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Abstract

Developers and operators are interested in improving the reliability and reducing the associated costs of wind
power plants (WPPs) because of the continuous increase in the power capacity of wind energy conversion
systems (WECSs) and the increasing development of WPPs. The electrical subsystem of the WPP experiences
the highest failure rate and constitutes a significant proportion of its total cost. Reliability of the WECS can be
increased and its cost reduced by eliminating the wind turbine transformer from the electrical subsystem. This
study gives a techno-economic evaluation of a five-level nested neutral point clamped (NNPC) converter
topology for transformer-less connection of high- power WECSs. The approach entailed the calculation of
reliability of five-level NNPC converter topology deployed in the grid-side of a WECSs. This method presents
a mathematical formula for deriving the reliability of a five-level NNPC converter topology by using the
reliability block diagram and reliability estimation-based models in the military handbook (MIL-HDBK-
217F). The cost analysis model shows that the total cost of the five-level diode clamped converter topology
was higher than the five-level NNPC converter topology. The study could be extended by carrying out accu-
rate modelling of the mission profile of the presented converter by using multi-domain simulation technique.
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* Power semiconductor devices and capacitors accounts for 50% of converter failure.
* Converter topology with fewer capacitors are more reliable and cost-effective.

Journal of Energy in Southern Africa 30(3): 33-43
DOI: https://dx.doi.org/10.17159/2413-3051/2019/v30i3a5691

Published by the Energy Research Centre, University of Cape Town ISSN: 2413-3051
This work is licensed under a Creative Commons Attribution-ShareAlike 4.0 International Licence

https://journals.assaf.org.za/jesa

Sponsored by the Department of Science and Technology

Corresponding author: Tel: +27 21 6504823;
email: ajyaki00O1l@myuct.ac.za

33



-
20.40% ——a

1. Introduction

The power converter subsystem of a wind energy
conversion system (WECS) is rated as one of the
least reliable components of the system [1, 2]. It has
been reported that about 13% of the failure in in-
stalled onshore WECS are caused by faults in the
power converter subsystem [3]. Environmental fac-
tors such as ambient temperature, humidity, and the
average wind speed in the vicinity have been iden-
tified as the main cause of failure in the power con-
verter of a WECS [2]. Based on previous reliability
studies, the electrical subsystem of the WECS was
identified to have a high percentage of failure,
mainly caused by the variable nature of wind [4-7].
The wind turbine (WT) transformer was identified as
one of the least reliable and costly components of
the electrical subsystem, as shown in Figure 1 [7-9].
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Figure 1: Percentage of the component costs of
a high-power wind energy conversion system

8].

It is, therefore, vital to ascertain the major causes
of failure of WT transformers in a WECS. The main
factors responsible for the frequent failure of WT
transformers were identified as the variable nature
of wind, utilisation of conventional power transform-
ers, and compliance to grid codes [5, 6]. The varia-
ble nature of wind gives a low loading factor of WT
transformer (20 — 35%), which results in significant
core losses [5, 6], and results in multiple loading cy-
cles in the transformer, thereby increasing its aging
rate [5, 6]. A sudden reduction in the grid voltage
caused by voltage unbalance results in an inrush of
current in the transformer, which increases the elec-
trical and thermal stress on its windings [5]. These
causes of failure can, however, be minimised by
eliminating the WT transformer from the WECS [5-
11].

A conventional wind power plant (WPP) consists
of two transformers: the WT and substation trans-
formers [3-5]. The term ‘transformer-less configura-
tion’ in the present study refers to the elimination of
the WT transformer from the WECS to improve the
performance and reducing the cost of the system

[10]. Previous reliability studies on high-power
WECSs focused on the different components of the
turbine based on reported failure statistics [7-11].
This study investigates the reliability of the five-level
NNPC converter topology deployed in the power
conversion stage of transformer-less configurations.
The single-phase and three-phase five-level NNPC
circuitry is shown in Figure 2.
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Figure 2: (a) Single-phase five-level nested
neutral point clamped (NNPC) converter
topology; (b) three-phase five-level NNPC

converter topology.

A single-phase five-level NNPC topology is made
up of three flying capacitors(Cfx3,Cm, Crx13 X =
a,b, c), four pairs of complementary power semi-

conductor switches(Sx4 — SearSx3 — Sx3,Sx2 —

Se1ySx1 — Sy x =a, b, c), and two clamping di-
odes(D,4, D,,; x = a,b,c) [13, 14]. The outer flying
capacitor(Cr,s ) is rated at three quarters of the dc-
link voltage (3/4V,;.) and the inner flying capaci-
tors(Cm, Cfxl) is rated at one quarter of the dc-link
voltage (1/4V,.) [12-14]. The maximum voltage
across each power semiconductor switch is rated at
one quarter of the dc-link voltage (1/4 V,.)[13, 14].

The two main techniques presented in literature
for reliability analysis of multilevel converter topolo-

gies are reliability estimation based on models in the
military handbook (MIL-HDBK-217F) [15], and a
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physics-of-failure approach based on the multi-dis-
ciplinary analysis of the system [16]. Most of the fail-
ure mechanisms associated with the physics-of-fail-
ure approach for multilevel converter applications
have not been ascertained, despite the higher accu-
racy and reliability of the physics-of-failure approach
than the reliability estimation-based on model tech-
nique [17].

Reliability estimation-based was therefore used
in the present study. The study was based on the
hypothesis that the reliability, efficiency and installa-
tion costs of a WECS can be improved by eliminat-
ing the WT transformer from the WPP. This implies
that the grid-side converter topology of the WECS is
extended to perform the conventional functions of
the WT transformer [10, 11]. Therefore, a grid-side
multilevel converter topology is required for the
transformer-less connection of a high-power WECS
because of the voltage rating of the commercial
power semiconductor devices [10]. This study also
examined the reliability and economic cost of de-
ploying a grid-side multilevel converter topology for
the transformer-less connection of a high-power

WECS.

Inductors
Resistors

Power Semiconductor Devices

2. Methodology

The reliability estimation method was used to eval-
uate the five-level NNPC converter topology by
identifying the fragile components in the system and
determining the failure rate of the fragile compo-
nents based on the data in MIL-HDBK-217F.

2.1 Fragile components in a five-level NNPC
converter topology

The two main components responsible for most fail-
ures in a five-level NNPC converter topology are ca-
pacitors and power semiconductor devices. In Fig-
ure 3, the converter failure is accounted for by 21%
capacitors, 32% power semiconductor devices, 8%
printed circuit boards (PCBs), 18% gate drivers, 9%
passive components (such as inductors, and resis-
tors) and 12% connectors [1, 2, 18].

Capacitors

There are three classes of capacitors used in multi-
level converter applications: aluminium electrolytic
capacitors, metallised polypropylene film capacitors
and multi-layer ceramic capacitors [19], as shown in
Figure 4. Each has distinct characteristics, advantages

PCB

Connectors

Gate Drivers

Capacitors

Figure 3: Fragile components that cause failure in a five-level nested
neutral point clamped converter.

Capacitors Used as DC-
Link Capacitor and Flying
(Clamping) Capacitor.
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Capacitor

Metallized Polypropylene
Film Capacitor

Multi-Layer Ceramic
Capacitor

Figure 4: Different classes of capacitors used in multilevel converter topologies.
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Figure 5: The cross-section of an insulated gate bipolar transistor module [15].

and shortcomings for wind energy applications [19].
The aluminium electrolytic capacitor is, however,
widely used in grid-side power converters of WECS
because of its high energy density, high capacitance,
and cost effectiveness [19, 20], although it is the
least reliable type of capacitor because of the nature
of its dielectric material [19, 21]. The degradation of
the electrolyte, which is the dielectric material in the
aluminium electrolytic capacitor is caused by the
ambient temperature, operating voltage of converter
and ripple current of the converter [20].

Power semiconductor devices

Insulated gate bipolar transistors (IGBTs) and power
diodes are the main power semiconductor devices
used in the five-level NNPC converter topology.
Both the module and press-pack packaging technol-
ogies are used for the medium voltage IGBT used in
multilevel converter topologies. The IGBT module is
mostly used in multilevel converter applications be-
cause of cost and ease of implementation [10]. It is,
however, prone to thermomechanical fatigue stress
and catastrophic events that occur during the oper-
ation of the converter [22]. A cross-section of the
IGBT module is shown in Figure 5.

2.2 Reliability analysis of a five-level NNPC
converter topology

The reliability of a five-level NNPC converter topol-
ogy in the grid-side of a transformer-less WECS is
estimated based on the component’s parameters
stated in the military handbook (MIL-HDBK-217F)
[15]. The reliability of a single-phase five-level
NNPC converter topology is calculated by Equa-
tion 1 [17, 23, 24].

R 1phase si_nnpc(t) = e~ (A 1phase su.nwpc't) (1)
where R 1ppase 51 nnpc(t) is the reliability function of

a single-phase five-level NNPC converter,
A 1phase s._nvnpc 1S the estimated failure rate of a sin-

gle-phase five-level NNPC converter, and t is the

duration of operating a single-phase five-level
NNPC converter before a failure occurs. Therefore,
the reliability of a three-phase NNPC converter to-
pology used in a transformer-less WECS, is calcu-
lated by Equation 2 [23].

3
R 3phase_5L NNPC(t) = [R 1phase_5L NNPC(t)] (2)

In addition, the mean time to failure (MTTF) of a
three-phase five-level NNPC converter topology is
calculated by Equation 3 [17, 23, 24].

1
MTTFSphase SLNNPC — 5 (3)

A3phase SLNNPC

The failure rate of the three-phase five-level
NNPC converter topology is obtained by Equation
4,

_ d[lnRSphase_NNPC(t)] (4)

/‘l3phase_NNPC (t) = ar

Failure rate of capacitors in a five-level
NNPC converter topology

The failure rate of the aluminium electrolytic capac-
itor (Aa;_giectrotytic_caps) used in the converter topol-
ogy is given by Equation 5 [15].

AAl_Electrolytic_Caps = Ap T " Ticp " Tysp * ToF *
megr + 107%/hours (5)

where 1 is the base failure rate of the aluminium
electrolytic capacitor, m;y is the temperature factor
of the aluminium electrolytic capacitor, . is the ca-
pacitance factor of the aluminium electrolytic capac-
itor, y ¢ is the voltage stress factor of the aluminium
electrolytic capacitor, myf is the quality factor of the
aluminium electrolytic capacitor, and mg is the en-
vironmental factor of the aluminium electrolytic ca-
pacitor. The parameters in Equation 5 are obtained
from MIL-HDBK-217F [15] and presented in Table
1. The value of A4 giectrotytic caps 1S consequently
6.67 x 107 /hours.
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Table 1: Parameters of failure rate of capacitors
in the five-level nested neutral point clamped
converter topology.

Parameters Value
Ag 0.00012
T 27.00000
Tcp 4.90000
Tysk 14.00000
ToF 3.00000
TgF 10.00000

Failure rate of power semiconductor devices
in a five-level NNPC converter topology

The power semiconductor devices in the NNPC
converter topology are the IGBT/diode modules and
the clamping diodes (power diodes). The formula
for calculating the failure rate of IGBT module is not
stated in MIL-HDBK-217F [15]. The failure rate of
an IGBT module is evaluated based on the equiva-
lent circuit for modelling its operation, which consists
of an N-channel metal-oxide-semiconductor field-
effect transistor, drift region resistance (Rg4rf.), and
a positive-negative-positive bipolar junction transis-
tor, as shown in Figure 6 [25]. The drift region is
shortened in punch-through IGBT to reduce the on-
state loss, while the drift region resistance is consid-
ered negligible in estimating the failure rate of the
IGBT module [25]. The failure rate of the IGBT
module (A,557) can, therefore, be obtained using
Equation 6 [26].

Collector
Drift Reglon

Reslstance ¢----- ]
. < " j H
NN + BT

Gate

rN-Channel
NMIOSFET

Emlitter

Figure 6. Equivalent circuit of insulated gate
bipolar transistor, where metal-oxide-
semiconductor field-effect transistor
(MOSFET) and bipolar junction transistor
(BJT).

A’IGBT = AMOSFET + AB]T ) 10_6/h0u7'S (6)
where

Amosrer = A " Torp " Tpp - TQF " TEF * 10_6/h0u7’5 (7)

AB]T = Ap * T * Tap " Mpgp * Tysp * ToF *
mgr * 107¢ /hours (8)

where m,p is the application factor, and mpgp is the
power rating factor. The failure rate of an IGBT/di-
ode module (4657 /piode) is given by Equation 9.

AGBT /Diode = (AMOSFET + AB]T) + Apiode * 1076 /hours

(9)

The failure rate of the diode (Ap;,q4¢) is calculated
by Equation 10.

— . . . . . . 10-6
Abiode = Ap " TrrF * TEsF * TecF ToF " TEF 107°/hours

(10)

where mggp is the electrical stress factor, and ¢ is
the contact construction factor. In Table 2, the val-
ues of the parameters in Equations 6 to 10 are pre-
sented as obtained from MIL-HDBK-217F [15]. The
values of 4;657/pioge @nd Apioqe Vield Equation 11.

10~° -

AMOSFET = 29.376 X

hours
Agjr = 24.35 X 107¢/hours
Apiode = 0.672 X 107°/hours (11

Aiger = 29.376 + 24.35 + 0.672

Diode

= 54.4 x 107 /hours

Reliability block diagram method of a five-
level NNPC converter topology
In Figure 7(a), the single-phase five-level NNPC
converter topology is classified into a reliability block
diagram based on the switching state of the power
semiconductor devices. The topology is divided into
four switching states, i.e., switching states 1, 2, 3 and
4 based on the complementary switching of the
power semiconductor devices, as shown in Table 3.
Each switching state can be categorised into cells
[24]. Switching states 1, 2, 3 and 4 are therefore,
respectively categorised as ‘cell 17, ‘cell 2’, ‘cell 3’
and ‘cell 4’. In Figure 7(b), the reliability block dia-
gram of the five-level NNPC converter topology is
presented according to the cell structure of the
switching states [24].

The reliability of a single-phase of the five-level
NNPC converter is defined based on series connec-
tion of cells and the one-out-of-two redundancy

structure of the cells [24], as expressed by Equation
12.
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Table 2: Parameters of the failure rate of power semiconductor devices in the
five-level nested neutral point clamped converter topology

Parameters AMosFET Agr Abiode

A 0.012 0.00074 0.0010
Tre 5.100 5.90000 14.0000
TprE - 165.96000 -

Tar 10.000 0.70000 .

Tysr - 1.00000 -

. - - 1.0000
Tecr - . 1.0000
ToF 8.000 8.00000 8.0000
Tgr 6.000 6.00000 6.0000
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Figure 7: (a) The switching states of a single-phase five-level nested neutral point clamped
(NNPC) converter topology; (b) the reliability block diagram of a single-phase five-level
NNPC converter topology.
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Table 3: Five-level nested neutral point clamped converter topology switching states.

Sea Sxs Sz S S Sxe Sz Sua Ve Verr Vs % State
1 1 1 1 0 0 0 0 N N N Vi 1
2
1 1 o 1 1 0 O 0 C N N 2
0 1 1 1 0 0 0 1 N N D Vac 3
1 0o 1 1 0 0 1 0 D D C 4 4
1 1 0 o0 1 1 0 0O C C N 5
1 0 0 1 1 0 1 0O N D C 0 6
o 1 o0 1 1 o0 0 1 C N D 7
o o 1 1 o o0 1 1 D D N 8
o o o0 1 1 o0 1 1 N D N 9
1 o o o 1 1 1 o N N c _Va 10
o 1 o o 1 1 0 1 C C D 4 11
o 0 0 o0 1 1 1 1 N N N Va 12
2

NI = no impact, C = charging, D = discharging, current flow is positive(I, > 0)

Equation 13 is thus obtained.

lCelll = lsx4 + lSL‘} =108.8 x 10_6/h0u7'S ]

s Acet1 = Acetiz = Acetrs = Aceur 4

Acst—NNPC = )lcfx3 + )lcfxz + Acfxl
= 20.01 x 107%/hours

lDiodesL—NNPC = Apx2 + Apx1
= 1.344 X 10~%/hours )

where A ., 1 is the failure rate of ‘cell 1’, which con-
sists of the complementary pair of Sx4 and
Sx4 IGBT/diode modules; A ¢; , is the failure rate of
‘cell 2’, which consists of the complimentary pair of
Sx3 and Sx3 IGBT/diode modules; A ¢;; 5 is the fail-
ure rate of ‘cell 3’, which consists of the complimen-
tary pair of Sx2 and Sx1I1GBT/diode modules;
A ceur 4 1s the failure rate of ‘cell 4’, which consists of
the complimentary pair of Sx1 and Sx2 IGBT/diode
modules; 4 ¢ 5;—ynpc is the total failure rate of flying
capacitors in the five-level NNPC converter (consists
of outer flying capacitor Cfx3, and inner capacitors
Cfx2,Cfx1); and A pjpge s.—nnpc is the total failure
rate of the clamping diodes in the five-level NNPC
converter consisting of Dx2 and Dx1. Therefore, the
failure  rate (Asphsi-wwpc) and  MTTF
(MTTF 3pp s1-nnvpc) ©f a three-phase five-level
NNPC converter topology are calculated with Equa-
tions 3 and 4 respectively, to vield Equation 14.

AsphsL—nnpc = 2.064 X 1077 /hours

1
MTTF3ph 5L—NNPC —

= 4.84 x 10° hours

(14)

A3ph SL-NNPC

2.3 Cost analysis of a five-level NNPC con-
verter topology

The total cost of a three-phase five-level NNPC con-
verter topology consists of the initial installation cost,
operational and maintenance cost, and power loss
cost [17, 27]. The cost of the power semiconductor
devices in a five-level NNPC converter topology
contributes about 40% of the total initial cost of the
topology [28]. Components of a three-phase five-
level NNPC converter comprise IGBT/diode mod-
ules, clamping diodes, flying capacitors, and gate
drivers, as shown in Figure 2(b). The 4.5 kV
IGBT/diode module is selected for the NNPC con-
verter topology because of its low conduction and
low switching losses, amongst the various commer-
cially available 4.5 kV IGBT/diode modules; the
CM600HB-90H manufactured by POWEREX is
chosen because of superior performance [29]. The
costs of one IGBT/diode module, a clamping diode,
a flying capacitor, a gate driver circuitry, and a
heatsink are EUR 990, EUR 312, EUR 35, EUR 135,
and EUR 245 respectively [28, 30]. Therefore the
total initial installation cost (C;,s:) consists of the
cost of the converter (C .pnperter) and cost of the
cooling system (C coo1ing), @s expressed in Equation

15 [17].
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Cinst. = Cconverter + Ccooling (15)

where C conperter and C ¢01ing are defined by Equa-
tions 16 and 17 respectively.

Ceonverter = Mger * Ciger + Naiode * Caiode + Nfly cap
' Cfly cap + Ngate - Cgate + Ngink * Coink (16)

Ccooling = 0.1 Ceonverter (17)

where 1,57 is the number of IGBT/diode module in
the topology, Cispr is the cost of an IGBT/diode
module, ny;,4. is the number of clamping diode,
Caioae 1s the cost of a clamping diode, ny;y cqp is the
number of flying capacitor, Cf;y ¢qp is the cost of a
flying capacitor, ng4;, is the number of gate drivers,
Cyate is the cost of a gate driver, n;p is the number
of heatsink and Cj;,;, is the cost of a heatsink. The
operational and maintenance cost(Cygy,)includes;
SChedUIed(CschEduled)7 unSCheduled(CunschEduled)
and downtime cost (Cyowntime)[17, 27]. Therefore
the Cpgu is expressed by Equation 18.

Cosm = Cscheautea T Cunscheautea T Caowntime (18)

The scheduled maintenance cost is estimated at
5% of the initial installation cost, derived by Equa-
tion 19 [17, 31].

Cscheautea = 0.05 * Cingy. (19)

The unscheduled maintenance cost of the three-
phase five-level NNPC converter in a WECS oper-
ating for 20 years is stated in Equation 20.

Cunscheduled = /13ph st-nnec X 20
X (Clabou‘r X MTTR) (20)

where Cjyp0ur i the cost of labour and travel per re-
pair; the labour and travel cost per failure is esti-
mated at EUR 300/kW/day [31], MTTR is the mean-
time-to-repair of the three-phase converter topol-
ogy. The repair time frame for a failed component
in a converter is derived as 24 days [17, 32], there-
fore, MTTR is derived as Equation 21.

1

MTTR = ” (21)

where p is defined by Equation 22.

= 365 (22)

~ Number of days required for repair

The timeframe for replacing a faulty component
is stated as seven days [27], with a financial loss
(fioss) of EUR 2 per hour; thus, the downtime cost
for 20years is derived using Equation 23.

20years

C . it
downtime
MTTF3ph sL.-NNPC

- (168 hours X fipss + Cinst.) (23)

The power loss cost is assumed to be EUR
0.10/kWh [17, 27], so the total power loss cost of
the converter for one year is determined by Equa-
tion 24.

Cioss = P X 0.1 X 8760 (24)

where P is the power rating of the three-phase
NNPC converter topology. The total cost of the
three-phase NNPC converter topology is thus ex-
pressed in Equation 25.

Crotat = Cinst. + Cogm + Cioss (25)

3. Results and discussion
The initial installation costs of the five-level NNPC
converter topology and five-level DCC topology
were compared. The individual values of the initial
installation cost components were calculated using
Equations 12 to 14, as expressed in Section 2. Fig-
ures 2(b) and 8 show the respective circuitries of the
five-level NNPC and five-level DCC topologies.
The diode-clamped converter topology is the
most used converter topology in wind energy appli-
cations because of its simple circuitry [11]. The ma-
jor drawback of a five-level DCC topology is the un-
even distribution of losses amongst power semicon-
ductor devices [11, 16]. A transformer-less five-level
DCC topology was connected directly to the grid in
a static synchronous compensator application [33].
This topology requires extensive voltage balancing
algorithm for the multiple direct current (dc)-link ca-
pacitors, as shown in Figure 8. The multiple network
of clamping diodes in the five-level DCC topology
increases the cost and power loss of the converter.
However, the three-phase five-level NNPC topology
consists of two dc-link capacitors, six clamping di-
odes, and twenty-four IGBT/diode modules, as
shown in Figure 2(b). The broken-down cost of con-
verter components in the two converter topologies
are compared in Figure 9. As stated earlier, the cost
of the clamping diodes in the five-level DCC topol-
ogy is higher, and the cost of the heatsink deployed
in the DCC topology is higher. Therefore, the initial
installation and cooling system costs of the five-level
DCC topology are higher, as shown in Figure 10.
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Figure 8: Three-phase five-level diode-clamped converter topology.
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4. Conclusion

This study examined a comprehensive reliability es-
timation method and reliability block diagram to
evaluate the failure rate of a five-level nested neutral
point clamped converter topology. A mathematical
formula was derived to calculate the reliability of a
five-level NNPC converter topology deployed in the
grid-side of a wind energy conversion system. It was
found to be more expensive to deploy a five-level
diode-clamped converter topology in a transformer-
less wind energy conversion system than to deploy
a five-level NNPC converter topology.
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