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ABSTRACT

This thesis presents a novel design for off-shore wind turbines. Reliabil-

ity analysis of AC to DC power converter architectures that are utilized

in this wind energy conversion system is performed with Markov reliabil-

ity and availability modeling. The three architectures under investigation

are: the baseline, based on a sole active rectifier; the proposed, comprising

an active rectifier and three passive rectifiers; and the proposed outfitted

with electromechanical bypass relay switches. The models are used to deter-

mine reliability, system failure rate, and availability of all three architectures.

Sensitivity analysis of various component failure and repair rates on the re-

liability metrics just mentioned is also performed. An averaged high-order

model of the wind-turbine is presented and reduced using singular pertur-

bation analysis. The reduced-order model is used to calculate the expected

power output of the off-shore wind turbine.
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CHAPTER 1

INTRODUCTION

Sustainable Development Goal 7, from the United Nations Department of

Economic and Social Affairs, is to ensure access to affordable, reliable, sus-

tainable and modern energy for all by 2030 [1]. Fossil fuels, the main source

of energy production for the worldwide economy, are a major cause of en-

vironmental problems, namely, global warming, because of the increasing

CO2 emissions. While the world pushes for more energy production to raise

the economic standard of living for those in developing countries, these en-

vironmental problems persist. Hence, there has been a push to search for

alternative energy suppliers for power generation, and renewable energy pro-

duction has been on an increasing trend on the global scale over the last few

decades [2]. Renewable energy sources like wind and solar generate minimal

global warming emissions, addressing these concerns. In addition, they could

also provide economic benefit as the cost of this energy is free and the major-

ity of investment into these technologies is in the development, installation

and maintenance phases.

Wind energy has become one of the fastest growing sources of renewable

energy used for electrical power generation around the world [2,3]. This trend

is not slowing down as the US Department of Energy targets 20% wind energy

based production by 2030 [4]. The majority of the wind energy produced in

the world is from on-shore wind farms where there is limited potential for

growth [5]. On the other hand, there is high off-shore wind energy potential

globally because of the higher and more consistent wind speed regimes that

exist at lower altitudes compared to regimes over land. This also results in

steadier rate of power generation compared to onshore wind farms [6]. Off-

shore wind turbines with power ratings in the range of 10-14 MW like GE

Haliade X, Gamesa 10X, and Vestas V164 have been designed [7–9]; these

ratings are much higher than those of on-shore alternatives..

The direct-drive permanent magnet synchronous generator (PMSG) with
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(a)

(b)

Figure 1.1: Power-electronic-integrated generators for wind energy
conversion systems.

full power converters, like the structure seen in Fig. 1.1(a), is the standard

design for wind turbines in off-shore environments [10–15]. Figure 1.1(b), on

the other hand, shows a novel design with an integrated generator-rectifier

system that reduces the power rating requirements of the active rectifier

with the addition of passive rectifiers [16, 17]. This novel design and its

characteristics will be the focus of this thesis.

The mechanical power on the turbine shaft is converted to AC electrical

power by a multiport PMSG. Each port is connected to either a passive or

an active rectifier for AC–DC conversion. The DC outputs of the rectifiers

are connected serially to form a high-voltage DC bus. Each rectifier supports

only a fraction of the total DC bus voltage, reducing the voltage across the

active rectifier. As a result, 60% of the total power is processed on passive

rectifiers. There is a 47% reduction in conversion loss and a 32% switch
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VA-rating at the rated operating conditions. This results in improvement of

power density and efficiency in the system [18]. Power-flow control is achieved

with the active rectifier which also allows for maximum power point tracking

(MPPT). The DC bus voltage ripple is reduced by shifting the phases of

different ac ports that are feeding the passive rectifiers.

While the advantages of this technology seem clear, there is a need to assess

its reliability as the next major cost for operating an off-shore wind farm with

this wind energy conversion system, after development and installation, will

be operation and maintenance costs [19]. Using reliability metrics, its energy

output can be anticipated to ensure proper location of the wind turbines and

power allocation planning. The key contribution of this thesis is to analyze

the reliability and availability of this novel approach to power-electronic-

integrated generators for wind energy conversion systems and to explore new

techniques for power output analysis of off-shore wind turbines.

1.1 Converter Architecture Description

AC-to-DC power converter architectures for wind energy conversion systems

are investigated in this thesis. A baseline architecture is introduced in this

section, as well as two proposed architectures, both of which contain passive

rectifiers, and one of which contains an additional bypass mechanism to iso-

late failed passive rectifiers. These differences in architecture will be explored

in further chapters as they impact the system’s reliability, availability, failure

rate and power output.

1.1.1 Baseline Architecture

This power converter architecture will be referred to as Architecture 1 in

this thesis. It is based on the fully-rated power converter that is presented

in [20]. It comprises an active rectifier and other auxiliary systems, such

as cooling systems, lubrication systems, and rectifier control modules. The

active rectifier differs from the other architectures; therefore, it will be the

focus of the analysis. The active rectifier is composed of six active switches

and a film capacitor as seen in Fig. 1.2(a). This architecture is not fault

tolerant, i.e., it cannot withstand any single component failure. When an
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active switch or the capacitor fails, the converter system is in a failed state.

1.1.2 Integrated Passive Rectifier Architecture

This power converter architecture will be referred to as Architecture 2 in this

thesis. It is based on the megawatt-scale power converter that is presented

in [21]. It comprises an active rectifier, three passive rectifiers and the other

auxiliary systems. The active rectifier is composed of six diodes, twelve ac-

tive switches, and two film capacitors, while the passive rectifier is composed

of six diodes as seen in Fig. 1.2(b). This active rectifier is adjusted with a

neutral-point-clamped (NPC) topology [22] that reduces the voltage across

the diodes, switches and capacitors by half [21]. This architecture, like Ar-

chitecture 1, is not fault tolerant. When an active switch, diode or capacitor

fails, the converter system is in a failed state.

1.1.3 Integrated Passive Rectifier Architecture with Bypass
Mechanism

This power converter architecture will be referred to as Architecture 3 in

this thesis. It is similar to Architecture 2 with the addition of electrome-

chanical bypass relay switches. It comprises an active rectifier, three passive

rectifiers, nine bypass relay switches and the other auxiliary systems as seen

in Fig. 1.2(c). The bypass mechanism isolates failed passive rectifiers from

the converter architecture, allowing the system to continue operating. This

architecture is fault tolerant against failures in its passive rectifiers but it is

not fault tolerant against failures in the active rectifier.

Figure 1.2(c) shows the passive rectifier with bypass mechanism. When

a diode in a passive rectifier fails, the relay switches change states; i.e., the

open switch (B) closes and the closed switches (A1 and A2) open to isolate

the passive rectifier associated with the failed diode. The actions of the relay

switches cause the system to remain operational when one passive rectifier

fails but it can only produce a maximum of three-quarters of the rated power

output. When two passive rectifiers fail, the system’s rated power output is

halved. When three fail, only a quarter of the rated power output can be

produced.
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Figure 1.2: Schematic diagram of the (a) baseline, (b) integrated passive
rectifier, and (c) integrated passive rectifier architecture w/ bypass
mechanism.

1.2 Summary

This thesis contains four additional chapters. In chapter 2, a primer on

Markov reliability modeling is presented, introducing reliability and system

failure rate as metrics to measure performance of the integrated generator-

rectifier system. Markov reliability models are created for each converter

architecture and numerically analyzed to quantify their performance. Ad-

ditionally, analysis is performed to determine the effect of each component

within the architectures on the reliability and failure rate. In chapter 3,

Markov availability models with varying repair strategies are created for

each converter architecture. Availability, and sensitivity of the availabil-

ity relative to each component failure and repair rate, is then calculated. In

chapter 4, an averaged high-order model of the integrated generator-rectifier

is described. A technique for model-order reduction, singular perturbation

analysis, is introduced and used to develop a reduced-order model of the

integrated generator-rectifier system. This new model is numerically com-

pared to the averaged high-order model from which it was obtained.. In
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chapter 5, an approximation of the wind profile, the Weibull distribution, is

presented and used to determine the expected power output of the off-shore

wind turbine over a 30 year period. In chapter 6, the thesis is summarized

and concluded.
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CHAPTER 2

MARKOV RELIABILITY MODELS

2.1 Primer

Let Q = {Q(t), t ≥ 0} denote a Markov chain describing the stochastic

behavior of a system subject to component failures and repairs. Assume that

Q(t) takes values in a finite setQ = {1, 2, ..., n}, where 1 indexes the nominal,

non-faulty system configuration, and 2, ..., n, index system configurations as

determined by the components that are operating in their nominal mode,

and the components that have transitioned from operating in their nominal

to their failed mode, and the chronological order in which these transitions

occurred. Thus, transitions among the elements of Q are associated with the

failure of one or more components or repair actions triggered to correct such

failures.

Let πi(t), t ≥ 0, denote the probability that the system is in configura-

tion i at time t, and define the corresponding probability vector as π(t) =[
π1(t), π2(t), ..., πn(t)

]⊤
. The evolution of π(t) is governed by the Chapman-

Kolmogorov equation

π̇(t) = Gπ(t), (2.1)

where G denotes the generator of Q (see, e.g., [23], [24]), π1(0) = 1, and

πj(0) = 0, j = 2, ..., n. The entries of G are as follows:

• Gi,j, i ̸= j, which we denote by gi,j, is determined by the failure rates or

repair rates associated with the components involved in the transition

from configuration j to configuration i.

• Gj,j = −∑n
i ̸=j gi,j.

The reader is referred to [25] for a detailed discussion on how to construct Q
and G.
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In a Markov reliability model, there are some absorbing states, i.e., states

with no transition out. These states correspond to configurations in which

the system is nonoperational. The reliability of a system at time t, R(t), can

be defined as the probability that the non-repairable system is operating at

time t, i.e., the sum of the probabilities of configurations i, where the non-

repairable system is operational. A Markov reliability model describes the

stochastic behavior of a system before its first failure.

Let T denote a continuous random variable describing the time to failure of

a system, with continuously differentiable cumulative density function, FT (t),

and probability density function, fT (t). Then, since R(t) = Pr(T ≥ t), it

follows that

FT (t) = 1−R(t), (2.2)

fT (t) =
dFT (t)

dt
,

= −Ṙ(t). (2.3)

Let λsys denote the failure rate of the system; then, it follows that

λsys(t) =
fT (t)

1− FT (t)
,

=
−Ṙ(t)

R(t)
. (2.4)

Figure 2.1: Single-component Markov reliability model. The green state
indicates the system is operational. The red state indicates the system is
not operational.

Example: Consider a system comprising a single component and denote by

E an event that causes it to fail. This system can only adopt two possible

configurations: one in which the component is operating and one in which the

component has failed; thus Q = {1, 2}. Figure 2.1 shows the state-transition

diagram of the Markov reliability model associated with this system. From
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Fig. 2.1, the generator for this Markov reliability model is given by

G =

[
−λE 0

λE 0

]
, (2.5)

where λE is the component failure rate. By solving (2.1) for π1(0) = 1, and

π2(0) = 0, we obtain

π1(t) = e−λEt, (2.6)

π2(t) = 1− e−λEt, (2.7)

and, for any mission time tm, the reliability of the system, R(tm), can be

computed as

R(tm) = π1(tm),

= e−λEtm . (2.8)

The failure rate of the system, λsys, can be computed as

λsys(tm) = −dR(tm)/dt

RT (tm)
,

= λE. (2.9)

2.2 Component Failure Rates

As described in Chapter 1, each power converter architecture has capacitors,

passive and/or active switches and film capacitors. Architecture 3 has bypass

relay switches.1

2.2.1 Film Capacitors

The equation for the capacitance degradation curve of a film capacitor that

is used in this work is

1In this thesis, the failure rate of the bypass relay mechanism is neglected as it is less
frequently active than other electronic components.
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C = 1.00301− 0.00039 ∗ exp
(
0.00166

30
t

)
, (2.10)

where C denotes the normalized capacitance, and t denotes time in hours. It

was derived by adopting and modifying the result presented in [26]. The life

expectancy of film capacitors, as reported in electronic component datasheets

[27], is typically greater than 100,000 hours, but the result presented in [26]

infers that the life expectancy of the film capacitor is less than 2,000 hours.

This discrepancy is due to accelerated degradation testing of film capacitors

in [26]. In order to match the film capacitor life expectancy values reported

in component datasheets, the result’s rate of decay in [26] was reduced by a

factor of 30, and (2.10) is the resulting expression.

The capacitance degradation is plotted in Fig. 2.2 along with a quantized

version obtained by setting the maximum difference between the actual value

of C and the quantized value to be 0.02 per unit. Then, we assume that the

time it takes to transition from a quantization level to the next is random

and can be characterized by some transition rate.

Let λ
(i)
c be the failure rate associated with each stage of the capacitor

degradation model, where

• λ
(1)
c : The failure rate that determines the transition between nominal

capacitance and 0.97 of its value.

• λ
(2)
c : The failure rate that determines the transition between 0.97 of

the nominal capacitance and 0.935 of the same value.

• λ
(3)
c : The failure rate that determines the transition between 0.935 of

the nominal capacitance and 0.895 of the same value.

The operating voltage of the active rectifier in Architecture 1 is larger than

that of the active rectifier in Architectures 2 and 3, with ratio, r. Hence, the

capacitance failure rates are affected as follows [28], [29]:

λ
(1)
c

λ̂
(1)
c

= rα,
λ
(2)
c

λ̂
(2)
c

= rα,
λ
(3)
c

λ̂
(3)
c

= rα, (2.11)
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Figure 2.2: Capacitance degradation curve. The green area shows when the
capacitor is considered operational. The red area shows when the capacitor
is considered not operational.

where α ∈ [3, 5] and λ̂
(i)
c is the failure rate associated with each stage of the

capacitor degradation model in Architectures 2 and 3.

2.2.2 Active Switches

Let λas be the active switch failure rate. The voltage ratio, r, also affects the

active switch failure rate as follows:

λas

λ̂as

= rα, (2.12)

where α ∈ [3, 5] and λ̂as is the failure rate of the active switch in Architectures

2 and 3.

2.2.3 Passive Switches

Passive switches are components in the active and passive rectifiers of Ar-

chitectures 2 and 3. Let λd be the passive switch failure rate. The voltages

experienced by the passive switches in the passive rectifiers is higher than
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that of the passive switches in the active rectifier, with ratio rps. This also

affects the passive switch failure rate as follows:

λd

λ̂d

= rαps, (2.13)

where α ∈ [3, 5] and λ̂d is the failure rate of the passive switch in the active

rectifiers of Architectures 2 and 3.

2.2.4 Auxiliary Systems

Let λcs2 denote the failure rate of the cooling system, λcm, the control mod-

ules, λps, the protection system, and λos, the other sub-assemblies. We as-

sume that, for Architectures 2 and 3, the failure rates of the cooling system

and the control modules are denoted by λ̂cs2 and λ̂cm, respectively, where

λcs2

λ̂cs2

= rα,
λcm

λ̂cm

= rα. (2.14)

2.3 Description

Failure rates of the different components will be used to populate the Chapman-

Kolmogorov equation in order to build the reliability models of the different

architectures. Their solution will give the system’s reliability and failure rate.

2.3.1 Architecture 1

The active rectifier is in a failed state when one or more of the active switches

has failed or if the film capacitor has degraded by 10 percent or more. For

this architecture, there are four failure events as described in Table 2.1; these

are labeled as AR1, C1, C2 and C3. Let λar denote the failure rate of the

active rectifier without the failure rate of the capacitor, i.e.

λar = 6λas + λcs2 + λcm + λps + λos. (2.15)
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Accordingly, the Markov reliability model state-transition diagram for Ar-

chitecture 1 is depicted in Fig. 2.3. Let πi(t) denote the probability that

Architecture 1 is in configuration i. The evolution of πi(t) for i = 1, 2, ..., 7,

is described by the Chapman-Kolmogorov equation from Section 2.1. The

system-level failure rate of the active rectifier and the converter failure rate,

i.e. the system-level failure rate without the auxiliary systems, are then

calculated.

2.3.2 Architecture 2

The active rectifier is in a failed state when one or more of the active switches

or diodes has failed, or if any of the two film capacitors has degraded by 10

percent or more. A passive rectifier is in a failed state when one or more

diodes has failed. The converter system is in a failed state when an active

rectifier or one or more of the passive rectifiers has failed. Architecture 1 and

2 both utilize active rectifiers. For this architecture, there are four failure

events as seen in Table 2.1, E, C1, C2 and C3. Let λ̂ar denote the failure

rate of the active rectifier without the failure rate of the capacitors, i.e.

λ̂ar = 12λ̂as + 6λ̂d + λ̂cs2 + λ̂cm + λps + λos, (2.16)

and let λe denote the failure rate of the active rectifier without the failure

rate of the capacitors and the failure rates of the passive rectifiers, i.e.

λe = λ̂ar + 18λd. (2.17)

Accordingly, the Markov reliability model state-transition diagram for Ar-

chitecture 2 is depicted in Fig. 2.3. The evolution of πi(t) for i = 1, 2, ..., 7,

is described by the Chapman-Kolmogorov equation from Section 2.1. The

system-level failure rate of the active rectifier and the converter failure rate

are then calculated.
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2.3.3 Architecture 3

The active and passive rectifiers still fail in the same ways as Architecture 2,

but with the ability to isolate failed passive rectifiers. A failure in a passive

rectifier does not mean converter system failure. Note again that if the

active rectifier fails at any point, the converter system fails, regardless of the

failure states of the passive rectifiers. For this architecture, there are four

failure events, labeled as AR2, C1, C2, and C3, which are described in Table

2.1. λ̂ar denotes the denote the failure rate of the active rectifier without the

failure rate of the capacitor. Accordingly, the Markov reliability model state-

transition diagram for Architecture 3 is depicted in Fig. 2.4. The evolution

of πi(t) for i = 1, 2, ..., 28, is described by the Chapman-Kolmogorov equation

from Section 2.1. The system-level failure rate of the active rectifier and the

converter failure rate are then calculated.

Table 2.1: Failure Event Description

Event Description Failure Rate

AR1

At least 1 of 6 active switches
fails or one of the auxiliary sys-
tems fails

λar

E
At least 1 of 12 active switches
fails, 1 of 24 diodes fails, or one
of the auxiliary systems fails

λe

AR2

At least 1 of 12 active switches
fails, 1 of 6 diodes fails in the
active rectifier, or one of the
auxiliary systems fails

λ̂ar

C1
The capacitor degrades to 0.97
of its nominal value

λ
(1)
c

C2
The capacitor degrades to
0.935 of its nominal value

λ
(2)
c

C3
The capacitor degrades to
0.895 of its nominal value

λ
(3)
c

14



Figure 2.3: Markov reliability model state-transition diagram for
Architecture 1 and 2 is of this form. Green states indicate sequences of
failures in which the active rectifier is operational. Red states indicate
sequences of failures in which the active rectifier is not operational.

2.4 Numerical Results

The values in Table 2.2 are all obtained from [20], [30] and from Fig. 2.2

and are all in units of failures/year. Employing the conservative assumptions

that r = 3.33 and α = 3 for all the components in the auxiliary systems, r =

6.66 and α = 3 for active switches and capacitors, and rps = 2 and α = 3 for

the passive switches in the active rectifier, we can calculate the new failure

rates for Architectures 2 and 3. All the calculations in this subsection are

done for t = 30 years.

Table 2.2: Failure Rates

Failure Rates Architecture 1 Architecture 2

λas 0.0215 7.28e-5
λd in AR n/a 0.0002

λd n/a 0.0016

λ
(1)
c 0.1294 0.00044

λ
(2)
c 0.4334 0.0015

λ
(3)
c 0.8725 0.0030

λcs2 0.2620 0.0071
λcm 0.1610 0.0044
λps 0.0300 0.0300
λos 0.0120 0.0120

As seen in Table 2.3, the failure rate of the converter architecture with
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Figure 2.4: Markov reliability model state-transition diagram for
Architecture 3. Green states (Configurations 1, 2 and 3) indicate sequences
of failures in which the system is operational, and all the power is delivered.
Blue states (Configurations 4, 5 and 6) indicate sequence of failures in which
the system is operational, and three quarters of the power is delivered.
Yellow states (Configurations 7, 8 and 9) indicate sequence of failures in
which the system is operational, and half of the power is delivered. Orange
states (Configurations 10, 11 and 12) indicate sequence of failures in which
the system is operational, and just one quarter of the power is delivered.
Red states (Configurations 13 to 28) indicate sequences of failures in which
the active rectifier is not operational, so no power is delivered. By solving
the Markov reliability model, the probability of occurrence of every
sequence of failures at any given instant can be computed.

or without the additional sub-assemblies, like cooling systems and control

modules, is significantly improved when comparing Architecture 1 with 2,

because the addition of passive rectifiers reduces the input voltage on the

active rectifier and the additional sub-assemblies in the converters. The fail-

ure rate of Architecture 3 is even lower than Architecture 2 because a failure

in the passive rectifiers does not result in failure of the whole system. This

was discussed in more detail in Section 2.3.3. Figure 2.5 shows the evolu-

tion of the system-level failure rate of all the different converter architectures

studied in this thesis. It is observed that Architectures 2 and 3 present an
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order of magnitude reduction in failure rates when they are compared with

Architecture 1.

Table 2.3: Converter Failure Rates

Failure Rates Architecture 1 Architecture 2 Architecture 3

Converter 0.2584 0.0309 0.0021
System-level 0.7234 0.0844 0.0556

0 5 10 15 20 25 30

Time [yr]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

System-Level Failure Rate Comparison [failures/year]

Baseline

Proposed

Proposed w/ Bypass

Figure 2.5: A comparison of the system-level failure rates for all the
converter architectures.

2.5 Sensitivity Analysis

For the Markov reliability model, sensitivity analysis is done on the system-

level failure rate of each converter architecture by first scaling the failure rate

under consideration by κ, the failure rate multiplier, while holding all other

failure rates constant, κ ranging from 1 to 10. Then, the same Chapman-

17



Kolmogorov equation discussed in Section 2.1 is used to calculate the system-

level failure rate. This process is done for the failure rates λas, λ
(1)
c , λ

(2)
c ,

λ
(3)
c , and λd, as these failure rates are primarily altered due to the different

designs for every converter architecture. We can then compare the impact of

the scaled failure rates on the system-level failure rate.

In Fig. 2.6, it is clear that the failure rate with the biggest effect on the

system-level failure rate is λas, the failure rate of each active switch, causing

an increase of 160%. The effect of λ
(1)
c approaches an asymptote, causing an

increase of 42% while the effects of λ
(2)
c and λ

(3)
c are negligible when increased

by a magnitude of 10.

There is significant reduction in the magnitude of the failure rate of the

system compared to Fig. 2.6, as shown in Fig. 2.7, because of the changes

to the converter architecture. With the abundance of diodes in this new

architecture, the effect of λd is much more significant (a failure rate increase

of 320%) than the failure rates of the capacitor and active switches, although

λas clearly has more effect than λ
(1)
c , λ

(2)
c and λ

(3)
c .

With the system failure rate further reduced by including a bypass mech-

anism, λd and λas have the strongest effect, with diodes having a slightly

higher influence because of the magnitude of λd compared to λas, as shown

in Fig. 2.8. The scaling up of λd by 10 results in the failure rate increase of

19%. The capacitor values behave as discussed in earlier sections.
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Figure 2.6: Sensitivity of the system-level failure rate for Architecture 1
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CHAPTER 3

MARKOV AVAILABILITY MODEL

3.1 Primer

As stated in chapter 2, in a Markov reliability model, there are some absorb-

ing states, i.e., states with no transition out. In a Markov availability model,

however, there are no absorbing configurations. Nonoperational states of

the system still exist but every configuration can be transitioned out of via

failures and/or repairs. The availability of a system at time t, A(t), can

be defined as the sum of the probabilities of configurations i, where the re-

pairable system is operational. The Chapman-Kolmogorov equation (2.1) is

used to calculate availability with the addition of repair rates to the generator

matrix, G.

Figure 3.1: Single-component Markov availability model. The green state
indicates the system is operational. The red state indicates the system is
not operational.

Example: Consider a system comprising a single component and denote by

E an event that causes it to fail. This system can only adopt two possible

configurations, one in which the component is operating, and one in which

the component has failed; thus Q = {1, 2}. Figure 3.1 shows the state

state-transition diagram of the Markov reliability model associated with this

system. From Fig. 3.1, the generator for this Markov reliability model is

given by

G =

[
−λE µE

λE −µE

]
, (3.1)
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where µE is the component repair rate. The availability of the system, A(tm),

for any mission time tm, can be computed as

A(tm) =
∑
i∈Qo

πi(tm),

= π1(tm),

=
µE + λEe

−λEtm−µEtm

µE + λE

. (3.2)

3.2 Description

Failure and repair rates of the different components will be used to populate

the Chapman-Kolmogorov equation in order to build the reliability models of

the different architectures. Their solution will give the system’s availability.

3.2.1 Architecture 1

The characteristic that all of the repair strategies have in common is that

there is a repair from states where the failure occurred because of the switches

or the auxiliary components, to the prior state where the system was, i.e., a

transition from state 2 to 1, 4 to 3 and 6 to 5 at a rate of µar repairs/year as

seen in Fig. 3.2. For the capacitor, these are the repair strategies considered:

1. Repairing the system just when the capacitor is down, i.e., repairing

the capacitor just when it reaches state 7, at a rate of µc repairs/year

as seen in Fig. 3.2(a).

2. Repairing the system when the capacitor is at 0.935 of its nominal

value, i.e., repairing the capacitor when the system reaches state 5 and

state 7, at a rate of µc repairs/year as seen in Fig. 3.2(b).

3. Repairing the system every time the capacitor degrades, i.e., repairing

the capacitor when the system reaches state 3, 5 and 7, at a rate of µc

repairs/year as seen in Fig. 3.2(c).

To determine the availability at time t, we solve the Chapman-Kolmogorov

equation, updating the state transition matrix for every repair strategy.

22



3.2.2 Architecture 2

This architecture uses the same repair strategies but with updated repair

rates to account for the change in the architecture, i.e., the addition of 24

diodes, six active switches. The repair rate µar now accounts for the repairs

of components in the active and passive rectifiers as well as the auxiliary

components. Repair rate µc is reduced by half because of the addition of a

capacitor.

3.2.3 Architecture 3

Changes were made to the different repair strategies because failures in the

passive rectifier do not result in a system failure. A characteristic that both

repair strategies share is that repair is possible from states where the failure

has occurred due to switches or auxiliary components, i.e., when the system

is in transition from state 13 to 1, 14 to 4, 15 to 7, 16 to 10, 17 to 2, 18

to 5, 19 to 8, 20 to 11, 21 to 3, 22 to 6, 23 to 9 and 24 to 12 at a rate of

µar repairs/year as seen in Fig. 3.3. The impact of the capacitor-focused

repair strategies on the availability of the architecture will not be studied as

it is covered extensively in Sections 3.2.1 and 3.2.2. Therefore, the capacitor

will only be repaired when degradation has reached 0.895 of its nominal

capacitance, i.e., a transition from state 25 to 1, 26 to 4, 27 to 7 and 28 to

10 at a rate of µc repairs/year. Repair rates for the passive rectifiers, µpr1,

µpr2, and µpr3 are included. The following repair strategies are considered:

1. Repairing the system, one passive rectifier at a time, i.e., if three pas-

sive rectifiers fail, repair one at the rate of µpr1, then the next passive

rectifier at the same rate, µpr1 and so on, as seen in Fig. 3.3(a). Note

that this only works if the system can be repaired while it is still in

operation.

2. Repairing the system all at once when any passive rectifier fails, i.e.,

if one, two or three passive rectifiers fail, the system is shut down and

all the failed passive rectifiers are fixed at a rate of µpr1 for one passive

rectifier, rate of µpr2 for two passive rectifiers, and rate of µpr3 for three

passive rectifiers, as seen in Fig. 3.3(b).
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The Chapman-Kolmogorov equation is solved to determine availability at

time t, updating the state transition matrix for both repair strategies.

(a)

(b)

(c)

Figure 3.2: Markov availability model state-transition diagram for
Architectures 1 and 2 for (a) repair strategy 1, (b) 2, and (c) 3.
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(a)

(b)

Figure 3.3: Markov availability model state-transition diagram for
Architecture 3 for repair strategy (a) 1 and (b) 2.
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3.3 Numerical Results

The values in Table 3.1, calculated using information from [31] and [32], are in

units of repairs/year. The repair rates were calculated using repair times for

different sub-assemblies/components of off-shore wind turbines and weighting

them differently to accommodate for the increase in number of components

for the different converter architectures. All the availability calculations in

this section are done for t = 30 years.

Table 3.1: Repair Rates

Repair Rates Architecture 1 Architecture 2 Architecture 3

µc 87.6 43.8 43.8
µar 649.16 n/a 336.96
µe n/a 160.12 n/a
µpr1 n/a n/a 739.93
µpr2 n/a n/a 369.97
µpr3 n/a n/a 246.64

Regardless of the different repair strategies simulated, Architecture 1 has

lower availability than Architecture 2 as seen in Table 3.2. There is in-

significant change in availability between the different repair strategies for

Architecture 2 but an order of magnitude change for Architecture 1 between

repair strategies 1 and 2, an increase of 0.1% which Fig. 3.4 confirms. This

shows that Architecture 2 is not just more available but also more robust

with respect to different repair strategies. The availability graph of the Ar-

chitecture 2 is not shown as their lines overlap.

Table 3.3 shows there are no noticeable differences in the availability of

Architecture 3 with respect to the different repair strategies simulated. The

power produced also shows no noticeable differences with respect to the differ-

ent repair strategies simulated. The availability and power-produced graphs

of Architecture 3 are not shown as their lines overlap.
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Table 3.2: Availability

Repair Strategies Architecture 1 Architecture 2

1 0.9981 0.9995
2 0.9991 0.9995
3 0.9991 0.9995

Table 3.3: Availability of Architecture 3

Repair Strategies Availability Power Produced [p.u.]

1 0.9998 0.9998
2 0.9998 0.9998
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0.9985
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Availability of Architecture 1

Repair Strategy 1

Repair Strategy 2

Repair Strategy 3

Figure 3.4: Availability of Architecture 1 over time for repair strategies 1,
2, and 3.
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3.4 Sensitivity Analysis

For the Markov availability model, sensitivity analysis is done on the avail-

ability (and power produced for Architecture 3) of each converter architec-

ture, by first scaling the failure rate under investigation by κ, while holding

all other failure and repair rates constant, κ ranging from 1 to 10. Then,

the same Chapman-Kolmogorov equation discussed in Section 2.1 is used to

calculate the availability. This process is done for the following failure rates:

λas, λ
(1)
c , λ

(2)
c , λ

(3)
c , and λd. This process is then repeated for repair rates µpr1,

µpr2 and µpr3, with χ, the repair rate multiplier which ranges from 1 to 10−3.

We can then compare the impact of the scaled failure and repair rates on the

availability and power produced of the different converter architectures.

3.4.1 Architecture 1

Figure 3.5(a) shows that availability of Architecture 1 is much more affected

by λas and λ
(1)
c than the other failure rates, although all the capacitor-failure-

rates effects on the availability result in asymptotes around 1, while the

active-switches failure rate sends availability to zero. The largest reduction

in availability by the failure rates is 0.18%. For the repair rates, as seen

in Fig. 3.5(b), µar and µc have similar effects in repair strategy 1. Reduc-

ing the repair rates by a magnitude of 10 does not significantly impact the

availability.

Repair strategies 2 and 3 have similar plots, hence only Fig. 3.6(a) is

shown. The failure rates of the capacitor have negligible effects on the con-

verter architecture’s availability but the effect of λas is more pronounced,

reducing the availability by 0.18% scaling λas by 10. These repair strategies,

however, allow for a higher availability than repair strategy 1 as seen in Table

3.2. As for repair rates, as seen in Fig. 3.6(b), µar has a little more effect on

the availability than µc, because µc is used many more times in these repair

strategies.
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3.4.2 Architecture 2

The sensitivity of the availability of Architecture 2 with respect to the three

different repair strategies is essentially the same because of the reduced fail-

ure rates of the capacitor; hence only the results for repair strategy 3 are

shown in this thesis. Figure 3.7(a) shows information similar to Fig. 2.7,

that diodes have significant effect on the availability (a reduction of 0.17%)

and active switches are next, although their effects are a lot less. As seen in

Fig. 3.7(b), because the capacitors now have reduced failure rates, a scale re-

duction of 10−3 in µc results in negligible change in the availability compared

to µe, which reduces the availability by 0.35 with the same scale reduction.

Note that the drop in availability is still better in Architecture 2 than in

Architecture 1 as seen in Figs. 3.5(b) and 3.6(b).

3.4.3 Architecture 3

There are no significant differences in sensitivity of availability or power

produced of Architecture 3 when comparing the two repair strategies, when

the values are scaled with magnitudes of 10 for the failure rates and 10−3 for

repair rates as seen in Fig. 3.8. Hence the rest of the graphs are not shown

in this thesis. With this information, neither repair strategy is recommended

over the other as both have similar results.
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Figure 3.5: Sensitivity of availability for Architecture 1 with respect to
varying (a) failure rates and (b) repair rates at t = 30 years for repair
strategy 1.
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Figure 3.6: Sensitivity of availability for Architecture 1 with respect to
varying (a) failure rates and (b) repair rates at t = 30 years for repair
strategy 3.
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Figure 3.7: Sensitivity of availability for Architecture 2 with respect to
varying (a) failure rates and (b) repair rates at t = 30 years for repair
strategy 3.
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CHAPTER 4

MODEL-ORDER REDUCTION

Model-order reduction is a powerful tool used to reduce the complexity of a

set of differential equations to enhance computation speed while maintaining

high accuracy. Singular perturbation analysis, the technique used in this

work for model-order reduction, looks to separate the fast-varying states from

the slow-varying states and reduce the behavior of the fast-varying states to

an algebraic set of equations, reducing the order of the model.

4.1 Averaged High-Order Model

In this section, we present the averaged high-order dynamical model for a

wind turbine using integrated generator–rectifier systems covering control-

and physical-layer subsystems [18].

4.1.1 Passive Rectifier Equations

Consider a PMSG with k three-phase ac ports, (k − 1) of which power pas-

sive rectifiers with no output filter capacitors. Assuming a constant dc-bus

current Idc and a negligible voltage ripple, the total dc output voltage of the

(k − 1) passive rectifiers at the electrical frequency ω is

Vp =
3

π
(k − 1)

√
3E(ω)− (k − 1)

(
3

π
ωL+ 2R

)
Idc, (4.1)

where L is the synchronous inductance and R is the per-phase equivalent

series resistance of each ac port [33]. E(ω), the back EMF, is electrical-

frequency-dependent as seen below:
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E(ω) =
ω

2πf0
E0, (4.2)

where f0 is the rated electrical frequency and E0 is the rated line-to-neutral

peak back EMF of each ac port.

4.1.2 Active Rectifier Equations

Using KCL, the relationship between the dc-bus current, Idc , the total cur-

rent going into the active rectifier, Il, and the ripple current flowing through

the capacitor, Icap, is as follows:

Il = Icap + Idc, (4.3)

Icap = C
dVa

dt
, (4.4)

where Va is the active-rectifier dc-side voltage and C is the capacitance of

the capacitor in the active rectifier. The power balance between the ac and

the dc sides of the active rectifier is

VaIl =
3

2
E(ω)Isd −

3

2
I2sdR, (4.5)

where Isd is the d-axis component of the active-rectifier ac-side current. Va,

the active-rectifier dc-side voltage is given by

Va = Vdc − Vp, (4.6)

where Vdc is the constant grid interface voltage. Vdc, along with Pdc, the

dc-bus power, is used to determine the dc-bus current,

Idc =
Pdc

Vdc

. (4.7)
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4.1.3 Control Architecture Equations

Power-flow control is achieved by using inner loop current controllers that

regulate the d-axis and q-axis currents of the active rectifier and an outer

loop power controller that calculates the reference input dc-bus power, P ∗
dc.

The d-axis is aligned with the peak phase-A back EMF. The q-axis leads the

d-axis by 90circ. The current controllers are designed based on the ac-port

current dynamics in the dq reference frame given by the following equations:

L
dIsd
dt

= −RIsd + ωLIsq + E(ω)− Vrd, (4.8)

L
dIsq
dt

= −RIsq − ωLIsd − Vrq, (4.9)

where Isq is the q-axis component of the active-rectifier ac-side current, and

Vrd and Vrq are the input d-axis and q-axis voltages, respectively. A PI

controller with feed-forward terms is chosen to produce the d-axis voltage

command,

Vrd = kpi
dξd
dt

+ kiiξd + E(ω) + ωLIsq, (4.10)

dξd
dt

= I∗sd − Isd, (4.11)

where I∗sd is the reference input d-axis current, kpi and kii are the proportional

and integral gains respectively, and ξd is integral of the difference between

the reference and input d-axis currents. The same is done for the q-axis

controller with ξq being introduced, except that I∗sq is set to zero; this results

in

Vrq = kpi
dξq
dt

+ kiiξq − ωLIsd, (4.12)

dξq
dt

= −Isq. (4.13)
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Outer-loop PI control is given by

I∗sd = kpp
dσ

dt
+ kipσ, (4.14)

dσ

dt
= P ∗

dc − Pdc, (4.15)

where σ is the integral of the difference between the reference and input

dc-bus power. The proposed power-control architecture is applied to track

the wind turbine maximum power point. Maximum power point tracking

(MPPT) is achieved if at each generator speed, the electrical power drawn

follows the maximum power curve from [34]; this condition is captured by

the following relation

P ∗
dc =


S

(2πf0)3
ω3, ω ≤ 2πf0,

S, ω > 2πf0.

4.1.4 Mechanical Equations

The reference speed to the generator is the rotational speed ωm of a wind

turbine with dynamics

Jωm
dωm

dt
= Pt − Pdc, (4.16)

ωm =
2

p
ω, (4.17)

where J is the wind-turbine moment of inertia and p is the number of poles

in the generator. The turbine power, Pt, is determined by

Pt =
1

2
ρAν3Cp, (4.18)
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where ν is the wind speed, ρ is the air density, A is the swept area of the wind

turbine blades, and Cp is the efficiency of the wind turbine. Cp is a function

of the tip speed ratio, λ, the value of which can be determined by [35]:

λ(ω) =
2Rbladeω

pν
. (4.19)

4.1.5 State Space Model

The equations in sections 4.1.1–4.1.4 are used to derive the following state

space model.

dVa

dt
=

3E0ω

4Cπf0

Isd
Va

− 3R

2C

I2sd
Va

− 1

C
(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
, (4.20)

dIsd
dt

= −R

L
Isd +

kpi
L

Isd −
kii
L
ξd −

kpikip
L

σ − Skpikpp
(2πf0)3L

ω3

+
kpikppVdc

L
(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
, (4.21)

dIsq
dt

= −R

L
Isq +

kpi
L

Isq −
kii
L
ξq, (4.22)

dω

dt
=

ρACpν
3p2

8Jω

− Vdcp
2

4Jω
(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
, (4.23)

dξd
dt

= kipσ − Isd +
Skpp

(2πf0)3
ω3

− kppVdc(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
, (4.24)
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dξq
dt

= −Isq, (4.25)

dσ

dt
=

S

(2πf0)3
ω3

− Vdc(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
. (4.26)

4.2 Reduced-Order Model

In this section, we present the reduced-order model for the wind turbine

using integrated generator rectifier systems. The fast and slow states in the

dynamic model of the wind energy conversion system were identified using

their participation factors and eigenvalues based on singular perturbation

analysis [36].

For the linear system ẋ = Gx, where G ∈ Rn×n, x ∈ Rn, let rij and lij

be the i-th entries of the right and left eigenvectors associated with the j-th

eigenvalue of G, respectively. As seen in [37], the participation factor of the

i-th element of x in the j-th eigenvalue of A is given by

∣∣rij∣∣ ∣∣lij∣∣∑n
i=1

∣∣rij∣∣ ∣∣lij∣∣ . (4.27)

The participation factors are then normalized using their maximum values.

The identification of the fast and slow states is done by plotting the eigenval-

ues and participation factors corresponding to a linearized version of the wind

turbine using integrated generator-rectifier systems with the parameters and

initial conditions presented in Tables 4.1 and 4.2, respectively.

Using Fig. 4.1, we can determine that a bandwidth of 5 rads−1 is reasonable

to separate slow and fast varying states. The cutoff bandwidth is selected by

determining the desired order of the reduced-order model (2nd) and selecting

a bandwidth based on the number of eigenvalues of the right of the cut-off.

Singular perturbation analysis is used to complete the model-order reduction.

To this end, we need to assume the following holds:
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∣∣∣∣ω − ω0

ω0

∣∣∣∣ ≤ ϵ, (4.28)

where ϵ is a dimensionless parameter. For nominal frequency, ω0 = 2πf0

rad/s, ϵ is chosen to be 5-1 because of the cutoff bandwidth. Therefore, this

assumption implies that the reduced-order model is valid when ω is within

100.53 and 150.80 rad/s.

The right- and left-hand sides of the differential equations of the averaged

high-order model for the fast states are multiplied by ϵ = 5-1. The resulting

equations are in standard singular perturbation form:

dx

dt
= f(x, z, ϵ), (4.29)

ϵ
dz

dt
= g(x, z, ϵ), (4.30)

where f(x, z, ϵ) and g(x, z, ϵ) are continuously differentiable functions of their

arguments, the elements of x are the slow-varying states, ω, and σ, and

the elements of z are the fast-varying states, Va, Isd, Isq, ξd, and ξq. The

set of differential equations constituting (4.30) are replaced with algebraic

equations that are determined by setting ϵ = 0 on the left-hand side of (4.30),∣∣∣ω−ω0

ω0

∣∣∣ = 0 in the resulting set of equations and solving for z as a function

of x. This results in a seventh-order model being reduced to a second-order

model for the wind turbine using integrated generator-rectifier system.

The dynamics of the slow-varying states are given below:

dω

dt
=

ρACpν
3p2

8Jω

− Vdcp
2

4Jω
(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
, (4.31)

dσ

dt
=

S

(2πf0)3
ω3

− Vdc(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
. (4.32)
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The fast-varying states are calculated with the following algebraic equations:

Isd = kipσ +
Skpp

(2πf0)3
ω3

− kppVdc(
3
π
Lω + 2R

)(3
√
3E0ω

2π2f0
− Vdc

(k − 1)

)
− kppVdcVa

(k − 1)
(
3
π
Lω + 2R

) , (4.33)

Isq = 0, (4.34)

ξd = −R

kii
Isd +

kpi
kii

Isd −
kpikip
kii

σ − Skpikpp
(2πf0)3kii

ω3

+
kpikppVdc

kii
(
3
π
Lω + 2R

)( Va

(k − 1)
− Vdc

(k − 1)
+

3
√
3E0ω

2π2f0

)
, (4.35)

ξq = 0, (4.36)

Va =
−b−

√
b2 − 4ac

2a
, (4.37)

where

a = −3R

2C

(
kppVdc

(k − 1)
(
3
π
Lω + 2R

))2

− 1

C(k − 1)
(
3
π
Lω + 2R

) , (4.38)

b = −
(

3E0ω

4Cπf0

kppVdc

(k − 1)
(
3
π
Lω + 2R

)
+

1

C
(
3
π
Lω + 2R

)(3
√
3E0ω

2π2f0
− Vdc

(k − 1)

)
+

3R

2C

(
− 2kipkppVdcσ

(k − 1)
(
3
π
Lω + 2R

)
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− 2kppVdc

(k − 1)
(
3
π
Lω + 2R

)(Skppω
3

(2πf0)3

)
+

2(kppVdc)
2

(k − 1)
(
3
π
Lω + 2R

)2(3
√
3E0ω

2π2f0
− Vdc

(k − 1)

)))
, (4.39)

c =
3E0ω

4Cπf0

(
kipσ +

Skpp
(2πf0)3

ω3

− kppVdc(
3
π
Lω + 2R

)(3
√
3E0ω

2π2f0
− Vdc

(k − 1)

))

− 3R

2C

((
kipσ

)2
+

2Skppkipσω
3

(2πf0)3

− 2kipkppVdcσ(
3
π
Lω + 2R

)(3
√
3E0ω

2π2f0
− Vdc

(k − 1)

)
+

(
Skppω

3

(2πf0)3

)2

− 2kppVdc(
3
π
Lω + 2R

)(Skppω
3

(2πf0)3

)(
3
√
3E0ω

2π2f0

− Vdc

(k − 1)

)
+

(
kppVdc(

3
π
Lω + 2R

)(3
√
3E0ω

2π2f0
− Vdc

(k − 1)

))2
)
. (4.40)

4.3 Numerical Results

The averaged high-order model and the reduced-order model are built in

MATLAB Simulink. Their input is a normally distributed random signal

with mean 11, variance 0.5, seed 1 and sample time 1. The elapsed time

to run the averaged high-order model and the reduced-order model is 55.44

s and 16.75 s, respectively. The reduced-order model runs with simulation

time one third that of the averaged high-order model, a significant decrease

in computational effort. If outputs for the fast states are not calculated and

displayed, the simulation time is 1.12 s. As seen in Fig. 4.2, the root mean

square error (RMSE) of the reduced-order model relative to the averaged

high-order model, amongst all states, is below 10−2. Note that the RMSE is

calculated with the state variables in per unit based on their rated values.

Figure 4.3 shows that the reduced-order model displays the transient behavior

of the state variables just as the averaged high-order model does with high
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Figure 4.1: Eigenvalues of the averaged high-order model’s Jacobian
matrix, with each eigenvalue color coded according to the participation
factor of: (a) V a, (b) Isd, (c) Isq, (d) ω, (e) ξd, (f) ξq, and (g) σ.
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Table 4.1: Model Parameters

Symbol Value Unit

k 4 N/A
L 0.73E-3 H
R 9.1E-3 Ω
C 10E-3 F
E0 1.24 kV
f0 20 Hz
Vdc 7.8 kV
kpi 0.975 Ω
kii 1.15 F−1

kpp -0.365 V
kip -4.55 1/Vs
S 10 MW
J 28.7E6 kgm2

p 240 N/A
ρ 1.15 m/s
A 6724π m2

Rblade 82 m

Table 4.2: Initial Conditions

Symbol Value Unit

Va 2479.28 kV
Isd 1460.21 A
Isq 0 A
ω 114.60 rad/s
ξd 4 A s
ξq 2.92 A s
σ 9.73E6 W s
ν 11 m/s

accuracy. Results for Isq and ξq are not displayed because their values are

approximately zero regardless of input.
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Figure 4.2: RMSE of the reduced-order model relative to the averaged
high-order model.
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Figure 4.3: State variables value comparison of averaged high-order and
reduced-order model.
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CHAPTER 5

EXPECTED POWER OUTPUT

Power generated from off-shore wind turbines can be anticipated by knowing

the expected wind statistic of the location of the turbine. This knowledge

ensures that wind turbines are not placed in sub-optimal locations where

their capabilities are not fully realized. It also allows for proper planning

of power allocation for residential and industrial customers. The expected

power output of this wind turbine over the next 30 years is calculated using

an approximation of a possible off-shore wind profile and power output of

the turbine in its different available states.

5.1 Wind Profile

For all wind turbines, the wind profile of the region where they are located

is needed to predict how much wind the turbine will experience and in turn,

how much power it will generate in its lifetime. The Weibull distribution, a

two-parameter function, is often a good approximation for the wind speed

distribution and can provide data points for various wind energy calculations

[38]. The probability density function of a Weibull random variable, x, is [39]:

pdf(x) =
h

a

(
x

a

)h−1

e−(x/a)k , (5.1)

where h > 0 is the shape parameter and a > 0 is the scale parameter.

The wind speeds used for the simulation were generated using the MATLAB

function, wblrnd(.), that generated an array of 500 random numbers from a

Weibull distribution with a = 10.13, and h = 2.1. These parameters were

chosen because these parameters represent an average wind speed of around

9 m/s in most off-shore regions around the world close to shorelines and are
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taken from [40]. A histogram of the random numbers generated can be seen

in Fig. 5.1.

Figure 5.1: Weibull distribution of wind speeds used for power output
calculation.

5.2 Power Output

To determine the expected output of power by the 10 MW integrated generator-

rectifier off-shore wind turbine over a 30 year period, its power output for

every available state must be determined. The reduced order models from

section 4.2 were fed with a number of normally distributed wind speeds, with

varianc, 0.1, and mean, the values from the Weibull distribution in section

5.1. Each wind speed was tested with seed 1 to 20, and sample time 0.1, for

100 seconds using MATLAB Simulink, resulting in 10,000 unique realizations

of wind speeds the wind turbine could experience. The power output from

the reduced-order model for all these realizations is then averaged. This pro-

cess is done for the four major sets of available states the integrated-generator
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rectifier system can be in:

• k = 1: one active rectifier available and three passive rectifiers unavail-

able.

• k = 2: one active rectifier available, one passive rectifier available, and

two passive rectifiers unavailable.

• k = 3: one active rectifier available, two passive rectifiers available, and

one passive rectifier unavailable.

• k = 4: one active rectifier available and three passive rectifiers available.

The results of this averaging can be seen in Fig. 5.2. The probabilities

of these major sets, using repair strategy 2 from section 3.2.3, are presented

in Table 5.1. As seen from the table and figure, we can expect an average

output of about 5 MW of power over 30 years from this off-shore wind turbine

design.

Table 5.1: Probabilities of Available States

No. of functioning rectifiers Probability States Value

k = 1 π10, π11, π12 0.0000
k = 2 π7, π8, π9 0.0000
k = 3 π4, π5, π6 0.0000
k = 4 π1, π2, π3 0.9998
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Figure 5.2: Expected power output of the integrated generator-rectifier
systems with various configurations of failed passive rectifiers.

50



CHAPTER 6

CONCLUDING REMARKS

In this thesis, an integrated generator-rectifier system for off-shore wind-

energy conversion systems is introduced. This system is outfitted with vari-

ous power converter architectures. A baseline architecture is introduced, as

well as two proposed architectures, both of which contain passive rectifiers,

and one of which contains an additional bypass mechanism to isolate failed

passive rectifiers. Each architecture also contains an active rectifier and aux-

iliary systems. The differences in architecture affect its fault tolerance which

in turn affects all the reliability metrics.

Markov reliability models of these architectures are presented. A reduc-

tion in component failure rates for Architectures 2 and 3 is observed because

of the difference in operating voltage of their active rectifiers compared to

that of Architecture 1. The models are used to calculate the converter and

system-level failure rates for each converter architecture. The results show

that Architectures 2 and 3 perform at least an order of magnitude better

than Architecture 1. Architecture 3 performs even better than Architec-

ture 2 because the bypass mechanism ensures that Architecture 3 remains

operational after failures in any passive rectifier. The failure rates of the

active and passive switches are determined to have the biggest effect on the

system-level failure rate of all the architectures. Architecture 3 also shows

a significant reduction in failure rate for the scaled component failure rates

compared to Architectures 1 and 2.

Markov availability models with differing repair strategies for each archi-

tecture are created. Availability of the architectures is calculated using the

Chapman-Kolmogorov equation, and Architecture 3 is shown to have the

highest availability. Another point of note is that the most aggressive repair

strategy for Architecture 1 still results in a lower availability than the most

conservative repair strategy for Architecture 2. Sensitivity analysis is per-

formed on the component failure and repair rates, and similar to the Markov
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reliability models, the failure and repair rates associated with the active and

passive switches have the biggest effect on the availability of the system.

Architecture 3 is shown to perform better than its counterparts, even after

scaling of component failure and repair rates.

An averaged high-order dynamical model of the integrated generator-rectifier

system is presented. Equations for the passive and active rectifiers, control

architecture, and mechanical parts of the system were used to create a state

space model. Via singular perturbation analysis, this seventh-order model

was reduced to a second-order model with multiple algebraic equations. This

reduced-order model is compared to the averaged high-order model, having

much shorter simulation time while maintaining a high level of accuracy.

The reduced-order model is simulated and used to determine the expected

power output of the off-shore wind turbine based on a wind profile determined

by a Weibull distribution. Power output is calculated for the cases of 1, 2,

3, and 4 functioning rectifiers. An average output of about 5 MW of power

over 30 years is expected.

The novel integrated generator-rectifier system with bypass mechanism is

shown to have the highest performances in reliability and availability metrics.

It also ensures power production during passive rectifier failure, which is of

high importance for off-shore wind turbines. This novel approach presents a

new option for high power off-shore wind turbines. This kind of technology

ensures that the push for worldwide electrification and reduction of CO2

emissions with increased renewable energy generation is feasible.
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