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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-HDBK217F). 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 accurate modelling of the mission profile of the presented converter by using multi-domain simulation technique.
Keywords: diode-clamped converter topology, wind turbine transformer, reliability analysis
Highlights
• Power semiconductor devices and capacitors accounts for 50% of converter failure.
• Converter topology with fewer capacitors are more reliable and cost-effective.
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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 installed onshore WECS are caused by faults in the
power converter subsystem [3]. Environmental factors such as ambient temperature, humidity, and the
average wind speed in the vicinity have been identified as the main cause of failure in the power converter 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].

[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.

(a)

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 transformers, and compliance to grid codes [5, 6]. The variable 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 cycles 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 electrical and thermal stress on its windings [5]. These
causes of failure can, however, be minimised by
eliminating the WT transformer from the WECS [511].
A conventional wind power plant (WPP) consists
of two transformers: the WT and substation transformers [3-5]. The term ‘transformer-less configuration’ 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
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(b)
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�𝐶𝐶𝑓𝑓𝑓𝑓3 , 𝐶𝐶𝑓𝑓𝑓𝑓2 , 𝐶𝐶𝑓𝑓𝑓𝑓1 ; 𝑥𝑥 =
𝑎𝑎, 𝑏𝑏, 𝑐𝑐�, four pairs of complementary power semiconductor

switches�𝑆𝑆𝑥𝑥4 − 𝑆𝑆𝑥𝑥4 , 𝑆𝑆𝑥𝑥3 − 𝑆𝑆𝑥𝑥3 , 𝑆𝑆𝑥𝑥2 −

𝑆𝑆𝑥𝑥1 , 𝑆𝑆𝑥𝑥1 − 𝑆𝑆𝑥𝑥2 ; 𝑥𝑥 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐�, and two clamping di-

odes(𝐷𝐷𝑥𝑥1 , 𝐷𝐷𝑥𝑥2 ; 𝑥𝑥 = 𝑎𝑎, 𝑏𝑏, 𝑐𝑐) [13, 14]. The outer flying
capacitor�𝐶𝐶𝑓𝑓𝑓𝑓3 � is rated at three quarters of the dclink voltage (3⁄4 𝑉𝑉𝑑𝑑𝑑𝑑 ) and the inner flying capacitors�𝐶𝐶𝑓𝑓𝑓𝑓2 , 𝐶𝐶𝑓𝑓𝑓𝑓1 � is rated at one quarter of the dc-link
voltage (1⁄4 𝑉𝑉𝑑𝑑𝑑𝑑 ) [12-14]. The maximum voltage
across each power semiconductor switch is rated at
one quarter of the dc-link voltage (1⁄4 𝑉𝑉𝑑𝑑𝑑𝑑 )[13, 14].
The two main techniques presented in literature
for reliability analysis of multilevel converter topologies 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-disciplinary analysis of the system [16]. Most of the failure mechanisms associated with the physics-of-failure approach for multilevel converter applications
have not been ascertained, despite the higher accuracy and reliability of the physics-of-failure approach
than the reliability estimation-based on model technique [17].
Reliability estimation-based was therefore used
in the present study. The study was based on the
hypothesis that the reliability, efficiency and installation costs of a WECS can be improved by eliminating 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 deploying a grid-side multilevel converter topology for
the transformer-less connection of a high-power
WECS.
Inductors

2. Methodology
The reliability estimation method was used to evaluate the five-level NNPC converter topology by
identifying the fragile components in the system and
determining the failure rate of the fragile components 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 failures in a five-level NNPC converter topology are capacitors and power semiconductor devices. In Figure 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 resistors) and 12% connectors [1, 2, 18].
Capacitors
There are three classes of capacitors used in multilevel 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

Resistors
Connectors

Power Semiconductor Devices

Gate Drivers

Capacitors

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

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 technologies are used for the medium voltage IGBT used in
multilevel converter topologies. The IGBT module is
mostly used in multilevel converter applications because of cost and ease of implementation [10]. It is,
however, prone to thermomechanical fatigue stress
and catastrophic events that occur during the operation 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 topology 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 Equation 1 [17, 23, 24].
𝑅𝑅 1𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎_5𝐿𝐿_𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑡𝑡) = 𝑒𝑒 −�𝜆𝜆 1𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎_5𝐿𝐿 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁∙𝑡𝑡�

(1)

where 𝑅𝑅 1𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎_5𝐿𝐿_𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑡𝑡) is the reliability function of
a single-phase five-level NNPC converter,
𝜆𝜆 1𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 5𝐿𝐿_𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the estimated failure rate of a single-phase five-level NNPC converter, and 𝑡𝑡 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 topology used in a transformer-less WECS, is calculated by Equation 2 [23].
𝑅𝑅 3𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎_5𝐿𝐿 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑡𝑡) = �𝑅𝑅 1𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎_5𝐿𝐿 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑡𝑡)�

3

(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].
𝑀𝑀𝑀𝑀𝑇𝑇𝑇𝑇3𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 5𝐿𝐿 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =

1

𝜆𝜆3𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 5𝐿𝐿 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

(3)

The failure rate of the three-phase five-level
NNPC converter topology is obtained by Equation
4.
𝜆𝜆3𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎_𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑡𝑡) = −

𝑑𝑑�𝑙𝑙𝑙𝑙𝑅𝑅3𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎_𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑡𝑡)�
𝑑𝑑𝑑𝑑

(4)

Failure rate of capacitors in a five-level
NNPC converter topology
The failure rate of the aluminium electrolytic capacitor (𝜆𝜆𝐴𝐴𝐴𝐴_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸_𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) used in the converter topology is given by Equation 5 [15].
𝜆𝜆𝐴𝐴𝐴𝐴_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑙𝑙𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦_𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜆𝜆𝐵𝐵 ∙ 𝜋𝜋 𝑇𝑇𝑇𝑇 ∙ 𝜋𝜋𝐶𝐶𝐶𝐶 ∙ 𝜋𝜋𝑉𝑉𝑉𝑉𝑉𝑉 ∙ 𝜋𝜋𝑄𝑄𝑄𝑄 ∙
(5)
𝜋𝜋𝐸𝐸𝐸𝐸 ∙ 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

where 𝜆𝜆𝐵𝐵 is the base failure rate of the aluminium
electrolytic capacitor, 𝜋𝜋 𝑇𝑇𝑇𝑇 is the temperature factor
of the aluminium electrolytic capacitor, 𝜋𝜋𝐶𝐶𝐶𝐶 is the capacitance factor of the aluminium electrolytic capacitor, 𝜋𝜋𝑉𝑉𝑉𝑉𝑉𝑉 is the voltage stress factor of the aluminium
electrolytic capacitor, 𝜋𝜋𝑄𝑄𝑄𝑄 is the quality factor of the
aluminium electrolytic capacitor, and 𝜋𝜋𝐸𝐸𝐸𝐸 is the environmental factor of the aluminium electrolytic capacitor. The parameters in Equation 5 are obtained
from MIL-HDBK-217F [15] and presented in Table
1. The value of 𝜆𝜆𝐴𝐴𝐴𝐴_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸_𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is consequently
6.67 × 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.
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Table 1: Parameters of failure rate of capacitors
in the five-level nested neutral point clamped
converter topology.

Parameters

Value

𝜆𝜆𝐵𝐵

0.00012

𝜋𝜋 𝑇𝑇𝑇𝑇

27.00000

𝜋𝜋𝑄𝑄𝑄𝑄

3.00000

𝜆𝜆𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼/𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝜆𝜆𝐵𝐵𝐵𝐵𝐵𝐵 � + 𝜆𝜆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(9)

14.00000

𝜋𝜋𝑉𝑉𝑉𝑉𝑉𝑉

The failure rate of the diode (𝜆𝜆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ) is calculated
by Equation 10.

10.00000

𝜋𝜋𝐸𝐸𝐸𝐸

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 equivalent circuit for modelling its operation, which consists
of an N-channel metal-oxide-semiconductor fieldeffect transistor, drift region resistance (𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ), and
a positive-negative-positive bipolar junction transistor, as shown in Figure 6 [25]. The drift region is
shortened in punch-through IGBT to reduce the onstate loss, while the drift region resistance is considered negligible in estimating the failure rate of the
IGBT module [25]. The failure rate of the IGBT
module (𝜆𝜆𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ) can, therefore, be obtained using
Equation 6 [26].

Figure 6. Equivalent circuit of insulated gate
bipolar transistor, where metal-oxidesemiconductor field-effect transistor
(MOSFET) and bipolar junction transistor
(BJT).
𝜆𝜆𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝜆𝜆𝐵𝐵𝐵𝐵𝐵𝐵 ∙ 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(6)

where

𝜆𝜆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝜆𝜆𝐵𝐵 ∙ 𝜋𝜋 𝑇𝑇𝑇𝑇 ∙ 𝜋𝜋𝐸𝐸𝑆𝑆𝑆𝑆 ∙ 𝜋𝜋𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝜋𝜋𝑄𝑄𝑄𝑄 ∙ 𝜋𝜋𝐸𝐸𝐸𝐸 ∙ 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(10)

where 𝜋𝜋𝐸𝐸𝐸𝐸𝐸𝐸 is the electrical stress factor, and 𝜋𝜋𝐶𝐶𝐶𝐶𝐶𝐶 is
the contact construction factor. In Table 2, the values of the parameters in Equations 6 to 10 are presented as obtained from MIL-HDBK-217F [15]. The
values of 𝜆𝜆𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼/𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 and 𝜆𝜆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 yield Equation 11.
𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 29.376 ×

10−6

ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝜆𝜆𝐵𝐵𝐵𝐵𝐵𝐵 = 24.35 × 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝜆𝜆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 0.672 × 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(11)

𝜆𝜆 𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 = 29.376 + 24.35 + 0.672
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

= 54.4 × 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

Reliability block diagram method of a fivelevel 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 1’, ‘cell 2’, ‘cell 3’
and ‘cell 4’. In Figure 7(b), the reliability block diagram 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 connection of cells and the one-out-of-two redundancy
structure of the cells [24], as expressed by Equation
12.

𝜆𝜆𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜆𝜆𝐵𝐵 ∙ 𝜋𝜋 𝑇𝑇𝑇𝑇 ∙ 𝜋𝜋𝐴𝐴𝐴𝐴 ∙ 𝜋𝜋𝑄𝑄𝑄𝑄 ∙ 𝜋𝜋𝐸𝐸𝐸𝐸 ∙ 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (7)
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(8)

where 𝜋𝜋𝐴𝐴𝐴𝐴 is the application factor, and 𝜋𝜋𝑃𝑃𝑃𝑃𝑃𝑃 is the
power rating factor. The failure rate of an IGBT/diode module (𝜆𝜆𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇/𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ) is given by Equation 9.

4.90000

𝜋𝜋𝐶𝐶𝐶𝐶

𝜆𝜆𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜆𝜆𝐵𝐵 ∙ 𝜋𝜋 𝑇𝑇𝑇𝑇 ∙ 𝜋𝜋𝐴𝐴𝐴𝐴 ∙ 𝜋𝜋𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝜋𝜋𝑉𝑉𝑉𝑉𝑉𝑉 ∙ 𝜋𝜋𝑄𝑄𝑄𝑄 ∙
𝜋𝜋𝐸𝐸𝐸𝐸 ∙ 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
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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
𝜆𝜆𝐵𝐵

𝜋𝜋 𝑇𝑇𝑇𝑇

𝝀𝝀𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴

𝝀𝝀𝑩𝑩𝑩𝑩𝑩𝑩

0.012

0.00074

-

165.96000

5.100

𝜋𝜋𝑃𝑃𝑃𝑃𝑃𝑃

𝝀𝝀𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫

0.0010

5.90000

14.0000

0.70000

-

-

-

𝜋𝜋𝐴𝐴𝐴𝐴

10.000

𝜋𝜋𝐸𝐸𝐸𝐸𝐸𝐸

-

1.00000

-

-

1.0000

𝜋𝜋𝑄𝑄𝑄𝑄

8.000

8.00000

8.0000

-

𝜋𝜋𝑉𝑉𝑉𝑉𝑉𝑉
𝜋𝜋𝐶𝐶𝐶𝐶𝐶𝐶
𝜋𝜋𝐸𝐸𝐸𝐸

6.000

1.0000

6.00000

6.0000

(a)
𝝀𝝀𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝟏𝟏

𝝀𝝀𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝟐𝟐

𝝀𝝀𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝟑𝟑

𝝀𝝀𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝟒𝟒

𝝀𝝀𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪

𝝀𝝀𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪

𝝀𝝀𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪

𝝀𝝀𝑫𝑫𝑫𝑫𝑫𝑫

𝝀𝝀𝑫𝑫𝑫𝑫𝑫𝑫

(b)
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.

1
∙ �𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 2 𝑒𝑒 −2𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 1𝑡𝑡
𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 2 −2𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 1
−�𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐3 +𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐2 +𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐1 �𝑡𝑡
−(𝜆𝜆𝐷𝐷𝐷𝐷2 +𝜆𝜆𝐷𝐷𝐷𝐷1 )𝑡𝑡

𝑅𝑅1𝑝𝑝ℎ_5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑡𝑡) =

𝑒𝑒

∙ 𝑒𝑒

− 2𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 1 𝑒𝑒 −𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 2𝑡𝑡 � ∙ 𝑒𝑒 −(𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3+𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 4)𝑡𝑡 ∙
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(12)

Table 3: Five-level nested neutral point clamped converter topology switching states.

𝑆𝑆𝑥𝑥4

𝑆𝑆𝑥𝑥3

𝑆𝑆𝑥𝑥2

𝑆𝑆𝑥𝑥1

𝑆𝑆𝑥𝑥1

𝑆𝑆𝑥𝑥2

𝑆𝑆𝑥𝑥3

𝑆𝑆𝑥𝑥4

𝑉𝑉𝑐𝑐𝑐𝑐1

𝑉𝑉𝑐𝑐𝑐𝑐2

𝑉𝑉𝑐𝑐𝑐𝑐3

1

1

0

1

1

0

0

0

C

NI

NI

0

1

1

1

0

0

0

1

NI

NI

D

1

0

1

1

0

0

1

0

D

D

C

1

1

0

0

1

1

0

0

C

C

NI

1

0

0

1

1

0

1

0

NI

D

C

0

1

0

1

1

0

0

1

C

NI

D

0

0

1

1

0

0

1

1

D

D

NI

0

0

0

1

1

0

1

1

NI

D

NI

1

0

0

0

1

1

1

0

NI

NI

C

0

1

0

0

1

1

0

1

C

C

D

0

0

0

0

1

1

1

1

NI

NI

NI

1

1

1

1

0

0

0

0

NI

NI

NI

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

𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙 1 = 𝜆𝜆𝑆𝑆𝑆𝑆4 + 𝜆𝜆𝑆𝑆𝑆𝑆4 = 108.8 × 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝜆𝜆𝑐𝑐𝑓𝑓5𝐿𝐿 −𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐3 + 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐2 + 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐1
= 20.01 × 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝜆𝜆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒5𝐿𝐿 −𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝜆𝜆𝐷𝐷𝐷𝐷2 + 𝜆𝜆𝐷𝐷𝐷𝐷1
= 1.344 × 10−6 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀3𝑝𝑝ℎ 5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =

(13)

where 𝜆𝜆 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 1 is the failure rate of ‘cell 1’, which consists of the complementary pair of 𝑆𝑆𝑆𝑆4 and
𝑆𝑆𝑆𝑆4 IGBT/diode modules; 𝜆𝜆 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 2 is the failure rate of
‘cell 2’, which consists of the complimentary pair of
𝑆𝑆𝑆𝑆3 and 𝑆𝑆𝑆𝑆3 IGBT/diode modules; 𝜆𝜆 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 is the failure rate of ‘cell 3’, which consists of the complimentary pair of 𝑆𝑆𝑆𝑆2 and 𝑆𝑆𝑆𝑆1 IGBT/diode modules;
𝜆𝜆 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 4 is the failure rate of ‘cell 4’, which consists of
the complimentary pair of 𝑆𝑆𝑆𝑆1 and 𝑆𝑆𝑆𝑆2 IGBT/diode
modules; 𝜆𝜆 𝑐𝑐𝑐𝑐_5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the total failure rate of flying
capacitors in the five-level NNPC converter (consists
of outer flying capacitor 𝐶𝐶𝐶𝐶𝐶𝐶3, and inner capacitors
𝐶𝐶𝐶𝐶𝐶𝐶2, 𝐶𝐶𝐶𝐶𝐶𝐶1); and 𝜆𝜆 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷_5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the total failure
rate of the clamping diodes in the five-level NNPC
converter consisting of 𝐷𝐷𝐷𝐷2 and 𝐷𝐷𝐷𝐷1. Therefore, the
and
MTTF
failure
rate
(𝜆𝜆 3𝑝𝑝ℎ 5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 )
(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 3𝑝𝑝ℎ 5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ) of a three-phase five-level
NNPC converter topology are calculated with Equations 3 and 4 respectively, to yield Equation 14.
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State
1
2

𝑉𝑉𝑑𝑑𝑑𝑑
4

3
4
5

0

6
7
8
9

−
−

𝑉𝑉𝑑𝑑𝑑𝑑
4
𝑉𝑉𝑑𝑑𝑑𝑑
2

10
11
12

𝜆𝜆3𝑝𝑝ℎ 5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 2.064 × 10−7 /ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

Equation 13 is thus obtained.

∴, 𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 1 = 𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 2 = 𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 3 = 𝜆𝜆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 4

𝑉𝑉𝑜𝑜

𝑉𝑉𝑑𝑑𝑑𝑑
2

= 4.84 × 106 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

1

𝜆𝜆3𝑝𝑝ℎ 5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

(14)

2.3 Cost analysis of a five-level NNPC converter topology
The total cost of a three-phase five-level NNPC converter 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 fivelevel NNPC converter comprise IGBT/diode modules, 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 converter topology because of its low conduction and
low switching losses, amongst the various commercially 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 (𝐶𝐶 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) consists of the
cost of the converter (𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) and cost of the
cooling system (𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ), as expressed in Equation
15 [17].
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𝐶𝐶 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. = 𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(15)

where 𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are defined by Equations 16 and 17 respectively.
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∙ 𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐
∙ 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
(16)
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.1 ∙ 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(17)

where 𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 is the number of IGBT/diode module in
the topology, 𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 is the cost of an IGBT/diode
module, 𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the number of clamping diode,
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the cost of a clamping diode, 𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐 is the
number of flying capacitor, 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐 is the cost of a
flying capacitor, 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the number of gate drivers,
𝐶𝐶𝑔𝑔𝑔𝑔𝑡𝑡𝑡𝑡 is the cost of a gate driver, 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the number
of heatsink and 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the cost of a heatsink. The
operational and maintenance cost(𝐶𝐶𝑂𝑂&𝑀𝑀 )includes;
scheduled(𝐶𝐶𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ), unscheduled(𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 )
and downtime cost (𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )[17, 27]. Therefore
the 𝐶𝐶𝑂𝑂&𝑀𝑀 is expressed by Equation 18.

𝐶𝐶𝑂𝑂&𝑀𝑀 = 𝐶𝐶𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (18)

The scheduled maintenance cost is estimated at
5% of the initial installation cost, derived by Equation 19 [17, 31].
𝐶𝐶𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 0.05 ∙ 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖.

(19)

The unscheduled maintenance cost of the threephase five-level NNPC converter in a WECS operating for 20 years is stated in Equation 20.
𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜆𝜆3𝑝𝑝ℎ 5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 × 20
× (𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(20)

where 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the cost of labour and travel per repair; the labour and travel cost per failure is estimated at EUR 300/kW/day [31], 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the meantime-to-repair of the three-phase converter topology. The repair time frame for a failed component
in a converter is derived as 24 days [17, 32], therefore, 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is derived as Equation 21.
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =

1

(21)

𝜇𝜇

where 𝜇𝜇 is defined by Equation 22.
𝜇𝜇 =

365

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑓𝑓 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
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(22)

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

20𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀3𝑝𝑝ℎ 5𝐿𝐿−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

∙ (168 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 × 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. )

(23)

𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑃𝑃 × 0.1 × 8760

(24)

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. + 𝐶𝐶𝑂𝑂&𝑀𝑀 + 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(25)

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 Equation 24.

where 𝑃𝑃 is the power rating of the three-phase
NNPC converter topology. The total cost of the
three-phase NNPC converter topology is thus expressed in Equation 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. Figures 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 applications because of its simple circuitry [11]. The major drawback of a five-level DCC topology is the uneven distribution of losses amongst power semiconductor 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 capacitors, 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 diodes, and twenty-four IGBT/diode modules, as
shown in Figure 2(b). The broken-down cost of converter 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 topology 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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Figure 9: Cost of converter components for five-level nested neutral point clamped converter
topology and five-level diode-clamped converter topology, where DC-link and IGBT respectively =
direct current-link and insulated gate bipolar transistor.
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Figure 10: Breakdown of initial installation cost for five-level nested neutral point clamped converter
topology and five-level diode clamped converter topology.
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4. Conclusion
This study examined a comprehensive reliability estimation 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 transformerless wind energy conversion system than to deploy
a five-level NNPC converter topology.
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