increase in temperature ATx
The increase in temperature can be calculated using (13). The increase in temperature needs to be
found out for each harmonic component identified by knowing the ESR and I:ms value in each harmonic content.

AT, = Ry, .ESR . I6° (13)
8.4. Calculate the lifetime of the capacitor

The lifetime L; can be calculated [1] using (14). Where T, and Ty are rated and actual ambient
temperatures, respectively.
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Lo = Lo, [2o ] [ 2] (14)

V, and Vy are the rated and actual applied voltage, respectively. Ly is the load life rating provided by
the manufacturer. k is the acceleration factor, which varies based on the temperature 47 and the order of the
harmonic content, which will be supplied by the capacitor manufacturer. The values of capacitor RMS currents
predicted lifetime are captured in Table 4 for a commercially available capacitor of CGS681T450R4C [22].
There are four capacitors, where one set has two capacitors connected in series and two sets are connected in
parallel to get an equivalent of 680 uF in the DC link.

Table 4. Lifetime estimation of DC capacitors on different sag and unbalanced conditions

Mission profile Operating condition  Ripple current  Power loss  Temperature rise  Life time
[A] W] [degC] [Hrs]
Mission profile -1 Balanced 1174 0.124 4.9 66313
Mission profile -2 3% Imbalance 5.469 2.692 10.63 49288
Mission profile -3 8% Imbalance 6.745 4,094 16.17 41917
Mission profile -4 50% Imbalance 7.985 5.738 22.67 34665
Mission profile -5 Phase Loss 10.241 9.44 37.3 22603

From the measurement and calculation results, the ripple currents progressively increase w.r.t the
amount of variation in sag depth. The ripple current variation is used to be estimated by the VFDs by measuring
the DC link voltage ripple. In twelve-pulse drives, the ripple current variation can be precisely estimated only
if there is a clear understanding of the response during different sag depths. The above results are helpful for
the designers while estimating the lifetime of the capacitor, considering the abnormal conditions and the
allowable time for operating the rectifiers. From the above analysis, it is evident that the design can be improved
by reducing the ripple current of the capacitance. One of the methods to increase the lifetime is to increase the
value of capacitance and inductance in the DC link to reduce the ripple current. This will ultimately improve
the lifetime of these components.

9. THE FIDES BASED FAILURE RATE OF THE POWER CONVERTER

The most vulnerable component within the front-end rectifier system is the capacitor, which is prone
to wear-out failures compared to the inductor and the rectifier diodes. So, in this paper, the capacitor failure
rate is discussed, considering that the converter’s failure rate is determined based on the capacitor. For
estimating the probability of the failure rate, the five different mission profiles are shown in Table 4. By
considering the different Imbalance levels. The failure rate is estimated based on the FIDES approach [16],
where it has two different components: constant failure rate and non-constant failure rate. Constant failure rate
is estimated from any generic guidelines [7] or the data source available with the component manufacturer.
The generic failure rate data for different electronic components are provided in the MIL-HDBK-217F
standard. This generalizes failure rates considering different operating conditions, including ambient
temperature, operating current, and operating voltage. But obtaining reliability by considering a specific
mission profile is not available in this approach. So, the FIDES approach gives the failure rate in time (FIT)
prediction using the physics of failure and considering the mission profile. By using the FIDES approach, the
failure rate (1) is predicted using the following formulas.

A= HPMHP‘rocessesAphy (15)
A — Y'Phase [tannual] H;l (16)
phy i=1 8760 |; 11

0.511.In (Cs)

ni = (leacementnapp ”rugg) (17)

A = Xk Aoi Ik (18)

In which, ITpm impact of quality control and I7pwm effects on the process from specification to field
operation and maintenance. Aghy is the physical contribution model of the failure rate. Ayny is calculated according
to [16], which comprises the mission profile. J; is the failure rate during the i" phase of the mission profiling,
where it is calculated by knowing the base failure rate Ao and the acceleration factor 77, which will reflect the
physical constraints the item experiences during dormant phases.
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The wear-out distribution of the components is estimated by stress-strength analysis. The applied
mission profile is translated into the stress of the components. This intern will predict the probability of failure.
The component strength is estimated by having a better understanding of the physics of the failures. The failure
probability will be due to the stress of the component being higher than its strength. The wear-out failure
distribution is explained in [15]. Here, the wear-out distribution of the electrolytic capacitor is estimated for
the nominal operating conditions, where it is modeled with the Weibull distribution with & = 6804 hours and
S =5.12. For the specified mission profiles as in Table 4, the lifetime prediction is predicted by adjusting the
base life distribution under nominal conditions as stated in [14]. From the analysis, the total failure rate is
predicted in Figure 14. Figure 15 shows the constant failure rate and wear-out failure rate distribution.
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Figure 14. Total failure rate and reliability for the DC capacitor
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Figure 15. Distribution of constant and wear-out failure rate and reliability

10. CONCLUSION

This paper details the effect of various types of voltage sags and imbalances in the front-end converter
of multi-pulse transformer-fed drives. Various types of sags and their reflection in the multi-pulse transformer
secondary have been analyzed. A case study of a 7.5 kW VFD system with two rectifiers that has been fed by
a 12-pulse transformer is presented. The current reflections in each rectifier section are simulated and tested
during different sag types and depths. The mission profiles considering five different operating scenarios have
arrived. The frequency spectrums for the capacitor ripple current and the inductor current were captured for
these mission profiles. With this information, the loss calculations are performed for the inductors and DC
capacitors, considering the five critical mission profiles. A lifetime model for the capacitor is created, and the
expected lifetime for the different mission profiles has been calculated. From the results, it is shown that the
lifetime with a sustained voltage unbalance of 3% deteriorates the lifetime by 30%. A reliability analysis was
done for these mission profiles, considering the lifetime of the capacitor using the FIDES methodology. The
estimation of MTBF and FIT curves are obtained. From this study, the expected failure rate with mission
profile-5 (phase loss condition) will happen 1 year ahead of the mission profile-1 (balanced condition). As a
conclusion, it is recommended that the estimation of the imbalance profiles is very important during the multi-
pulse operation. Sizing the right value of input or DC reactors on the drive side can minimize the effect. Using
interphase reactors between the rectifiers will be another option. The extension of this research can be done to
estimate the value of inductance or interphase reactors for minimizing the effect and to estimate the lifetime of
the capacitors with load frequency effects in the presence of different sag depths. Although the case study
reveals the methodology to predict the reliability of a multi-pulse VFD, the same methodology can be used for
other multi-pulse-fed rectifier applications.
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