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ABSTRACT

High power ac-dc conversion plays an increasingly important role in energy conversion systems,
such as wind turbines or electric ship’s grids. Conventional conversion architectures rely heavily
on active rectifiers, which consist of fully-controlled power-electronics switches. These make the
system bulky, lossy, and less reliable. This dissertation presents an alternative approach: inte-
grating a multi-port permanent magnet synchronous generator (PMSG) with series-stacked power
converters to create an integrated generator-rectifier system. An active rectifier processes only a
fraction of the total converted power while regulating the dc bus. Diode bridges process the re-
maining power, allowing substantial increases in overall power density, efficiency, and reliability.

Filter capacitors are commonly connected to output of passive rectifiers to reduce the dc-bus
voltage ripple. These filters are the main contributor to the overall system size, weight, cost, and
failure, as well as to the low power factor at the ac ports powering the passive rectifiers. These
capacitors can be eliminated by implementing appropriate phase shift between different ac ports.
Alternatively, the filtering function can be integrated to the active rectifier through active control.
A voltage opposite the passive-rectifier ripple component is synthesized at the active-rectifier dc-
side by modulating the ac-side current. Compensation occurs due to the series connection of the
rectifier dc outputs.

Deployment of the integrated generator-rectifier systems in wind-energy applications requires
maximum power point tracking (MPPT) capability, which seems to be challenging due to the
presence of numerous uncontrolled passive rectifiers. Due to the series connection and a constant
dc-bus voltage, dc-side current of the active rectifier sets the output power of the passive rectifiers,
and consequently the total generator output power. The dc-side current is dependent on the d-axis
current, which can be commanded to follow a reference value. This reasoning lays foundation for

MPPT using the integrated generator-rectifier system. Alternatively, the d-axis current can be used
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to regulate the dc-bus voltage, opening up opportunities in dc grid-forming applications.

Elimination of capacitors at the diode rectifiers’ output by appropriately phase-shifting the volt-
ages of a multi-port generator further improves overall architecture’s reliability. A generalized
framework is developed to evaluate the interactions among the different generator ports, diode-
bridge rectifiers, and the active rectifier used to control the power flow. This framework allows
quantifying the effect of integration on the dc bus power ripple and power imbalance among dif-
ferent generator ports. An exemplary winding layout is proposed that ensures theoretically zero
interaction between the passive ports though all the ports are mounted on a magnetic structure.
Furthermore, the framework provides the guideline for generator designs to ensure successful in-
tegration with the rectifier system.

Finally, per-unit generator inductance is shown to be the handshake parameter between the gen-
erator and the rectifiers. The generator and power electronics designs are paired together to form
feasible systems. Annual energy production calculation based on multiple wind profiles shows
higher energy yield by the integrated system than the conventional solutions. This result proves

the integrated generator-rectifier system’s suitability for offshore wind energy harvesting.
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Chapter 1

INTRODUCTION

Ac-to-dc power conversion is essential in many emerging applications, including wind energy and
electrified transportation. The dc interface allows prime movers to operate at variable speed, lead-
ing to maximum power point tracking in wind applications [1-4], or improved fuel efficiency in
electric ships [5-7]. However, the ac-to-dc conversion at high power is a daunting task due to
the limited voltage and current ratings of the available power electronics switch. This disserta-
tion aims at solving this challenge from the conversion architecture approach. This chapter first
reviews conventional high-power ac-to-dc conversion topologies and points out the inherent lim-
itations. Research questions and philosophies to address the problem are discussed. Finally, the

contributions are summarized.

1.1 Conventional approaches for megawatt-scale ac-to-dc power
conversion

A typical megawatt-scale ac-to-dc conversion system includes two elements: a power electronics
converter and a generator. Typically, the converter rectifies three-phase ac power into dc. The
generator performs mechanical-to-electrical power conversion.

From a converter perspective, achieving power-flow control between the ac and the dc sides
at megawatt power is a daunting proposition. The simplest solution is a six-pulse diode-bridge
rectifier with a filter capacitor for smoothing the dc-side voltage ripple [8]. Although having
simple construction, high conversion efficiency, and high reliability [9, 10], this converter cannot
actively control the power flow. The control must be achieved indirectly through the generator.

Topologies based on actively controlled power electronics switches such as IGBTs solve the

control problem but are challenged by limited switch rating and high conversion losses. A dc-dc



converter could be cascaded to a diode bridge to provide power flow control [10, 11]. The dc-dc
converter must provide the full dc-bus voltage. Power factor correction is possible. However, it
requires additional input filters made of inductors and capacitors. These filters are designed at a
specific line frequency. Variable-generator-speed operation is not attainable.

Variable-speed operation and power factor control could be achieved with a three-phase pulse-
width-modulation-based (PWM-based) active rectifier. Two-level is the most common topology
due to simple control [12—15]. Each switch in the rectifier must be rated for the dc-side voltage
and the peak ac-side current. Series/parallel-connecting multiple switches achieve higher ratings
but require additional hardware and special layout to ensure equal voltage/current sharing [1].
Additional switches and hardware adversely affect the overall reliability [9]. At medium dc volt-
age, a two-level converter could cause excessive electromagnetic interference (EMI) because the
switching node voltages alternate between zero and the dc-bus voltage at the switching frequency.

Multi-level rectifiers achieve the same functionality as the two-level topology with reduced EMI
because the switching node operates at a fraction of the dc-bus voltage. Neutral-point clamped ap-
pears to be the most popular for high-power applications [16-19]. Achievements of balanced
capacitor voltages and even conversion-losses distribution are major challenges. The multi-level
flying capacitor is an attractive alternative due to redundant switching states for controlling capac-
itor voltage balancing and even loss distribution [20-22]. However, a large number of capacitors,
precharging circuits, and a complex control scheme are required. The modular multi-level con-
verter is compelling for high-power applications due to high conversion efficiency, scalability, and
absence of the dc-link capacitor [23,24]. Nevertheless, voltage balancing is required to ensure
equal voltages across floating dc capacitors in the submodules [25].

For megawatt-scale power applications, in which a single converter cannot meet the power
demand, generator design relieves the power converter requirement. For example, doubly-fed
induction generators (DFIGs) reduce the power electronics converter rating to a fraction of the
system-rated power in wind-power generation [3]. Multi-port and multi-phase permanent magnet
synchronous generator (PMSG) designs have been considered to reduce the individual converter
size and provide redundancy for improved system reliability [6,26-29]. The same converter type

is considered for all the generator ac ports, even though each converter has a reduced size.



1.2 Research objective

The research objective is to create an ac-to-dc conversion system at a megawatt power level that
is more efficient, compact, and reliable than conventional solutions. The output of the system is
dc power with an acceptable ripple component. The converter itself must be able to control power
flow between the ac and dc sides. This capability enables maximum power point tracking (MPPT)

in wind energy and dc-bus voltage regulation in grid-forming applications.

1.3 Philosophy

From power electronics switch selection perspective, line-frequency diodes are the best candi-
dates to achieve high conversion efficiency, high power capability, and compactness. Figure 1.1
compares the conversion losses of three devices: a line-frequency diode, an IGBT, and an IGBT-
parallel free-wheeling diode, operating at 3.6 kV-1000 A [30,31]. The IGBT, together with the
free-wheeling diode switches at 2 kHz, typical for a megawatt-scale application. A line-frequency
diode has 10x lower conversion losses than an IGBT and 3.5x lower than a free-wheeling diode.
The diode-based converter is more reliable than the active-switch-based counterparts due to the
ruggedness of diodes [9] [32] and elimination of sensors, gate driving, as well as control circuits.
Diodes are commercially available at higher VA ratings, defined as product between the device
voltage and current rating, compared to IGBTSs, as shown in Fig. 1.2, details are in Tables A.1
and A.2 in Appendix A. The surveyed IGBTs are the highest power rating of the type, while the
diodes are not. Besides, the system cost could be potentially reduced: the diodes are commonly

around 50 $/MVA while the IGBTs are at least 200 $/MVA.
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Figure 1.2: Diodes are available at higher MVA rating than IGBTs. In addition, the diodes have
significantly lower price per MVA.

Although having favorable characteristics to achieve high conversion efficiency, high reliability,
and compactness, diodes can not be forced to change the conduction state. Therefore, the diode
bridge rectifier behaves as a voltage source when connected to a back-emf source. The output
control objective must be achieved through a series-stacked controllable source. The type of con-
trollable source is dictated by the control objective and the grid interface. For example, Fig. 1.3(a)
depicts the voltage-source grid interface scenario. A series-stacked controllable current source can
regulate the total power into the dc grid. On the other hand, Fig. 1.3(b) depicts a current-source
dc-grid interface. The series stacked controllable voltage source can regulate the total output volt-

age.
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Figure 1.3: A series-stacked controllable source can control the output power of the passive
rectifiers. The type of controllable source depends on the grid interface. (a) For a voltage-source
grid interface, the controllable source is a variable current source. (b) For a current-source grid
interface, the controllable source is a variable voltage source.

A multi-port PMSG is an appropriate generator candidate to satisfy the foregoing discussion.
The generator includes two sections. One section, together with the active rectifier, forms a con-
trollable source. The other section and diode bridges create the voltage source. The partial-power-
rated active rectifier helps to meet the control objective while the passive rectifiers process most
of the power. This configuration is promising to be an efficient, reliable, and compact ac-to-dc

conversion architecture.

1.4 Key contributions

Key contributions of this dissertation including technical highlights and publication venues are as

follows:

* The work explores the design space of an integrated generator-rectifier system and reveals
potential benefits. From the design perspective, one-active-rectifier configuration minimizes
the overall size [33]. The active-rectifier size and conversion losses are reduced 37% and
50% [34], respectively, in an electric ship, and by 39% and 47%, respectively, in a wind
turbine [35]. Additionally, The active rectifier is shown to act like a total dc-bus voltage
regulator. Under load-change and generator-speed-change conditions, the dc-bus voltage
is regulated at the reference value. This contribution was published in Energy Conversion
Congress & Expo 2018 [33], in Electric Ship Technology Symposium 2019 [34], and in

IEEE Transactions on Power Electronics [35].



* The active-rectifier in the series-stacked architecture is shown to be able to play the role of
an active filter: compensating the ripple voltage caused by the passive rectifiers. Injection
of a directly-calculated d-axis current perturbation achieves the compensation when effects
of the generator inductance are neglected [36]. When the effects are considered, the direct
calculation approach fails because of the voltage ripple’s un-defined derivatives at vertical
edges caused by ac current commutation. Alternatively, a closed-loop ripple voltage com-
pensator was developed based on lead-lag and proportional-resonant controllers. An overall
controller architecture was developed to use the active rectifier as both filter element, and dc-
bus voltage regulator [37,38]. This contribution was published in Applied Power Electronics

Conference [36], in IEEE Transactions on Power Electronics [37], and in US patent [38].

* This work shows the integrated generator-rectifier system can regulate the total output dc-
bus power, equivalent to the generator torque, under a fixed dc-bus voltage condition despite
the uncontrolled diode bridges process the majority of power. Relationship between the
active-rectifier d-axis current and the dc-bus power is analytically established and validate
using simulation that captures the switching behavior of the power electronics [39]. Built
upon [39], [40] analyzes the power ripple and the current total harmonic distortion for the
whole operating speed range. The results show the generator torque ripple stays within 5%
the rated torque even though most of the power is processed through passive rectifiers. The
experimental results are extended to achieve MPPT at 380 W output power. This contribution
was published in Energy Conversion Congress & Expo 2019 [39], and in IEEE Transactions

on Power Electronics [40].

* The work in [37] and [40] assumes each generator phase is represented by a resistor, an
inductor, and a back electro-motive-force source, all connected in series. Generally, this as-
sumption does not hold in a multi-port generator because of the magnetic coupling between
coils sharing the same magnetic structure. A general condition for the generator phases to
be decoupled from the circuit perspective even though they share the same magnetic struc-
ture is derived in [41]. This work also discovers the trade-off between the dc-bus power
ripple and the power output imbalance between an active rectifier and a passive rectifier.

The condition provides guidelines for future generator development to take advantage of the



integrated rectifiers fully. This contribution was submitted to IEEE Transactions on Power

Electronics [41].

* In addition to the technical feasibility and advantages, economic figures are desired to cor-
roborate the suitability for offshore wind energy harvesting. The work in [42] shows a
co-design framework to put together the rectifiers and the generators, as well as illustrates
several economic merits, such as annual energy production (AEP) and levelized cost of
electricity (LCOE). The results recognize that the improvements in the integrated generator-
rectifier systems’ overall conversion efficiency lead to higher AEP and lower LCOE than
conventional solutions. This contribution was published in Energy Conversion Congress &

Expo 2020 [42].

1.5 Dissertation organization
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Figure 1.4: Organization of the dissertation: numbers represents the corresponding chapter to
each portion of the integrated generator-rectifier system.

This dissertation discusses multiple aspects of the integrated generator-rectifier system to show
the technical feasibility and the applications. Fig. 1.4 illustrates the chapter organization corre-

sponding to the proposed system. First, the steady-state benefits and calculations of the key system



parameters are discussed in Chapter 2 and 3. From the power quality perspective, filter capacitors
or appropriate phase-shift among active-rectifier ac ports could be implemented to achieve a high-
quality output power. Alternatively, the active rectifier could be controlled to behave as a filter
element. Details of the modeling and control strategy are discussed in Chapter 4.

Next, the key technical challenges are solved to make the integrated generator-rectifier system
applicable to real-world applications. The active rectifier could be controlled as a voltage source.
This control strategy leads to grid forming applications, as discussed in the latter part of Chapter
4. Besides, the active rectifier could behave as a current source as well. Chapter 5 utilizes this
feature to explore the possibility of using a fractional-power-rated active rectifier to control the
total dc-bus power. This capability allows regulation of wind-turbine output electrical power,
making maximum power point tracking possible.

Due to the integrated nature of the architecture, only specific generator configurations could pro-
vide a successful integration. Chapter 6 derives the generator’s theoretical requirements to allows
the proper integration with the power-electronics architecture. This theoretical analysis paves the
way for future generator development to enhance the overall system power density further. Finally,
quantification of system benefits in terms of annual energy production is presented in Chapter 7 to

illustrate this work’s implications on the electricity end users.



Chapter 2

AN INTEGRATED GENERATOR-RECTIFIER
SYSTEM

This chapter proposes the integrated generator-rectifier system based on a k-port PMSG. The con-
figuration based on one active rectifier and the rest to be passive rectifier is shown to be optimal
in terms of minimizing the active rectifier dc-side voltage. Minimization of the active-rectifier VA
rating leads to a selection of the generator number of ac ports. The advantages are then illustrated

through power processed by the active rectifier and reduction in conversion losses.

2.1 Proposed architecture
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Figure 2.1: The proposed ac-to-dc conversion architecture integrated with a multi-port PMSG,
driven by a prime mover operating over a limited speed range: (a) the PMSG has m + n
three-phase electrical ports connected to m passive and n active rectifiers, each port powers one.
The dc output of these rectifiers are serially stacked and connected to a dc-bus. (b) Each of the ac
ports operates as an isolated three-phase source. The passive rectifier is three-phase diode bridge.
The active is a three-phase bridge rectifier with IGBTs as the switching devices.

A series-stacked ac-to-dc conversion architecture integrated with a multi-port PMSG is pro-



posed, shown in Fig. 2.1. It achieves a regulated dc bus or power-flow control while substan-
tially reducing the need for actively-controlled power electronics switches. A prime-mover-driven
PMSG has multiple three-phase ac ports. Each is connected either to an active rectifier, consisting
of actively-controlled power electronics switches, or to a passive rectifier, comprising only diodes.
A two-level converter is chosen to represent the active rectifier in Fig. 2.1(b). However, the active-
rectifier circuit topology is not limited to only two-level. Serially stacking the dc outputs of n
active with m passive rectifiers creates a relatively high voltage dc-bus compared to the individual
switch rated voltage. Each rectifier provides a fraction of the voltage.

The active rectifiers regulate the dc bus voltage or performs power flow control as the prime-
mover operates at variable speeds. Supporting a fraction of the dc-bus voltage, they process only
a partial of the total power, leading to a substantial loss reduction. Extensive use of diodes com-
muting at line frequency improves the power-circuit reliability because the diode failure rate is
more than 10x lower compared to power transistor [32]. In addition, employing diodes on the
high-voltage side of the dc bus simplifies the hardware, eliminating numerous isolated gate drivers
and voltage sensors, further improving the overall system reliability.

Multi-port and multi-phase permanent magnet synchronous generator (PMSG) designs have
been considered to reduce the individual converter size and provide redundancy for improved sys-
tem reliability [6,26-29]. However, the existing multi-port generator topologies do not guarantee
mutual decoupling among phases from a circuit point of view. Chapter 6 will be clarify the de-
coupling notion and propose appropriate generator winding layout. For the purpose of design and
control discussed in Chapters 2—5, the coupling condition is assumed. Each phase of the generator
is represented by a back electromotive force (emf) source in series with a resistor and an inductor

(RLE model).

2.2 Design process

A PMSG with k accessible three-phase ports is considered. At the maximum speed, the PMSG
delivers a rated power of F;. The sum of line-to-neutral back electromotive force (emf) of all the

ac ports is Ey. As the back emf is proportional to the operating speed, the peak line-to-neutral
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value is wE where w is the per-unit speed with the generator maximum speed as the base value.

Assuming the ac ports are identical, each has a back emf value of
Ew)=—. (2.1)

Neglecting the generator stator-winding resistance, synchronous inductance, and the diode forward

voltage drop, the average dc output voltage of each passive rectifier is
3
V;mssive = ;ﬁE(w), (22)

which depends only on the generator speed. The dc-bus voltage value is selected to ensure the
active-rectifier controllability at all the generator speeds. Considering a conventional single ac
port with full power-rated active rectifier and assuming a space vector modulation strategy, the
dc-bus voltage is at least the generator line-to-line back emf. The minimum value is selected to be

the nominal dc-bus voltage:
Vie = V/3Ej. (2.3)

At a lower operating speed, the dc output of the each passive rectifier governed by equation
(2.2) decreases. The total decrease must be compensated by the series connected active rectifiers
to maintain the dc bus voltage at Vj. ,,0m,. Using (2.1), (2.2), and (2.3), the total dc output voltage

of n active rectifiers depends on w as
3 E
Vi = Ve — mMVpassive = (k: — m—w) 32, (2.4)
s k
Normalizing (2.4) by the base voltage, defined as

%ase = (25)

Vie
\/57

11



the total dc output voltage of the active rectifiers in p.u. is

v = \/5(1 - w§%). (2.6)

™

Equation (2.6) highlights that the total dc voltage requirements of active rectifiers depends on the
generator speed, number of PMSG ac ports, and number of passive rectifiers. This generalized
equation forms the basis for minimizing both the voltage rating and the VA rating of the active

rectifiers.

2.2.1 Selection of number of passive rectifiers
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Figure 2.2: Active-rectifier dc-side voltage increases as the generator speed decreases.

The next step in the design process is to find the number of passive and active rectifiers for a
k-port PMSG such that the total dc output voltage of the active rectifiers is minimized. Equation
(2.6) shows VP* decreases as m increases. As at least one active rectifier is essential to provide a
dc bus voltage regulation or to control the power flow, the maximum possible value of m must be
k—1. This design choice and (2.6) set the active rectifier output voltage requirement to a minimum

value, that is
3k—1
VP = ﬂ(1 — W—T) . (2.7)
This equation suggests that the active rectifier must support a higher dc voltage at a lower generator

12



speed. Figure 2.2 shows this effect for different k& values. For example, a four-port PMSG requires
the active rectifier to support 28.3% the dc bus voltage at 1 p.u. operating speed and 60.6% at
0.55 p.u. In contrast, a single-port PMSG requires the active rectifier to support 100% the dc bus

voltage at all the operating speeds.

1.5 [

1.25

[p.u.]

,rated

pu
a

Active-rectifier
rated voltage
Vv

0.75 -

05 I I I I

Number of ac ports k

Figure 2.3: The active-rectifier rated voltage decreases as the number of ac ports increases. A
lower minimum generator speed leads to a higher voltage requirement.

The maximum voltage support requirement of the active rectifier is its voltage rating. Equation

(2.7) shows that the voltage rating corresponds to the minimum generator speed w,,;, and is given
by

E—1
yre \/5(1 - wmm§—>. (2.8)
T

a,rated k

Figure 2.3 illustrates the dependency of the voltage rating on k for three different w,,;, values.
The voltage rating of the active rectifier decreases with an increase in number of ac ports but
at a diminishing rate. The figure also demonstrates the advantage of the proposed architecture
in limited-speed-range applications—the narrower the operating speed range, corresponding to
a lower minimum generator speed, the greater the reduction in the voltage rating requirement.
The operating speed range is application dependent. In wind-turbine applications, the minimum-
to-maximum operating speed ratio is frequently chosen to be 0.7:1.3 for doubly-fed-induction-
machine systems to achieve a high energy-captured-to-cost ratio [4]. In the proposed architecture,

an identical speed range implies w,;, to be 0.55 p.u. Similarly, in gas-turbine driven applications,
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such as electric ships, an w,,;, of 0.82 p.u. increases the thermal efficiency by 3% at a light-load

operation [7].

2.2.2 Selection of number of ac ports

Equation (2.8) suggests that the number of ac ports should be increased to reduce the active-
rectifier voltage rating. From a system design perspective, the active rectifier VA rating, defined as
the product of the voltage rating and the current rating, is a more important criterion. It governs the
converter size, weight and cost. As shown later, the VA-rating minimization leads to the selection
of the generator number of ac ports. The design step is determination of the active-rectifier current
rating, an intermediate quantity to compute the VA rating.

The active rectifier current rating is set by the maximum peak-ac-line current. The peak-ac-line
current is determined by the ac-side and dc-side power balance. Assuming a unity power factor
operation of the active rectifier, the power-balance relationship is

3
éE(w)[ac = VaIdca (29)

where [/, and [, are the peak-ac line and dc side currents, respectively. Use (2.1), (2.4), and set

mtok — 1,
2 [k 3
lo=—(———(k—-1))14. 2.10
\/§<w . >) ! =19
Normalizing both sides of (2.10) by
Pase
Tyase = —=> (2.11)

\/g‘/l-)ase

where P, is the system base power, the peak-ac-line current is expressed in p.u. as

2 (k 3 y
Igg:ﬁ(a—;<k—1)>lgc (212)

The maximum value of the peak-ac-line current across the entire operating speed range determines
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the current rating and is given by

2 (k3
e = — | ———=(k-=1) |1} 2.13
a,rated w El[gi)fn,l] \/g (w 7_[_( )) dc ( )

Computation of this normalized current rating requires /" to be expressed as a function of w.

1.8
= 1.6
SE 14 UL AN,
= 3 -7
0 g3 12 et
g8 ’
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BCT 08F 0 _—-T et e 1 port
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o 0.6 3 ports
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1
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Figure 2.4: Dependency of the active-rectifier peak ac-side voltage on the generator speed and the
number of ac ports.

The per-unit dc-bus current is typically a function of the per-unit generator speed. At the rated
value, the current value is derived by assuming the base power at the dc bus:

I Ib(zsevdc = Pbase- (214)

de,rated

Substituting (2.3) and (2.11) into (2.14), the rated per-unit dc-bus current is

o V3

Idc,rated = E : (2.15)

Considering a wind-turbine application, the amount of power extracted from the mechanical struc-
ture is proportional to cube of the generator speed [12,39,43]. Neglecting the conversion losses,
the dc-bus power assumes the same value as the amount of power being extracted. Due to a con-

stant dc-bus voltage, the dc-bus current must be proportional to the cube of the generator speed to
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allow power variation to achieve MPPT. In per unit, the dc-bus current is

V3 4

[0 (w) = I pyeq” = —=w®. (2.16)

V2

Figure 2.4 illustrates the ac-side current versus generator speed for different number of ac ports in
a wind-energy application. The current rating does not necessarily occurs at the unity generator
speed. For example, a four-port system has a current rating of 1.63 p.u. at a speed of 0.93 p.u.
Compared to a conventional single-port system, the rated current is v/2 at 1 p.u. speed. Using a

multi-port generator may have increased the active-rectifier current requirement.

25

VA [p.u.]

Active rectifier
volt-ampere rating
P

! 1 2 3 4 5 6

Number of ac ports k

Figure 2.5: The active-rectifier VA rating has a minimum value when the number of ac ports
varies.

Utilizing a multi-port PMSG reduces the active-rectifier voltage requirement, as illustrated in
Fig. 2.2, but may increase the current requirement, as shown in Fig. 2.4. From the power elec-
tronics design perspective, not the individual voltage nor current rating, but the product is crucial
because this quantity closely relates to the converter size, weight, and cost. Define the active-
rectifier per-unit volt-ampere rating as

VAPY = P P (2.17)

a,rated” a,rated’

where voltage and current rating are given by (2.8) and (2.13), respectively. The per-unit quantity
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given by (2.17) can be converted to SI unit using

o VApuP base

VA = 2.18
73 (2.18)

The per-unit VA rating is a non-linear functions of k. Figure 2.5 illustrates the non-linearity by
showing the product between voltage and current ratings from Figs. 2.3 and 2.4. Evidently, there

exist an optimal number of ac ports that minimize the active-rectifier VA rating, given by

kopt = argmin VAPY (2.19)
keNt

minimizes the active rectifier VA rating. For the illustrated example, k,,; is 4. The corresponding
VA rating is 1.4 p.u., compared to 2 p.u. of the conventional single-port system. Utilizing a multi-
port PMSG reduces the active-rectifier size by 30% in wind-energy applications. This concludes

the design process.

2.3 Steady-state performance

This section discusses the key performance metric of the proposed architecture. First, power pro-
cessed by the active rectifier is presented. A substantial reduction in the power processed by the
active rectifier is achieved compared to the conventional single-port PMSG system. This reduc-
tion leads to a lower conversion losses. From a thermal design perspective, the ac-to-dc power
converter size, weight, and cost can be reduced. The improvements are illustrated using a wind-

energy conversion system that is rated for 10 MW and delivers power to a 5715 V dc-bus.

2.3.1 Power processed by the active rectifier

The power processed by the active rectifier is dependent on the voltage and current at a specific

operating speed. At any operating speed w, power processed by the active rectifier is the product
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Figure 2.6: The integrated generator-rectifier system reduces the amount of power processed by
the active rectifier across the whole generator speed range in wind-energy application.

of the output dc voltage and the output dc current:
Pa(w) = V(@) Vhase lge (W) Dbase- (2.20)

While V?*(w) is determined by (2.17), I’ is application dependent. For example, for a wind

turbine, 77" equals w?

. Figure 2.6 shows the amount of power processed by the active recti-
fier. Utilizing a multi-port PMSG reduces the amount of power processed by the active-rectifier
throughout the operating speed range. At the rated generator speed, a three-port design requires the
active-rectifier to process 3.6 MW out of the 10 MW system rated power. Processing most of the

power on the passive rectifier leads a significant reduction in conversion losses, as to be illustrated

in Section 2.3.2.

2.3.2 Conversion efficiency

This section illustrates the improvement on conversion efficiency. Power electronics switches are
selected to support the required voltage and current rating of the active rectifier, as calculated in
Section 2.2. The rated values for different numbers of ac ports are summarized in Table 2.1. As-
suming a two-level active rectifier topology, each switch must be rated for V,, ,4teq = Vazf o tedVoase

__ Jbu
and Ia,rated - Ia’rated[base-

Passive rectifiers are assumed to be constructed from discrete diodes. A lower voltage margin of
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Table 2.1: IGBT selection

k Ia,rated [A] Va,rated [V] IGBT Nparallel Nseries
FZ500R65KE3
1 2020 5715 NOSAI-ND 3 2
FZ500R65KE3
2 2111 4214 NOSAI-ND 3 1
FZ500R65KE3
3 2202 3714 NOSA1-ND 3 1
FZ500R65KE3
4 2333 3464 NOSA1-ND 3 1
°R
w 7 “~>‘~ ...... 1 port -
Q N it = = = 2 ports
a GRS \"\“ 3 ports .
O — S A — =" 4 ports
[ i, 5r N < ‘N ‘~..~ 4
'8 g 4 s ~\'\. .......
_ = [~ ~ - 5\ ~~~~~~ !
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Figure 2.7: The active-rectifier VA rating has a minimum value when the number of ac ports
varies.

10% is sufficient for diodes on the passive rectifiers, as they switch at ac source frequency. Vishay
VS-SD2500C20K 3000-A, 2000-V rectifier diodes are chosen.

Active-rectifier switches are assumed to be constructed from IGBTs. Due to limited voltage
and current rating of the IGBTs, series and parallel connecting multiple devices may be required
to form a switch. Consider a single-port PMSG, the active rectifier rated voltage is 5715 V. Al-
lowing 50% voltage margin for a safe operation, each switch in the active rectifier must support a
voltage of 1.5 x 5715 = 8572.5 V. The highest voltage IGBT available on the market is Infineon
FZ500R65KE3NOSA1-ND [31], which has a voltage rating of 6500 V and a current rating of
1000 A. Two IGBTs needs to be connected in series to support the required voltage. The active-
rectifier rated current is 2020 A. Three IGBTs must be connected in parallel to meet the current
requirement. Similarly, number of parallel and series IGBTs for two, three, and four ac-port PMSG

are listed in Table 2.1.
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Table 2.2: IGBT data for loss calculation

. . FZ500R65KE3

IGBT specs Notation | Unit NOSAI-ND [31]
Collector-emitter voltage Viated A\ 6500
Peak forward current Icn A 1000
Free-wheel diode forward v v |
voltage at low current Fo
Free-wheel diode forward
voltage at peak current Ve v 4
Collector-emitter
at low current Vero v I
Collector-emitter
voltage at peak current Vorn v 32
IGBT rising time t, us 0.4
IGBT falling time iy us 0.5
Free-wheel diode O e 1050
reverse recovery charge
Switching frequency Fg kHz 2

The conversion losses include passive and active rectifier losses. For a passive rectifier, the con-
duction loss is the dominant component as these devices are switching at the ac source frequency.
The power loss on each passive rectifier is

Ppassive _ 2V£?V?Sive]§u]base; (221)

loss c

where V2455 is the forward-voltage drop of the diodes used in the passive rectifiers.

For the active rectifier, the power losses include that in the IGBTs (conduction and switching)
and free-wheeling diodes (conduction and reverse recovery). The losses are estimated using (18),
(21), and (27) of [44] and (10) and (11) of [45], with an assumption of unity power factor. There-
fore, the total loss on the series-stacked ac-dc conversion system is

Ploss :(k? . 1)Ppassive

loss

+ 6 Nyeries Nparatiet (Pioi® + Poy + Poyl + Pgend + P ), (2.22)

where Pizob?d, ;ggt, and PZ‘;{){ represent the conduction, turn-on, and turn-off losses on the IGBT,

respectively. P32 and P37 . stand for conduction loss and reverse-recovery loss of the free-

iode

wheeling diode. Nyepies and Npgrqi¢; are number or series and parallel IGBTs forming each switch,
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respectively. The normalized conversion loss is given by

P IDloss
loss —
Pbase

%. (2.23)

Table 2.2 summarizes the device data required to compute the conversion losses. The passive
diode voltage drop V275" is 1.4 V [46]. Figure 2.7 shows the estimated conversion efficiency for
the 5715-V, 10-MW dc bus system for wind-turbine application. The conversion losses is reduced
across the whole operating speed range. Consider the minimum active-rectifier size design, k = 3,
the conversion losses at the rated generator speed is 1.42%, a 52.7% reduction compared to the 3%

of the conventional single-port system.

2.4 Experimental verification

A three-phase, 48-pole, 350 rpm, 160 watt PMSG is used to demonstrate the functionality of the
proposed architecture. Each phase comprises 12 coils in series. The stator is customized to exter-
nally access all the coil terminals, as shown by Fig. 2.8(a, b). The external access allows different
number-of-ac-port configurations for the PMSG. Each coil has an inductance and resistance of
2.5 mH and 0.5 €2, respectively. The back emf constant for each winding is 0.03125 V/rpm. The
PMSG can be configured as one-port, two-port, three-port, and four-port through external connec-
tions. The 1-port configuration is the conventional architecture, because all the power is processed
by the active rectifier. Other configurations are realizations of the proposed architecture. The setup
is shown in Fig. 2.8(c). For the multi-port configuration, one ac port feeds a Texas Instrument High
Voltage Motor Control and PFC Developer’s Kit, named Rec-1, which operates as the active recti-
fier and switches at 10 kHz. The rest of the ac ports are connected to passive rectifiers constructed
from MT3516A-BP three-phase diode bridges. Each diode has a forward voltage drop of 1.2 V.
Dc outputs of all the rectifiers are serially connected to form the dc bus. A resistor load bank is
used to draw power from the generator. A speed-controllable prime mover drives the PMSG. The
dc-bus voltage is maintained at 260 V by a feedback controller implemented on the active rectifier
for all operating speeds and loading conditions. The experimental results are generated using a

wind load profile, which is proportional to the cube of the generator operating speed.
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i three phase
- - measurement signal

Figure 2.8: (a) Stator of a 36 slot PMSG used as the multi-port generator for the experimental
setup. All the tooth coils are externally accessible. (b) The generator assembly with a front panel
allows access to the winding terminals through binding posts. (c) Experiment setup: a prime
mover rotates the PMSG at a controllable speed. The ac power is converted to dc by the proposed
series-stacked architecture. The active rectifier senses the rotor position, ac-line, dc-bus voltage,
and current to regulate the dc-bus at a constant voltage under different 6PMSG operating speed
and loading conditions.
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Figure 2.9: Varying number of ac-port changes the VA requirement of the active rectifier.
Two-port configuration is optimal for the tested generator.

2.4.1 VA rating of the active rectifier

For each PMSG configuration, the active rectifier VA rating is calculated from the experimental
setup by multiplying the maximum ac-line current and the maximum dc-side voltage of the active
rectifier for all operating conditions, as shown in Fig. 2.9. For this PMSG, a two-port configuration
minimizes the active rectifier VA rating. With one-port configuration, the VA rating is 233 VA
while for a a two-port configuration, the VA rating reduces to 209 VA. As the number of ac ports

increases, the active rectifier VA rating increases significantly.

2.4.2 Power processed by the active rectifier

Figure 2.10 shows that the power processed by the active rectifier. Using a multi-port PMSG,
power processed by the active rectifier is reduced across the whole operating speed range. At the

rated speed, 100 out of 166 watts are processed by the active rectifier, equivalent to 60%.
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Figure 2.10: For multi-port configuration, the active rectifier processes partial power.

2.4.3 Conversion efficiency improvement

Figure 2.11 compares the conversion loss in the two configurations. The loss is measured by
subtracting the measured dc-bus power from the total generator output power. The experimental
results present a couple of trends that align well with the theoretical calculations in Fig. 2.7. First,
the conversion system is more efficient at the rated operating condition compared to a low-speed
operation. At the rated speed, majority of the power is processed by the passive rectifiers. At a
lower operating speed, the active rectifier shares a dominant portion of the total power, and hence,
the overall loss percentage increases. Second, the conversion loss is reduced across the whole

operating speed range. The reduction ranges between 33% and 12% based on the operating speed.
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Figure 2.11: Reducing power processed by the active rectifier improves the conversion efficiency
at all the operating conditions.

2.5 Conclusions

This chapter has proposed and discuss the design process of an integrated generator-rectifier sys-
tem and illustrate the concept for wind-energy applications. Utilizing a multi-port PMSG leads
reduces the amount of power processed by the active rectifier throughout the whole generator
speed range. The active power electronics devices are inherently more lossy compared to the pas-
sive counterpart due to additional switching losses. Processing partial power on the active rectifier
leads to a significant reduction in the total conversion losses.

The forgoing discussions are based on idealistic conditions, i.e., the winding resistance and the
synchronous inductance of the PMSG is omitted. In practice, the resistance can be neglected but
not the synchronous inductance. Practical design methodology considering these parasitic element

effects is discussed in Chapter 3.
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Chapter 3

DESIGN CHOICE CONSIDERING EFFECTS OF
THE DIODE-BRIDGE COMMUTATION
INDUCTANCE

The benefits of an integrated generator-rectifier system illustrated in Chapter 2 originate from a
partially-power-rated active rectifier. Additional reduction in the active-rectifier size would further
enhance the benefits. This chapter shows additional size reduction is possible by reducing the

dc-bus voltage.

3.1 Dc-side voltage of the active-rectifier in system with the
conventional dc-bus voltage

Consider the integrated generator-rectifier system shown in Fig. 2.1 with PMSG synchronous
inductance L. The dc-bus voltage is maintained at the level for the conventional single-port con-
figuration, i.e., V. = V2Viuse. Out of k ac ports, one powers an active rectifier and £ — 1 power

passive rectifiers. The dc-output voltage of £ — 1 passive rectifiers is

(k1)

Vo (w) = %(k COWVBEW) - Su Ll(w) (3.1)

™

where w is the per-unit electrical frequency, and [, is the dc-bus current. The synchronous induc-
tance is assumed to be sufficiently small such that the passive rectifier operates in Mode I [47].
The active-rectifier dc-side voltage is the difference between the constant dc-bus voltage and the

passive-rectifiers output:

3 3 k-1
Vo(w) = Vie = Vo = VEViase — —(k — DVIE(W) — Zw

™ ™

wolLlz.(w). (3.2)
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where wy is the rated electrical frequency. Normalizing both sides of (3.2) by Vj,se, the per-unit

active-rectifier dc-side voltage is

(k—1) 3 k—1_, P™w)
_2 XL Zde (&) .
k e S AV (3-3)

3
VIt = Vi = —V2
(e

The following relationships are used to simplified the equation:

L V2 PP (w) Pyase
= 2 s = s, and L(w) = %
base de Ybase

Assuming a state-space modulation strategy, the minimum active-rectifier dc-side voltage must

satisfy
Vimin = V3E(W) (3.4)
where F(w) is given by equation (2.1).
1.5
125+ |eeceeee dc-bus voltage
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Figure 3.1: Maintaining the dc-bus voltage at the conventional value for single-port system
(dotted-blue line) leads to dc-side voltage of the active-rectifier (solid-purple line) being higher
than the minimum required value (dashed-green line) in a multi-port system.

Figure 3.1 illustrates the dc-bus , the active-rectifier dc-side, and the minimum voltage for a four-
port configuration in wind-energy application, i.e., Pi.'(w) = w®. At the rated generator speed,
the actual active rectifier dc-side voltage is higher than the minimum requirement. It is possible to

reduce the active rectifier dc-side voltage to only the minimum required value by reducing the dc-
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bus voltage. Such reduction leads to lower voltage and current ratings, and consequently a smaller

active-rectifier size. Details on the dc-bus voltage selection is presented in Section 3.2.

3.2 Dc-bus voltage design

The dc-bus voltage is calculated such that the active rectifier remains controllable at the rated
condition. Assuming a space-vector-modulation strategy, the minimum active-rectifier dc-side

voltage at the rated condition is

=%

Ve

a,min ~

(3.5)

Equating the right-hand sides of (3.5) and (3.3), as well as using w = 1 and Py.(w = 1) = 1, the
equation determining the minimum dc-bus voltage that ensures controllability of the active rectifier
is
V2/(3 3k—1
vy 22 S — 1)+ 1| vrr4 S xE =, 3.6
(dc) k(ﬂ'( )+>dc+ﬂ_ L puU ( )
The minimum dc-bus voltage is the positive root of equation (3.6).

The per-unit inductance X7* and number of ac ports k are the two parameters determining the
dc-bus voltage. Figure 3.2 illustrates the dependency of the dc-bus voltage on the number of ac
ports and the per-unit reactance. As expected, the dc-bus voltage could be reduced in a multi-port
PMSG compared to a single-port configuration. Reduction in the dc-bus voltage leads to lower

active-rectifier voltage and current requirement, as to be illustrated in Section 3.3.
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Figure 3.2: The proposed calculation leads to a lower dc-bus voltage compared to the
conventional value. The figure illustrates dc-bus voltage versus (a) number of ac ports for
X7* = 0.1, (b) the per-unit reactance for a four-port configuration.

3.3 Effects of a lowered dc-bus voltage

Lowering the dc-bus voltage leads to a reduced active-rectifier dc-side voltage across the whole

generator speed range, as shown in Fig. 3.3 for a four-port system with X7“ = 0.1. Convention-

ally, the active rectifier dc-side voltage is higher than the minimum required value. Using a dc-bus
voltage calculated by equation (3.6), the active rectifier stays exactly at the minimum required
value at the rated generator speed. As the speed decreases, the minimum required dc-side volt-

age reduces while the active-rectifier dc-side voltage increases. Consequently, the active rectifier

remains controllable throughout the generator speed range.
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Figure 3.3: Comparison between the active-rectifier dc-side voltage with conventional dc-bus
voltage (dotted-purple line) and with reduced dc-bus voltage (solid-yellow line) for a four-port
system with X7“ = 0.1. In both cases, the active rectifier dc-side voltage is always higher than
the minimum required value (dashed-green line).

Due to the series connection, a lower dc-side voltage means the active rectifier needs to process
a smaller amount of power. Consequently, the peak ac-side current is reduced across the whole
operating speed range. For example, Fig. 3.4 compares active-rectifier peak ac side current for
three different cases. When X7 is considered, the dc-output voltage of the passive rectifier drops
due to commutation effect [47]. As the dc-bus voltage remains constant, the active rectifier must
increases its dc-side voltage to make up for the loss. Consequently, the amount of power processed
by the active rectifier increases. The peak ac-side current rises according to meet the power de-
mand: the current shown by the dotted-purple line is higher than the dashed-red line. A reduction
in the dc-bus voltage leads to a smaller amount of power delivered by the active rectifier. Following

the same logic, the peak ac-side current is reduced, as shown by the solid-yellow curve.
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Figure 3.4: Peak ac-side current of the active rectifier versus generator speed for a four-port
PMSG considering three scenarios (i) conventional dc-bus voltage with X7* neglected
(dashed-red line), (ii) conventional dc-bus voltage with X7* = 0.1 (dotted-purple line), and (iii)
proposed dc-bus voltage with X7 = 0.1 (solid-yellow line).
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Figure 3.5: Using the proposed dc-bus voltage value leads to reduction in the active-rectifier VA
rating.

Reduction in voltage and current rating leads to lower VA rating for the active rectifier, as il-
lustrated in Fig. 3.5. When the dc-bus voltage is maintained at the conventional value and the
per-unit inductance is considered, the VA rating increases, as shown by the diamond-purple line
versus square-blue dots. A reduction in the dc-bus voltage using equation (3.6) leads to the active-

rectifier VA rating reduction, as shown by the circle-yellow dots.
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3.3.1 Optimal design considering the X7" effects

The design goal is minimizing the active-rectifier VA rating through selection of an appropriate
number of PMSG ac ports. Given a PMSG characterized by an X7" value, the dc-bus voltage is
calculated using (3.6) for each number of ac ports. The VA rating is determined as the product of
by the voltage rating and the current rating. While voltage rating is set by the minimum generator
speed, current rating is load-profile dependent. Section 2.2 provides a framework for the VA rating
calculation. Output of the process is an optimum number of ac ports for each X7“. For example,
Fig. 3.6 illustrates the relationship between X7* and the optimal number of ac ports for a wind-
load profile [12]. The corresponding VA rating for each optimal design is shown in Fig. 3.7. A
higher X7* leads to a lower active-rectifier VA rating, however would increase power mismatch

between the ac-port powering the active rectifier and the ac port powering the passive rectifier.

9

8 r )

5F 0o 000000

4000000000

Optimal number of ac ports
»

3 0 0.05 0.1 0.15 0.2 0.25 0.3

Per-unit synchronous inductance X

Figure 3.6: Dependency between the optimal number of ac ports and per-unit synchronous
inductance considering a wind-turbine load profile.
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Figure 3.7: A higher per-unit synchronous inductance leads to a lower active-rectifier VA rating.

The power mismatch ac ports powering the passive rectifier and the active rectifier is understood
by comparing the corresponding dc-side voltages. The current flowing through the dc-side of all
the rectifiers are the same due to the serial connection. Consequently, the amount of power output
is proportional to the dc voltage. Each passive rectifier provides ﬁ the amount of voltage given
by equation (3.1). The active rectifier provides the difference between the dc-bus voltage, given
by equation (3.6), and the total passive-rectifier dc voltage. The power mismatch ratio, defined as

the ratio between the amount of power delivered through a passive versus the active rectifier is

Ppassive o ‘/p<w)

Po (k=1 (Vae = Vpw))’

K(w) = (3.7)

The power mismatch ratio is not only a function of the number of ac ports, of the generator speed,
but also of the per-unit synchronous inductance due to the dependency of V}, and V. on this pa-
rameter. The ratio is critical at the rated generator speed because the system delivers the highest
amount of power at this condition. Figure 3.8 illustrates the ratio for the optimal designs given
in Fig. 3.6. A higher X7" reduces the power ratio, meaning each ac port powering the passive
rectifier delivers a lower amount of power compared to the active-rectifier counterpart. At best, the

ratio is 0.954, corresponding to X7 = 0.
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Figure 3.8: The power ratio decreases as the per-unit synchronous inductance increases, meaning
a higher X7" makes the ac port powering passive rectifiers deliver a lower amount of power
compared to the ac ports powering the active-rectifier.

Figures 3.7 and 3.8 shows two opposite effects of X7“. On one hand, a high X7* value reduces
the active-rectifier VA rating, which strongly correlates to the converter size. On the other hand, an
increased in X7* also reduce the power mismatch ratio, which potentially increases the generator
size in order to deliver the rated amount of power. Selection of an optimal X7* for an optimal
system size requires knowledge on the generator design, and hence not within the scope of this
dissertation. Nevertheless, an important trade off involving the per-unit synchronous inductance

has been pointed out.

3.4 Conversion efficiency considering effects of a lowered dc-bus
voltage

A high conversion efficiency is the goal of this dissertation. Therefore, understanding the effects of
a lowered dc-bus voltage on the overall conversion efficiency is essential. Different from Chapter
2, the conversion losses presented here is calculated based on the simulated voltage and current
waveforms across the power electronics switches. Simulation results are illustrated based on a 10

MW wind-energy conversion system using a PMSG with X7 = 0.1.
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3.4.1 Conversion loss calculation
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Figure 3.9: Information for loss calculation on the IGBT: (a) voltage and current waveform, (b)
switching losses (turn-on and turn-off) versus conduction current graph, and (c) collector-emitter
versus conduction current graph [31].

IGBT losses involve switching loss and conduction loss. Switching loss happens during the turn-on
and turn-off instances because neither Vg nor I, can change the value instantaneously. Zoomed
in waveforms of IGBT voltage and current are shown in Fig. 3.9(a). At each turn-on and turn-off
instance, the current and the switch voltage are recorded. Based on the current, the amount of
energy dissipated in the turning on/off event is evaluated using the graph in Fig. 3.9(b). Data
in the graph are given with Vop = 3600 V, which might be different from the voltage at the
transition instances of the IGBT. Linear scaling is used to evaluate the loss at the recorded Vo g.
The switching loss power, denoted by Pfgﬂ“hmg is calculated by the average switching-loss energy

during one electrical period. The conduction loss can be calculated using the current waveform

in Fig. 3.9(a) and the graph in Fig. 3.9(c). For each current level, the forward voltage Vg is
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evaluated. The product of the current and V- gives the instantaneous power loss due to conduction

on the IGBT. The average value during one electrical period is the IGBT conduction loss, denoted
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Figure 3.10: Information for loss calculation on the free-wheel diode: (a) voltage and current
waveform, (b) reverse-recovery loss versus conduction current graph, and (c) forward voltage
versus conduction current graph [31].

Losses on the free-wheel diode includes reverse-recovery (switching) loss and conduction loss.
Reverse recovery happens during the turning-off event, identified by a transition of the current
from a non-zero to zero value, as shown in Fig. 3.10(a). The current amplitude at the transition is
used to estimate the energy loss using 3.10(a). The energy loss is scaled linearly with the collector-
emitter voltage during the diode turn-off period to calculate the reverse recovery loss. Average loss
in one electrical period is the reverse-recovery power loss, denoted by P;” , . The current shown

in Fig. 3.10(a) is used to calculate the conduction loss using the graph in Fig. 3.10(b). Average
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energy loss in one electrical period is the conduction power loss on the free-wheel diode, denoted
by Pific-
The total losses on the active rectifier are the sum of the losses on all the IGBTs

active __
loss -

> (Pb + P + Pifoae + Psfozi) . (3.3)
all IGBTs

Conduction is the only loss mechanism on the passive rectifiers. For each passive rectifier, two
diodes always conduct to connect the ac side to the dc side. Current flowing cross each diode is
the dc-side current. Assuming there are /V passive rectifiers in the system, the total losses on the
passive rectifiers are

PPassive — N w9 5 Vi x Iy (3.9)

loss

The total losses on the power electronics converter are

Ploss = PR3 4 ppctive (3.10)

loss loss

3.4.2 TIlustration example

A Simulink model , as shown in Fig. 3.11, is created to evaluate the conversion losses on the
active rectifier. The active rectifier is a two-level converter driven by space-vector-modulation
PWM. Two current controllers are created to regulate the d-axis and g-axis current of the ac port.
Details on the current controller will be presented in Chapter 4 and Chapter 5. While the g-axis
current is kept at zero for a unity power-factor operation, the d-axis current is calculated such that
10 MW of rated power is delivered to the dc bus.

The first step in calculation is determination of the physical voltage values. The voltage value is
determined by the voltage rating of switches used in the active rectifier and the converter topology.
The active rectifier provides the highest amount of dc-side voltage at the minimum generator speed.

The physical voltage handled by the active rectifier at this point corresponds to the per-unit value
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given by equation (3.3). Knowing a pair of physical value and per-unit value allows calculation of
base voltage Vjqs.. Having Vj,se and B,yse, conversion of all quantities from per-unit to physical
unit is possible. For example, consider a four-port PMSG with X7 of 0.1, operating in the speed
range from 0.55 to 1, and delivering 10 MW of power to the dc-bus at the rated power. The active

rectifier is two-level and utilizes 6.5 kV IGBTs. Equation (3.6) results in a dc-bus voltage of

Ve = 1.3118 (3.11)

Using equation (3.3), the active-rectifier dc-side voltage at the minimum generator speed is

VP(w = 0.55) = 0.7597, (3.12)

which is the active-rectifier rated voltage. Assuming the maximum voltage on each switch is half
of the rated value, a two-level converter can provide a dc-bus voltage at maximum of half the
switch rated voltage. Using 6.5 kV switches allows a rated voltage of 3.25 kV. The based voltage

of the system is

V;z,rated
|7

a,rated

Viase = = 4.28 kV. (3.13)

At a generator speed w, the active-rectifier dc-side voltage V,(w) is determined by the product
between V3,5 and VP, as given by (3.3). For a wind-turbine application, the dependency between

the dc-bus power and the generator speed is
Pii(w) = . (3.14)

The back emf of the active-rectifier ac port is

E(w) = waase\/z (3.15)

V3

Power balance between the ac and the dc side of the active rectifier allows determination of the
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Figure 3.11: Lowering the dc-bus voltage reduces the overall conversion losses.

Conversion losses are compared in Fig. 3.12 between two four-port PMSG systems with X7* =
0.1 delivering 10 MW power to the dc-bus. One system has the conventional dc-bus voltage and
the other utilizes the proposed value calculate by equation (3.6). At the rated generator speed, the
conversion losses has reduced from 1.3% to 0.89%. A similar trend is observed across the whole
generator speed range. Reduction in the conversion losses is due to a lowered active-rectifier dc-

side voltage, which help lowering the switching losses.
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Figure 3.12: Lowering the dc-bus voltage reduces the overall conversion losses.
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3.5 Conclusions

This chapter has discussed a design choice for the dc-bus voltage of an integrated generator-
rectifier system. Conventionally, the dc-bus is maintained as the peak line-to-line total generator
back emf to keep the active rectifier controllable at all the generator speed. Such a dc-bus volt-
age leads to increased active rectifier VA rating when the synchronous reactance is considered in
a multi-port PMSG case. A method to calculate the dc-bus voltage is proposed by recognizing
that the dc-bus voltage can be reduced without losing controllability of the active rectifier. The
reduced dc-bus voltage results in a significant reduction of the active rectifier voltage, current, and
consequently the VA rating.

To this point, the integrated generator-rectifier has been discussed in an average sense, i.e., all
the voltage and current equations consider the average value. Due to the diode bridge operation,
a voltage ripple always exists at the passive-rectifier dc output. This component is required to be
small for high-quality dc power. Chapter 4 discusses techniques used for voltage ripple minimiza-

tion.
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Chapter 4

DC-BUS RIPPLE CORRECTION AND VOLTAGE
REGULATION USING THE ACTIVE RECTIFIER

Creating a low-voltage-ripple dc bus and achieving a high power factor at the passive rectifiers
are desirable for delivering high-quality power while minimizing the generator size. The low
voltage-ripple requirement is accomplished conventionally with bulky filter capacitors connected
to passive rectifiers, as shown in Fig. 4.1. However, these filters compromise the ac-side power
factor. Without compromising the dc-bus voltage quality, the filter capacitor could be eliminated by
introducing appropriate phase shifts between different ac ports connected to the passive rectifiers
[39]. However, this approach requires either a specially-designed generator winding layout [6,29]
or by using multiple machines [48].

In contrast, this chapter focuses on using the series-connected active rectifier to compensate
for the ripple created by the passive rectifiers. A control scheme is proposed that allows both
the ripple compensation and the overall dc-bus voltage regulation. The voltage ripple caused by
the passive rectifier is partially canceled by using the active-rectifier to inject harmonics into the d-
axis current. The original concept of ripple voltage compensation is discussed in [49]. This chapter
extends the controller design by including effects of the generator synchronous inductance on the
passive-rectifier dc-side voltage. A closed-loop controller is developed for active compensation.
An experimental setup that emulates a multiport PMSG is created to illustrate the proposed method
as well as the dc-bus voltage regulation.

The rest of this chapter discusses the control strategy. Section 4.1 provides details on the concept
of active voltage-ripple compensation and develops a linear dynamic model used for controller
design. Section 4.2 discusses a control architecture to achieve active ripple compensation and
shows a controller example. An overall dc-bus voltage control architecture is discussed in Section

4.3. Simulation and experimental results to corroborate the approach are presented in Section 4.4.
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Nomenclature
x time-domain variable
X average value/ dc component of x
Z small signal/ perturbation/ ac component of x
x*/ X* reference value of x/ X

X(s) Laplace domain representation of z

4.1 Active voltage-ripple compensation using the active rectifier

This section first discusses the concept of active ripple voltage compensation. Fourier analysis of
the ripple sequence shows the maximum reduction in the ripple factor is achieved by eliminat-
ing the first harmonic. Then, a linearized model for the integrated generator-rectifier system is

developed. This model allows controller design based on the loop-shaping technique.

4.1.1 Concept of active ripple voltage compensation

(" Passive rectifier }—
& ¥ X C,
y S S Y i

Port P3

\_ 1
Yp
(" Passive rectifier - [dc load

. X ¥ X C,
L i Y A ) H .' ﬁ

(" Active rectifier

Figure 4.1: Integrated generator-rectifier system with one active-rectifier series connects with
multiple passive rectifiers to create a regulated dc bus. The passive-rectifier dc voltage is filtered
by capacitors. The active rectifier regulates the total dc-bus.
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Active compensation allows removal of passive-rectifier filter capacitors C, and C),, marked by
dotted lines in Fig. 4.1. The output voltage of the passive rectifier follows a profile depicted
in Fig. 4.2(a) with E being the peak line-to-neutral back-emf of the ac port. This profile has
a ripple component at six times the electrical fundamental frequency caused by the three-phase

diode bridge operation. Mathematically,

vp(t) =V, + Z Vi cos(6kwt + ¢y, 4.1)
k=1
where V), is the average component, w is the fundamental electrical frequency, V,; and ¢y, are the
amplitude and the phase, respectively, of the sinusoidal ripple component at 6kw.
The active rectifier generates a voltage ripple opposite the passive rectifier to create a low-

voltage-ripple dc bus, as shown in Fig. 4.2(b). Mathematically,

N
va(t) =V, — Z Vo cos(6kwt + ¢y,) 4.2)

k=1
where V, is the average component and N is the highest harmonic order that can be synthesized
by the active rectifier. Active compensation partially eliminates the voltage ripple and reduces the

dc-bus voltage ripple factor.

28E Up A
0 = t
(a) 3w, t
Vg A

w [\ /A /[~

(b)

Figure 4.2: (a) Dc-output voltage of the passive rectifiers in the integrated generator-rectifier
system. (b) Dc-side voltage of the active rectifier for ripple compensation.

Fig. 4.3 illustrates the effects of the active voltage-ripple compensation using a PMSG with
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0.05 p.u. synchronous reactance and 0.007 p.u. phase resistance. The ripple factor is 2.8% without
active compensation. This value drops to 1.2% when the ripple at six times the fundamental fre-
quency is incorporated, corresponding to N = 1. Incorporating higher harmonics further reduces

the ripple factor, but at a diminishing rate.

without .
active compensation

(%]

Ripple factor
—

—_

0

0 0 1 2 3 4 5 6 7 8 9
Highest harmonic order synthesized by active rectifier (N

Figure 4.3: Ripple factor on the dc-bus voltage reduces as the highest harmonic order in the active
rectifier dc-side voltage increases. The highest amount of reduction is achieved when the first
harmonic is incorporated.

4.1.2 Active-rectifier ac-current dynamic model and control

The voltage ripple on the active-rectifier dc-side voltage is generated by precisely controlling the
power drawn from the corresponding ac port, achieved through regulating the ac-side current.
A dynamical model describing the interaction between the generator and the active rectifier is
necessary to realize the control approach. This interaction is well approximated by a transfer
function with one zero in the right-half plane and two poles in the left-half plane. The zero arises
from the synchronous inductance while the poles are due to the filter capacitor and the current
controller dynamics.

The ac port powering the active rectifier is modeled in the dg reference frame with the d-axis
aligned to the generator peak phase-A back emf. The three-phase back emf d- and ¢- axis compo-
nents are e,q = e and ey, = 0, respectively, where e is the generator back emf (peak line-neutral).

Two dynamic equations governing the active rectifier ac-side currents in the dq reference frame are

di ‘ .

L ;td = —Rigq + wlisy + € — vq, and (4.3)
di . .

L% = —Risy — wLlisg — Vyg, 4.4)

where v,4 and v,, are the d-axis and g-axis voltages, respectively, created by the active rectifier.
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The terms ¢,q and 74, are the d-axis and g-axis currents, respectively. L and I are the per-phase
PMSG synchronous inductance and resistance, respectively.
A proportional-integral (PI) controller with feed-forward terms based on (4.3) to regulate the

d-axis current is

where i}, is the reference current, v}, is the active-rectifier d-axis voltage, and K, and K; are the
proportional and integral gains, respectively. The d-axis current follows a first-order dynamics

when the pole-zero cancellation tuning method is used [50]. In particular,

L

K, = ——and (4.6)
T

o 4.7)
.

where 7 is a design choice. The d-axis current dynamics is

dieg . .
T 7 = —lgq + Uy 4.8)

This control strategy creates a left-half plane pole at frequency % A similar control rule is applied

for the g-axis current:
Upg = Kp(i5q —isg) + /Ki(i:q — Usq)dt — wLigg. (4.9)

The g-axis current is typically maintained at zero for unity power-factor operation to minimize the

current rating of the active rectifier.

4.1.3 Dynamic model of the active rectifier voltage

The active-rectifier dc-side voltage and the d-axis current are coupled by a power balance relation-

ship between the ac and the dc sides at a given dc-bus current. The ac-side instantaneous power
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is

3 3
Pac = —€i3d - §Z§dR - _stL_

5 (4.10)

The g-axis current component ¢,, does not contribute to the instantaneous power as it is kept at
zero. The first and the second terms in the right-hand side of (4.10) show power drawn from the
back-emf source and power loss on the phase resistance, respectively. The last term represents the
synchronous inductance power, which is, conventionally, neglected. Inclusion of the last term is
necessary in active compensation because the ripple voltage has a higher frequency than the back

emf. The dc-side instantaneous power is

dvg, .
Pde = Vg (C% + Zload) ) (41 1)

where 7;,,4 is the current supplied to the dc bus, and C' is the filter capacitor at the active rectifier, as
shown in Fig. 4.1. The term C CZJ—; represents the current flowing into the filter capacitor. Equating
(4.10) and (4.11) leads to

dv,, 3 3 3 disg

= —Uliond + —€lsg — iing — 5@'de— (4.12)

Cva gy 2 dt

Equation (4.12) shows a non-linear relationship between the active-rectifier d-axis current and its
dc-side voltage.

Analysis and controller design are carried out using a linearized system around an equilibrium
point, assuming the voltage ripple is small relative to the average value. For any input /4, the

system is at equilibrium when the state v, takes the value

1 3 3
Va = _E]s - _[2 R 4.13
Iload (2 ! 2 sd ) ( )

where FE is the d-axis ac-port back emf at the the rated condition and [}, is the nominal value of

the dc-bus current. At this equilibrium point, the input and the state satisfy the relationship:

3 3
~Valioaa + 5 ELa — §I§dR = 0. (4.14)
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Considering perturbations isq and ¥, around the equilibrium point implies i;q = [5q + isq and
v, = Vo + 9,. Substituting these representations in equation (4.12) and using equation (4.14), the

voltage ripple dynamic is

d a ~ 3”: 3": ~ 3 ~ d.s
(Cva + CV) Y = _Ua[load + §ZSdE — §Z§dR — 3[stst — §<[sd + st)L%

7 (4.15)

The ripple voltage dynamic is non-linear due to the product between the state and its derivative,

digg
dt

i.e., U gt 2% and iy, and the quadratic term gzd. Assuming v, < V,, isaR < E, and 15y < Iy,

the non-linear equation (4.15) is approximated by a linear equation:

dv,

3 3 dis
CVa_ = _f}a]load + (_ : d

E — 3]8dR) log — —ToqL—2 (4.16)

dt 2 275 dt

The d-axis current dynamic follows a linear ordinary differential equation, as shown by (4.8).

Thus, perturbation i, and the large signal i,, have the same governing equation, as given by (4.8):

dlsd
T
dt

—lgq + st 4.17)

Equations (4.16) and (4.17) constitute the dynamic model for the active-rectifier ripple voltage.
The input is the reference d-axis current perturbation. The transfer function from input to output

is expressed as

Gy = Yals) 3Ll (s — *75) “.18)
Ly(s)  2load (rs +1)(fes +1) '

where V,(s) is the Laplace transform of the active-rectifier dc output voltage perturbation 7, (%),
and I*,(s) is the Laplace transform of the perturbation 4*,(t) in the d-axis current reference value.
This system has two poles in the left-half plane and one zero in the right-half plane. The first pole
is at frequency l. Typically, 7 is chosen to be between five and ten times the power electronics
switching period. The second pole has frequency Il”“d Typical design choices place the second
pole to the left of the first pole to ensure a low rlpple voltage at the switching frequency. The

right-half plane zero location depends on the generator parameters and the operating condition.
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Figure 4.4: Verification of the linearized model. (a) Current command used for verification. (b)
Subject to the current command, the linearized (4.18) and simulation model generate active
rectifier voltage responses that match.

4.1.4 Linearized model verification

A MATLAB-Simulink model is created, following the diagram in Fig. 4.1, to verify the linearized
dynamic of the active rectifier. The active rectifier is IGBT-based and switches at 2.5kHz, emu-
lating a power converter at megawatt-power level [51]. Parameters for the ac ports are listed in
Table 4.1. The selected inductance value corresponds to 0.05 p.u. reactance, typical for slotless
PMSG [52]. Assuming each ac port has a line-to-neutral back emf of 952 V and the generator-
rated power is 3 MW, the per-phase synchronous inductance is 2.2 mH. The per-phase equivalent
resistance is 36.7 m(2, assuming the per-unit resistance is 0.007. At the rated power condition, the
d-axis current of the active-rectifier port is 843.6 A. The dc-bus voltage is maintained at 4.9 kV,
the total peak line-to-line back emf of all the ac ports. The dc-bus current to deliver the rated power
1s 615 A. The filter capacitor is chosen such that the frequency of the second pole is seven times
lower than the first pole, i.e., C' = 4.4 mF. The linearized model has two poles at 500 rad/s and
71.4 rad/s, respectively, and a zero at 526 rad/s. Fig. 4.4 compares the active-rectifier dc-bus volt-
age waveforms when the d-axis current varies by 10% from the nominal value. The well-matched
waveforms confirm the validity of the two-pole, one-zero model in (4.18). The second pole domi-

nates the step response, as it has a much lower frequency compared to the first pole. The right-half
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Table 4.1: Parameters used for verification

Parameter Notation | Value | Unit
Power P 3 MW
Rotor speed Win 15 rpm
Number of poles Npole 40
Electrical frequency w 5 Hz
Switching frequency fsw 2.5 | kHz
Peak back emf
(line-to-neutral) E 952 v
Per—phase synchronous I 22 | mH
inductance
Per-phase resistance R 37 mS2
Dc-bus voltage Ve 4.9 kV
Dc-bus current Lioad 615 A
Filter capacitance C 4.4 mF
Actlye—rectlﬁer nominal I, 344 A
d-axis current
Current-controller

. T 2 ms
time constant

plane zero causes the initial response opposite to the command direction. This verification allows

a controller design to actively compensate the voltage ripple by using linear system tools.

4.2 Voltage-ripple compensator architecture

This section discusses the control architecture used to perform active voltage-ripple compensation,
as shown in Fig. 4.5. The ripple compensator comprises a lead-lag (LL) controller [53] and a
proportional-resonant (PR) controller [54]. The LL controller is used to adjust the open-loop phase
margin. The PR controller allows the voltage ripple to be tracked with zero-phase delay. Input to
the ripple compensator is achieved by filtering the passive rectifier dc-output voltage. Only the
ripple component at the target compensation frequency is allowed to pass through the reference

voltage filter.
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Figure 4.5: The proposed control architecture to modulate the active rectifier dc-side voltage for
compensating the passive-rectifier voltage ripple.
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4.2.1 Controller design

The controllers are designed to modify the plant dynamics such that the open-loop transfer function
has a positive phase margin to ensure stability and high gain at the ripple-voltage frequency to
achieve compensation. The modification is achieved by using an LL controller L;(s) with the

transfer function

1
_ Ky st
- 1
S [ —
Bll + BuTy

n(s) (4.19)

where K, 3y, and Tj; are the design parameters [53]. The next step is providing high gain at the

ripple voltage frequency. This is accomplished by a PR L7, in series with the LL controller:

QKT wh
L% (s) = K" + i We S (4.20)

P g2 4 2wl s + (wPr)?’
where Kg’“, K, wP™, and wP" are the design parameters [54]. The frequency w?" is set to the
voltage-ripple frequency. Closing the control loop by feeding the error v — v, to input of the
ripple compensator leads to a reference tracking with unity gain and zero phase delay.

The reference signal ) is set to negative of the passive-rectifier voltage ripple. The voltage
ripple is achieved by filtering the passive-rectifier voltage v, using the reference voltage filter
block in Fig. 4.5 with

2K wh" s

s2 4+ 2w s + (wpr)?’

(4.21)

R(s) =
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4.2.2 Design guidelines

The first step to design the voltage ripple compensator is the selection of the filter capacitance for a
chosen switching frequency and a rated operating condition. The switching frequency sets the first
pole of the transfer function from the d-axis current perturbation to the ripple voltage, as given by
(4.18). The filter capacitance is chosen such that frequency of the second pole is five to ten times
lower than the first pole under the rated operating condition.

The next step is to select the gains K, 5 and Tj; for the LL controller to achieve a desired
phase margin greater than 30 degree for the loop gain Lj;(s)G(s) [53]. The cross-over frequency
of L,(s)G(s) enforces the upper bound of the ripple frequency that can be compensated.

The last step is to select the gains KII)”", K?", wP, and w?" for the PR controller such that the

resonant peak is at the targeted ripple frequency [54].

4.2.3 Stability analysis of the linearized model for different operating
conditions

The active voltage-ripple compensator designed following the guidelines in Section 4.2.2 is guar-
anteed to be stable at the rated load condition due to a positive phase margin. Stability needs to be
analyzed at partial load condition and partial speed conditions. This analysis is done by evaluating

the poles of the closed-loop transfer function from v to v, in Fig. 4.1:

F(Sa wpu’ Iloadu Isd; ‘/a)
B Lfl(s)LgT(s; WP )G (85 Tioads Tsay Vi, wP™)
1+ Llcl(S)L;;r(S; wpu)G(S; Iloada ]sda ‘/aa wpu) ’

(4.22)

where w?" is the per-unit generator speed. Parameters explicitly changed with the operating con-
dition are added after each semicolon. For the PR controller, the resonant frequency is adapted
to the generator speed by substituting w?" by wP“w?". The plant transfer function is modified by

replacing F with w?*E. Assuming [;,,q 1S generator-speed dependent, V;, 1s calculated by

3 3
Vo =Vie — n—wP"E — n—wP"wLIj0q(W") (4.23)
T T
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Figure 4.6: (a) Bode plot of the linearized plant. (b) An LL compensator (dashed-orange curves)
modifies the cross-over frequency, leading to increased gain at low frequencies and a satisfactory
phase margin (solid-purple curves). (c) PR controller (dashed-yellow curves) adds a resonant
peak to the open-loop system (solid-green curves) without de-stabilizing the system. (d) The
overall closed-loop system is stable and exhibits close-to-unity gain and close-to-zero phase at the
ripple voltage frequency of 30 Hz.

where w is the rated electrical frequency and n is the number of passive rectifiers. Neglecting the

resistive losses, the d-axis current is calculated using the power balance equation
Isd = _—‘/a-[load' (424)

A design example is given in Section 4.2.4. The switching frequency is assumed to be a typical
value for a megawatt-scale system. The ripple frequency, line frequency and filter capacitor are
calculated accordingly. Stability is analyzed under variable load and speed conditions assuming a

wind-turbine operation.
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Table 4.2: Controller parameters for the simulation system

Parameter | Value | Unit

Ky 2.5 VIV
LL controller Bu 2.5 -
Tu 0.0033 S

KPr 1 A/V

K 20 A/V

PR controller o 05 | rad/s

wh” 607 | rad/s

4.2.4 Design example

Fig. 4.6(a) shows the Bode plot of the plant with parameters from Table 4.1, as given by (4.18).
The two poles are at 71.4 rad/s and 500 rad/s, respectively. The right-half plane zero is at 526 rad/s.
The plant has a phase margin of 85 degrees and a zero-frequency gain of 0.35 dB. The first pole
is recognized through a knee point and the transition of the phase angle from zero to -90 degrees
at sub 100 rad/s frequencies. Involvement of one more pole and another zero is observed in the

frequency range above 1000 rad/s: the Bode-plot magnitude decreases at a -20-dB/decade rate

while the phase angle approaches -270 degrees.
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Figure 4.7: (a) Bode plot of the resonant filter R(s) with a very high-gain peak at 30 Hz. (b)
Wrapping a feedback loop around the resonant element results in the ripple extractor with the
Bode plot showing a notch of unity gain and zero phase at the desired frequency of 30 Hz.

The open-loop gain should be high at low frequencies for a fast reference tracking. The LL
controller is used to increase the gain while keeping the phase margin in the range of 30 degree.

The controller gains are designed following [53] and summarized in Table 4.2. The Bode plot of
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the LL controller is shown by the dotted-orange line and the total loop gain by the purple line in
Fig. 4.6(b). The cross-over frequency moves to the right at 233 rad/s and the zero-frequency gain
is 15.2 dB. The phase margin of 34.4 degrees ensures closed-loop stability. The maximum ripple
frequency should be lower than the cross-over frequency of 233 rad/s, or 37 Hz. The target ripple
frequency is chosen to be 30 Hz, corresponding to a fundamental frequency of 5 Hz. The selection

is based on the electrical frequency of direct-drive wind turbines [55].
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Figure 4.8: (a) The closed-loop transfer-function poles remain in the left-half plane under varying
load conditions. The V-shape markers indicate the roots at rated load. The arrows show the root
moving directions when the load reduces. (b) Similar observation for the variable speed
conditions. The arrows show the root moving directions when the speed reduces.

A PR controller with parameters shown in Table 4.2 is used to modify the open-loop gain at
30 Hz. The Bode plot of L7 is shown by the dashed-yellow curve in Fig. 4.6(c). The total
open-loop gain, shown by the solid-green line, has a peak of approximately 30 dB at 30 Hz and
a phase margin of 19.2 degree. The closed-loop system is stable and has close-to-unity gain with
close-to-zero phase at 30 Hz, as shown in Fig. 4.6(d).

The reference ripple voltage is generated by filtering the dc-output V), of the passive rectifier
using the resonant part of the controller in (4.20). Fig. 4.7(a) shows the Bode plot of the resonant
element R(s) using parameters from Table 4.2. This plot has a high-amplitude notch at 30 Hz.
Adding a feedback loop around the resonant element results in the reference voltage filter, which
has unity gain and zero phase delay at 30 Hz and low gain at other frequencies, as shown in Fig.
4.77(b). This characteristic ensures voltage ripple only at 30 Hz from the input passed to the ripple
compensator.

Fig. 4.8 shows stability of the example system by evaluating the poles of the closed-loop system
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Figure 4.9: Overall control architecture for dc-bus voltage regulation and active voltage-ripple
compensation.

given by (4.22) for variable-load and variable-speed conditions. First, the dc-load current is varied
from 5% to 100% of the rated amount while the generator speed is kept at the rated value. Locus of
the poles is shown in Fig. 4.8(a). For all the loading conditions, the roots remains in the left-half
plane, implying controller stability. Second, the generator speed is varied between 0.55 pu and
1 pu. The load current is selected to be proportional to the cube of the per-unit generator speed
to emulate operation of a wind turbine [12,39,43]. Similar to results of the first test, all the poles

remain in the left-half plane, as show in Fig. 4.8(b).

4.3 Overall dc-bus voltage controller architecture

In addition to ripple compensation, the dc-bus voltage must be regulated in practical applications.
An overall control architecture to achieve both goals is shown in Fig. 4.9. The voltage ripple
compensator, shown in Fig. 4.5, is a part of this overall control architecture. The rest of the

architecture is used to regulate the average dc-bus voltage.

4.3.1 Average dc-bus voltage controller

The dc-bus average voltage controller takes the passive-rectifier and active-rectifier dc-side volt-
ages, the load current, the ac-port peak back emf, and the reference dc-bus voltage as inputs. It
generates the d-axis current command to meet the amount of power required by the dc load while
maintaining the dc-bus voltage at the reference value V.. The active-rectifier average dc-side volt-

age V" is set to equal the voltage difference between the reference dc-bus V. and the average
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dc-side V)

Ve = Va

C

—V, (4.25)

Low-pass filters are applied to the instantaneous v, and v, measurements to extract the average
components. The output I, of the dc-bus average voltage controller includes a feed-forward term
and an output of a PI controller. The feed-forward term I; helps achieve a fast dynamic response.
It is calculated based on an ideal power-balance relationship of the active rectifier, neglecting
conversion losses and effects of the phase resistance:

- V:l*[load

I = (4.26)
3F

In practice, conversion losses always exist. Simply using the feed-forward term does not set the
average voltage on the active-rectifier dc-side to V*. A PI controller generates a correction term
I3 based on the voltage mismatch. The integral term ensures a zero steady-state error. The overall

control law for the average d-axis current component is
sa =17 4 Kpy /Kw Vo)dt (4.27)

where K, and K;, are the proportional and integral gains. The gains are tuned by a pole-placement
technique [35].

Under a zero dc-load condition, the integral term leads to oscillatory behavior of the dc-bus volt-
age. A proportional (P) controller is used for regulation. Output of the average voltage controller

is
I3 = Ky (V) — Vo) (4.28)

where K, is the proportional gain, which is selected to be a fraction of K.
A signal multiplexer is added at the controller output to select the PI controller with feedforward
term, or the P controller. If [;,,4 is greater than zero, output of the PI controller is designated as

the d-axis current command. Otherwise, output of the P controller is selected. The ripple voltage
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compensator is deactivated to avoid power circulation in the active-rectifier ac port for a zero-load

condition.

4.3.2 Additional design considerations

Dc-bus voltage and the active-rectifier filter-capacitor size are critical. A sufficiently high dc-bus
voltage is required to keep the active rectifier controllable. However, a high dc-bus voltage neces-
sitates an over-sized active rectifier and compromises the conversion efficiency. Filter capacitor
size 1s crucial. Too low of value causes excessive dc voltage ripple at the switching frequency. Too
high a value reduces the plant cross-over frequency, which in turn limits the maximum voltage

ripple that can be compensated.

Selection of the active-rectifier dc-side voltage

The active rectifier dc-side voltage must satisfy
Vaymin > V3E (4.29)

due to space-vector modulation. The minimum value is expressed in terms of the average value

Vao of the active rectifier and the maximum voltage ripple ¥y, 4, Of the passive rectifier:
Va,min = ‘/a - @p,ma:c (430)

The minimum value occurs when the ripple voltage of the passive rectifier stays at the maximum.
Assuming there are n passive rectifiers, the maximum ripple voltage on the corresponding dc

output is

Up,maz = Up,maz — VZD

— m/§<1 — %)E (4.31)

57



where v), ;mq. 18 the maximum voltage on the dc-side of the passive rectifier. Substituting (4.31) into
(4.30) and using the inequality (4.29), the requirement on the active-rectifier average component

18
V., > V3E + n\/§<1 — %)E (4.32)

Considering the system in Fig. 4.1 with parameters given in Table 4.1, the minimum active-rectifier
average dc-side voltage 1S V;, i, = 1799 V. This value is higher than the conventional requirement
that the dc-side voltage must be at least 1650 V, the peak line-to-line back emf. The excess voltage

is required to perform active voltage ripple compensation.

Selection of the dc-bus voltage

The dc-bus voltage is selected such that at all loading conditions the active-rectifier ac-side voltage
never falls below the value determined in Section 4.3.2. Due to operation of the dc-bus average-
voltage controller, the active-rectifier dc-side voltage average component V, automatically de-
creases if V), increases and vice versa, to keep the dc-bus voltage constant. The maximum value
of V), sets the minimum value of V,. Assuming there are n passive rectifiers in the system, the

maximum dc output voltage is
3
Vomaz = n—EV/3. (4.33)
The minimum dc-bus voltage is
Vd*c,min = ‘/;),maw + Va,min' (434)

Considering the example system, the maximum dc-side voltage of two passive rectifiers is V), a2 =

3151 V. The minimum dc-bus voltage becomes V. ... = 4950 V.
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Filter-capacitor sizing

The capacitor sizing is dictated by two requirements: (1) location of the second pole, and (i1) ripple
voltage at the switching frequency. Typically, the second pole should be far from the first pole.
In this paper, the second pole is located at one-seventh the frequency of first pole. In addition,
the capacitor should be sufficiently large to ensure a low ripple voltage at the switching frequency

[49,56].

4.4 Results

This section verifies the proposed method through simulation and experiment. The ripple factor
is effectively reduced in a simulation three-port system with a 4.95-kV dc bus and 3-MW power.
The simulation results first illustrate the active voltage ripple compensation at the rated loading
condition. Then, the performance at partial load and partial generator speed is demonstrated.

Experimental implementation further corroborates the active compensation strategy.

4.4.1 Simulation

A Simulink model following Fig. 4.1 is set up. Each ac port has the synchronous inductance
and equivalent resistance values shown in Table 4.1. The active rectifier is a two-level converter
switching at 2.5 kHz, representative for MW-scale power converters [1].

Fig. 4.10 illustrates waveforms in pre- and post-compensation, and Table 4.3 summarizes the
key performance metrics. Before 0.2 s, a constant d-axis current results in sinusoidal phase cur-
rents and a fixed active-rectifier dc-side voltage. The ripple voltage caused by the passive rectifier
appears at the dc bus, causing a 2.8% ripple factor. At 0.2 s, active compensation modulates the
active-rectifier d-axis current and deforms the phase currents. The active rectifier dc-side volt-
age counteracts the voltage ripple on the passive rectifier. The ripple factor is 1.21%, a 67.5%
reduction, and matches well with the values shown in Fig. 4.3. The output power of the ac port
feeding the active rectifier is modulated to generate the voltage ripple, as shown in by Fig. 4.10(c).

Consequently, the power output of the whole generator has higher ripple, as shown by the yellow
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waveform. A high power ripple is due to functional substitution of the passive-rectifier filters C,
and C), by the active rectifier. In wind-power applications, the generator ripple power does not
cause an excessive rotor-speed oscillation due to a high rotor moment of inertia, as shown in Fig.

4.1(d). The inertia value used for illustration is .J = 12.6 x 10° kg.m? [57].
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Figure 4.10: Simulation waveforms. (a) The dc-side voltage of the active rectifier (blue line) is
modulated to counteract the passive rectifier voltage (orange line), leading to a reduced
voltage-ripple dc bus (yellow line). (b) The d-axis and g-axis currents are maintained as constant
values prior to compensation (top plot), leading to sinusoidal phase currents (bottom plot). At

t = 0.2 second, the harmonic current is injected to the d-axis component, leading to deformation
in the phase currents. (c¢) Power output of the ac ports feeding the passive rectifiers (blue), the
active rectifier (red), and of the whole generator (yellow). (d) The power ripple causes speed
oscillation, but at a very small percentage of the rated speed.

Table 4.3: Comparison between pre- and post-compensation

Dc-bus voltage ripple factor | Active-rectifier ac-port power factor
pre 2.8% 1
Simulation
post 1.2% 0.95
pre 2.19% 0.99
Experiment
post 1.22% 0.95
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Implementation of active voltage ripple compensation leads to a higher active-rectifier volt-
ampere (VA) rating, defined as the product of peak dc-side voltage and peak ac-side current.
This increase is illustrated using simulation results in Fig. 4.10. The pre-compensation period
corresponds to a system without active compensation. The active-rectifier dc-side voltage and the
peak ac-side current are 1958 V and 854 A, respectively, leading to a VA rating of 1.67 MVA.
Implementation of the active voltage ripple compensation increases the ratings to 2174 V and
1161 A, respectively. The resultant VA rating is 2.52 MVA. Higher voltage- and current-rating
active power electronics switches must be used compared to a system without active compensation.
However, the bulky filter capacitors at passive rectifiers can be eliminated, leading to a significant
reduction in system weight, as well as promising improvements in overall reliability.

Fig. 4.11 illustrates the operation of the proposed proposed control architecture, including start-
up, shut-down, restart, and dc-load variation. Initially, the load current is zero, all the controllers
are disabled. At time ¢ = (.25, the load current increases from zero to the rated value of 606 A.
Both the dc-bus voltage controller and the active voltage ripple compensator are activated, leading
to the dc-bus voltage being maintained at 4.95 kV. At 1 s, the load current changes to zero. The
dc-bus voltage has an overshoot and then settles to the reference value due to the contribution of
I5. At 2.25 s, the load current increases again to the rated value. The ripple voltage compensator
and the PI controller are activated, leading to a stable 4.95 kV dc-bus voltage. From time 3.5 s,
the load current is stepped down to zero in five steps; each has an amplitude of 20% of the rated
load current. Finally, the dc-bus current steps up to 40% of the rated value from zero. During
the transition, the dc-bus voltage experiences transient behavior at the stepping instances and then

stabilizes.
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Figure 4.11: (a) The average dc-bus voltage controller regulates the dc-bus voltage when the load
current is non zero. During the positive-load-current intervals, the ripple voltage caused by
passive the passive rectifiers are actively compensated, leading to a low voltage-ripple dc-bus. (b,
¢, d) Zoomed-in voltage waveforms at different time intervals.

The active ripple voltage compensation and dc-bus voltage regulation are achieved at variable
generator speeds. Assuming a linear relationship between back emf and generator speed, each ac
port has a back emf of FwP* where wP" is the normalized generator speed. Fig. 4.12 illustrates
the variable-speed operation while the dc-bus power is maintained at 3 MW. At time 1.75 s,
the generator speed decreases to 0.8 p.u. The dc-side voltage of the passive rectifier V,, decreases
accordingly. The voltage controller increases the active rectifier dc-side voltage to make up for the
drop, maintaining the dc-bus voltage at the commanded value of 4.95 kV. At 1.75 s, the speed
increases back to the rated value. Due to the increase in the passive rectifiers output, the active
rectifier decreases the dc-side voltage. During the process, active voltage ripple compensation

succeeds, as shown in Fig. 4.12(b).
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Figure 4.12: (a) When the generator speed varies, the active rectifier reacts to the voltage
variation on the passive-rectifier output to maintain the dc-bus voltage constant. (b) During the
transition and steady-state conditions, the voltage ripple is compensated. Refer to Fig. 4.10(a) for

waveform of an uncompensated condition.

63



Table 4.4: Parameters of the experimental setup

Parameter Notation | Value | Unit
Power P 17.7 w
Rotor speed W 45 rpm
Number of poles Npote 48
Electrical frequency w 18 Hz
Switching frequency fsw 10 kHz
Peak back emf (line-to-neutral) FE 18 A%
Per-phase synchronous inductance L 25 mH
Per-phase resistance R 6 Q
Dc-bus voltage Vie 93.5 kV
Dc-bus current Livad 0.19 A
Filter capacitance C 19 uF
Active-rectifier nominal d-axis current Iy 0.3 A
Current-controller time constant T 0.5 ms

4.4.2 Experimental Results

A laboratory set up is built, as shown in Fig. 4.13(I), to further validate the proposed strategy.
The generator consists of three assemblies, named Port-1, Port-2, and Port-3. Port-1 powers an
active rectifier while the other two feed passive rectifiers. Each port has 48 poles, a synchronous
inductance of 25 mH, an equivalent series resistance of 6 {2, and a voltage constant of 0.4 V/rpm.
Each generator assembly is rated for 1300 rpm, 700 watts, 5.5 A, and 310 V. The rectifier outputs
are connected in series and deliver power to a resistive load.

The active rectifier switches at 10 kHz. The current controller is designed to have a time con-
stant of 0.5 ms, corresponding to the first pole at 2000 rad/s. The target compensation frequency
should not exceed half the first-pole frequency. The ripple frequency is chosen to be 680 rad/s,
corresponding to a rotational speed of 45 rpm. The active rectifier ac-side peak current is selected
to be 0.3 A to keep the per-unit inductance at 0.05 p.u., following the simulation condition. Note

that the operating condition is not the rated one. However, it is required to ensure a low per-unit
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synchronous inductance to follow the simulation condition. The second pole is selected to be at
271 rad/s, one-seventh of the first-pole frequency, leading to a capacitor value of 19 pF. Parameters
of the experimental setup are summarized in Table 4.4.

The voltage ripple compensator has parameters 8 = 3, K;; = 0.025 V/V, T; = 5 x 107* s,
K" =1A/V, K" =20 A/V, wP™ = 0.5 rad/s, and w?" = 680 rad/s. Tustin transformation with
sampling time of 100us is applied to convert the controllers in continuous time to discrete time for
implementation on the Texas Instrument C2000 F28035 microcontroller. The integration time step
is the same as the sampling time.

Experimental results and a performance metric are shown in Fig. 4.13(II) and Table 4.3, respec-
tively. The active compensation is activated at 0.1 second. Before the activation, voltage ripple of
the passive rectifier is reflected on the dc-bus voltage, as shown in Fig. 4.13(Ila). The ripple factor
is 2.19%. After the activation, the dc-bus voltage ripple is reduced, leading to a ripple factor of
1.22%. Active compensation is achieved through current modulation, as shown in Fig. 4.13(IIb).
Harmonic analysis in Fig. 4.13(Ilc) shows a significant amplitude reduction of the 108 Hz com-
ponent, the target compensation frequency. Simulation waveforms using the model discussed in
Section 4.4.1 with parameters from the experimental setup is shown in Fig. 4.13(III). Close match
between corresponding waveforms in Fig. 4.13(II) and Fig. 4.13(III) further corroborates validity

of the proposed active-ripple compensation framework.
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Figure 4.13: Experimental setup and results. (I) Experimental setup based on a three-port

generator. Outputs of the rectifiers are serially connected to power a resistive load. The passive
rectifiers Rec-2 and Rec-3 do not have filter capacitors. The active rectifier Rec-1 performs dc-bus
voltage regulation and active voltage ripple compensation. (II) Experimental results on active
voltage-ripple compensation. (a) The active rectifier modulates its dc-side voltage (red curve) to
compensate for the voltage ripple of the passive rectifier (yellow curve) leading to a low-ripple dc
bus voltage (blue curve). (b) Active compensation is attained by adding harmonics to the ac side
current of the active rectifier. (¢c) Active compensation reduces the harmonic amplitude at 108 Hz
by 67%, from 3.7 V to 1.2 V. (III) Simulation results corresponding to experimental waveforms

in (II) using parameters from the experimental setup, as listed in Table 4.4.
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Fig. 4.14 shows performance of the active-ripple voltage compensation at various dc-bus current
conditions. At 45 rpm, each ac port has a back emf of 18 V (peak line-to-neutral). Using (4.32)
with n = 2 for two passive rectifiers, the minimum active-rectifier dc-side voltage is 34 V. The no-
load dc-side voltage of two passive rectifiers is 59.5 V. Consequently, the dc-bus voltage is the sum
of the two, or 93.5 V. Step changes of 25% the rated dc-bus current value are applied. The average
controller effectively maintains constant dc-bus voltage, as shown in Fig. 4.14(a). The active-
voltage ripple compensation is activated throughout the whole period. Zoomed in waveforms for
the passive-rectifier and dc-bus voltage ripple are shown in Fig. 4.14(b, c, d). The two voltage
ripples are identical if active ripple compensation is not implemented. The graphs show that the
dc-bus voltage ripple is lower than that of the passive rectifier. This reduction implies effectiveness

of the compensation strategy at varying loading conditions.
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Figure 4.14: Experimental results under load-varying conditions. (a) Under different dc-bus
current conditions, the dc-bus voltage is maintained at 93.5 V. (b,c,d) The dc-bus voltage ripple is
lower than that of the passive-rectifier at time periods corresponding to different loading
conditions.

67



4.5 Conclusions

This paper has presented a control methodology to use an active rectifier both as a filter element
and a dc-bus voltage regulator. To perform the function of a filter element, the active rectifier
modulates its dc-side voltage by injecting harmonics into the d-axis current. The voltage variation
is opposite the passive-rectifier dc-side voltage, leading to an active compensation. The second
function is fulfilled by adjusting the average value of the d-axis current using a PI controller with
average dc voltages as the feedback signals. The proposed scheme is fundamentally different
from the conventional filter-capacitor approach for voltage-ripple reduction. Energy stored in the
mechanical structure is utilized to reduce the voltage ripple. Consequently, the filter capacitors can
be removed. Elimination of these bulky elements leads to multiple benefits, including improvement

in overall reliability and power density, as well as reduction in system cost.
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Chapter 5

WIND-TURBINE MAXIMUM POWER-POINT
TRACKING

Consider an integrated generator-rectifier system adapted for wind-energy applications as shown
in Fig. 5.1. the prime mover is a wind turbine operating at variable speed. The wind turbine
shares a common shaft with the multi-port PMSG. The ac power is converted to dc by the inte-
grated generator-rectifier system. The dc output is connected to a stiff dc interface. The integrated
generator-rectifier system performs power point tracking to extract the maximum power from the
wind turbine.

Power flow control in the integrated generator-rectifier system, shown in Fig. 5.1 is challenging
due to the presence of numerous passive rectifiers. The control is vital to achieve a maximum
power point tracking (MPPT), which is imperative in the wind energy applications [12,43,58,59].
The MPPT is accomplished through control of the series-connected active rectifier. The control
framework based on a relationship between the active rectifier d-axis current and the dc-bus power
is established.

This chapter is organized as follows: Section 5.1 discusses a method to reduce the dc-bus voltage
ripple by shifting the generator back emfs. Section 5.2 discusses the power flow-control framework
for the integrated generator-rectifier system and applies the methodology for MPPT. Simulation
and experimental results are presented in Section 5.3 and 5.4, respectively, to corroborate the

findings.
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Figure 5.1: (a) Wind turbine power-point tracking architecture. (b) Circuit model for ac ports,
passive, and active rectifier.

5.1 Voltage ripple reduction through phase-shifting the ac ports

Considering a PMSG with k three-phase ac ports, (k — 1) ports power passive rectifiers with no
output filter capacitors. The dc output voltage ripple of each passive rectifier has a peak every %
radians, as shown in Fig. 5.2(a). Serial connection of the dc outputs with an appropriate phase
shift leads to a minimal voltage ripple percentage, defined as the ratio between the peak-to-peak
ripple and the average value. For example, the ripple percentage of two passive rectifiers with
% phase shifting is 3%, compared to 14% without phase shifting, as shown in Fig. 5.2(b). In
general, a phase shift of ﬁ radian minimizes the voltage ripple for a system with (k — 1)
passive rectifiers. Increasing the number of ac ports reduces the voltage ripple percentage but at a
diminishing rate, as shown in Fig. 5.2(c). This technique is similar to the use of multi-pulse diode

rectifiers and phase-shifting transformers in high power drives to reduce the line current harmonic

distortion [60].
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Figure 5.2: Example output voltage waveforms from the integrated system in Fig. 2.1 with each
ac port generating 1.1 kV peak line-to-neutral voltage. (a) Dc output voltage of one passive
rectifier. (b) Dc output voltage of two passive rectifiers connected in series with/without phase
shifting between the corresponding ac ports. (c) Ratio between the voltage V), peak-to-peak ripple
and the average value reduces as the number of passive rectifiers increases.

5.2 Power-flow Control for the Integrated Generator-Rectifier
System

This section develops the power-flow control framework for the proposed integrated generator-
rectifier system. The system dc output is assumed to connect to a stiff dc interface. This assumption

is valid for both ac and dc collection grids [1]. For the ac case, the interface is an intermediate dc
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Figure 5.3: Simplified equivalent circuit of the integrated generator-rectifier system. The dc
output of the passive rectifiers is modeled by a voltage source. The output of the active rectifier is
modeled by a controllable current source. The serial voltage and current sources are connected to
a constant dc voltage representing the dc interface.

bus that is maintained by a grid-side converter. For the dc case, the dc voltage is maintained by a
converter at the dc-grid substation [2,61].

A simplified equivalent circuit of the integrated system is shown in Fig. 5.3. The total output of
the passive rectifiers is modeled as a generator-speed-dependent voltage source, denoted by V,,, in
series with a commutation reactance, denoted by X,,. By ensuring a phase shift among different
ac ports, the voltage ripple of the total passive rectifier output can be neglected, as detailed in
Section 5.1. The active rectifier dc-side voltage, denoted by V/,, is determined by the difference
between the constant grid interface voltage, V., and the passive rectifier output voltage. The
controllable amount of power drawn by the active rectifier determines its dc-side current. The
active rectifier is modeled by a controllable current source. Due to the series connection, the
current flowing out from the active rectifier determines the amount of power flowing into the dc
bus, as detailed in Section 5.2.1. Cascaded proportional-integral (PI) controllers are proposed
for practical implementation. The power-flow control framework is applied to perform MPPT in

Section 5.2.2.
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5.2.1 Power-flow control using the active rectifier

Assuming a negligible voltage ripple and a constant dc-bus current /., the total dc output voltage

of (k — 1) passive rectifiers at the generator speed w is

‘/;mssive = %(k - 1)\/§E(w) - (k - 1) (%OJL + QR) I . (51)

S/

-~

Vp Vx

where L and R are the synchronous inductance and per-phase equivalent series resistance of each

ac port, respectively [47]. The back emf F(w) is speed dependent:

W

Blw) = 27 fo

Ey (5.2)

where f; and Fj are the rated electrical frequency and the rated line-to-neutral peak back emf, re-
spectively, of each ac port. The term Vx captures effects of the synchronous inductance, the phase
resistance, and the dc-bus current on the dc-side voltage of the passive rectifier. The synchronous
inductance is assumed to be sufficiently low such that the duration of phase current commutation
is less than one-sixth of the electrical period, corresponding to Mode I operation of a conventional
six-pulse diode bridge rectifier.

The next step is to derive a relationship between the active rectifier ac-side current and the dc
bus power. Neglecting the conversion losses in the active rectifier, the power balance between the

ac and the dc sides leads to

3

3
EE(M)IS 2R =V, (5.3)

15

where V/, is the active rectifier dc-side voltage and [, is the d-axis component of the active rectifier

ac-side current. The d-axis is aligned with the peak phase-A back emf. Using Fig. 5.3,

Vo =Vae = Vp — Xplae. (5.4
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The dc-bus current is represented by

_Pdc

Iy =
: Vdc

(5.5)

where P, is the dc-bus power. Substituting (5.5) and (5.4) in (5.3), the dc-bus power relates to the

active rectifier d-axis current by

3 312 o 13 3o V3E(w)
§E(w)ISd—§ISdR—Pdc<(k—1)vd26 (WwL—i—ZR)) +Pdc(1_7r(k 1) P ) (5.6)

Equation (5.6) signifies that the active rectifier d-axis current can control the power flowing into

the dc-bus, or, equivalently, the power drawn from the turbine.
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Figure 5.6: (a) Illustration of a three-bladed wind turbine. (b) A typical wind turbine power
coefficient versus tip speed ratio curve [62].

Figure 5.4 illustrates the relationship between /4 and P,;. using a 10 MW wind turbine system
based on a three-port PMSG having a rated back emf of 1.1 kV at 20 Hz electrical frequency.
The relationship is also demonstrated at two other electrical frequencies to show the possibility of
using power control for regulation of the generator speed. Each ac port has the equivalent series
resistance of 12 m(2 and the synchronous inductance L of 0.47 mH. These values correspond
to 0.02 p.u. resistance and 0.1 p.u. synchronous reactance, respectively, at the rated operating
condition.

Power-flow control can be achieved using a cascaded architecture, as illustrated in Fig. 5.5.
The inner loop comprises current controllers to regulate the d-axis and g-axis currents of the active
rectifier, as discussed in Chapter 4. The d-axis and g-axis current control the power flow and power
factor, respectively. Setting the g-axis current to zero leads to a unity power-factor operation of the
active rectifier. The outer-loop power controller calculates the d-axis current command to deliver
the reference amount of power P, to the dc bus. The power command is the output of an MPPT

algorithm that takes generator rotational speed as an input.

5.2.2 MPPT using Integrated Generator-Rectifier System

The proposed power-control architecture is applied to track the wind turbine maximum power

point. MPPT is achieved if at each generator speed, the electrical power drawn follows the max-
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Figure 5.7: Mechanical power curves and maximum power curve of a 10 MW wind turbine.

imum power curve [43]. Consider a wind turbine in Fig. 5.6 with Ry.q. = 90 m, operating at
a rated wind speed of 12 m/s and an air density p of 1.15 kg/m3. Figure 5.7 plots the mechani-
cal power curves of the wind turbine at various wind speeds using dashed lines. The maximum
power curve is formed by connecting peak values of all the mechanical power curves. Consider
the operation at a wind speed of 12 m/s. The vertical line crossing the intersection between the
maximum power curve and the mechanical power curve splits the graph into two regions. In the
gray region, the input mechanical power to the generator is higher than the output electrical power.
The generator rotational speed increases. Then, the generator enters the white region, in which the
mechanical power is lower than the electrical power. The generator slows down. Eventually, the
speed settles at the border of the two regions, at which point the maximum power of 10 MW is

generated.

5.3 Simulation Results

This section verifies the relationship between the active-rectifier d-axis current and the dc-bus
power predicted by equation (5.6) using a Simulink model based on a three-port PMSG. Then a
mechanical turbine model is incorporated and the integrated generator-rectifier system is controlled
to perform MPPT. The results shows the current-power relationship is accurately predicted and the

MPPT is achievable.
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5.3.1 Power-flow control

Figure 5.8(a) shows the simulation diagram for the theoretical relationship verification. A three-
port PMSG is modeled by three voltage sources with frequency and amplitude dependent on an
external reference-speed signal. Parameters of each port follow the values given in Section 5.2.1.
Port-1 and Port-2 are connected to three-phase diode rectifiers. The phase-A voltages (and also
-B and -C) of these two ports are shifted ¢ electrical radian from each other to minimize the
voltage ripple on the passive rectifiers’ dc output. Port-3 powers an IGBT-based active rectifier
that switches at 2 kHz. The rectifier outputs are serially connected to form the dc bus. The dc-bus
voltage is maintained at 5.7 kV’ to represent the grid interface.

Figure 5.8(b) illustrates that the active-rectifier d-axis current is the control input for the dc-bus
power. The upper plot shows the current waveforms corresponding to different active-rectifier d-
axis current reference values, when the g-axis current is commanded to stay at zero. The dc-bus
current follows the d-axis current. The dc-bus power varies proportionally to the dc-bus current,

as shown by the bottom plot of Fig. 5.8(b).
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Figure 5.8: (a) Simulation diagram based on a three-port PMSG. (b) (Top plot) The active
rectifier d-axis and g-axis current track the reference command, presented by the dotted lines. By
changing the d-axis current, the dc-bus current varies accordingly, leading to a change in the
dc-bus power (bottom plot). (c) The relation between dc-bus power and active-rectifier d-axis
current acquired from the simulation model (recorded by the markers) matches the theoretical
analysis (plotted by the lines using equation (5.6)).

Verification of the theoretical analysis, equation (5.6), is shown in Fig. 5.8(c). Different dc-bus
power values are recorded at generator speeds w = 38w, 407, and 427 rad/s, while the d-axis
current takes values ranging from 500 A to 3100 A. The recorded dc-bus power is plotted versus
the d-axis current using the diamond, square, and circle markers. For each w, equation (5.6) is

used to predict the dc-bus power and shown by dotted, solid and dashed curves.
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5.3.2 MPPT illustration

The simulation model presented in Fig. 5.8(a) is used to illustrate the application of the proposed
integrated generator-rectifier system to achieve MPPT. The reference speed to the generator is the

output of a wind turbine with dynamics

dw,,
Jm :Purine_Pc 5.7
w di turb d (5.7)

where J is the wind turbine moment of inertia, chosen to be 28.7 x 10° kg.m?2. To reduce the total
running time of the simulation, this value is selected to be 50 times lower than a representative
value for a 10 MW turbine [55]. For each wind speed, the turbine power Pi,.pine follows the
mechanical power curve in Fig. 5.7. Taking the turbine rotational speed as the feedback signal,
the MPPT algorithm in Fig. 4.5 sets the power controller reference value to follow the maximum-
power curve in Fig. 5.7.

Figure 5.9 shows that the proposed integrated generator-rectifier architecture tracks the wind
turbine maximum power point. At time zero, the turbine rotates at 55% of the rated speed and the
wind speed is 12 m/s. The turbine mechanical power is 10 MW while the dc-bus is commanded
to draw 2 MW. The 8 MW difference speeds up the wind turbine. As the turbine speed increases
following the solid-blue line in Fig. 5.9(a), the MPPT algorithm increases the power command sent
to the power controller, shown by the dotted-orange line in Fig. 5.9(b). Eventually, the electrical
power equals the mechanical power, making the wind turbine settle to the optimal speed, at which
point the maximum power of 10 MW is extracted. The corresponding d-axis and g-axis currents
are shown in Fig. 5.9(c).

The operation under varying wind speed conditions is also illustrated in Fig. 5.9. At instances

= 5.5 second and ¢ = 10.5 second, the wind speed changes to 10 m/s and 11 m/s, respectively.
In response to the wind speed variation, the MPPT controller varies its power command, shown by
the dotted-orange lines in Fig. 5.9(b). The dc-bus power successfully tracks the reference power,

allowing the turbine to rotate at the optimal speed for maximum power extraction.
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Figure 5.9: Key waveforms to illustrate the system maximum power point tracking capability. (a)
At each wind speed, the turbine speed (solid-blue line) successfully tracks the optimal speed to
generate maximum power. (b) The dc-bus power and the turbine mechanical power versus time.
(c) The d-axis and g-axis current to achieve the maximum power point tracking.
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5.3.3 PMSG power quality and torque ripple assessment

This section quantifies the impacts of the distorted ac currents due to the diode-bridge operation
on the total PMSG power quality as well as estimates the generator torque ripple.

Fig. 5.10(a) shows the phase-A back emfs corresponding to Port-1, Port-2, and Port-3 at the
20-Hz rated electrical frequency. At 10-MW rated power drawn by the dc-bus, the phase-A currents
of the three ac ports are shown in Fig. 5.10(b). The currents corresponding to the diode bridges are
non-sinusoidal, as expected. The total PMSG input power is calculated by adding instantaneous
power output of all the back emf sources, as shown in Fig. 5.10(c). The total input power is
slightly greater than 10 MW to account for the generator resistive losses. 60% of the total power
is processed by the passive rectifiers connected to Port-1 and Port-2. The ripple factor, defined as
the ratio between ripple-power rms value and the dc power value, is used to quantitatively assess
the input power ripple. At the rated condition, the ripple factor is 0.4%.

Operation at the minimum generator speed is considered next to evaluate the ripple factor varia-
tion as a function of the generator input power. The back emf amplitude and frequency are propor-
tional to the generator speed. Therefore, both decrease for a minimum operating speed that equals
to 55% of the rated value, as shown in Fig. 5.10(d). The ac-port currents vary, as illustrated in Fig.
5.10(e), to deliver the amount of power shown in Fig. 5.10(f). For a wind turbine, the input power
is proportional to the cube of the generator speed [43], resulting in the input power to be 1.7 MW
at the minimum operating speed. Unlike Fig. 5.10(c), majority of the power is processed by the
active rectifier connected to Port-3, as shown in Fig. 5.10(f). The ripple factor is 2.4%. Fig. 5.11
shows the ripple factor for the entire operating speed range as a function of the input power. Due
to high inertia of a wind turbine, the mechanical speed can be considered to be relatively constant
within the time scale of the electrical dynamics. Consequently, this power ripple is equivalent to
the torque ripple. The integrated generator-rectifier system exhibits a ripple factor lower than the

acceptable level of 5% to 10% [63, 64].

81



=407 [rad/s] w=22m [rad/s]

1000, - 7<] 1000 [
< -] 7/ / A} \ u—
SE_ S00f/ NN d <E_ so0)
g%z 0f “\ 1 Ze> 0
=S -500¢ \ ) N\ g =% 500t
-1000 - i ~ae” i Yot 1 -1000 | | | | | | | | | | i -
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.04 0.08 0.12 0.16 0.20
Time [s] Time [s]
(a) (d)
2000 - At e - 1000
<% 10001/ W\ £ <z 500
LI =i \ 7./ b 5= ey i -
0 —ic-y e - | WS = L. .-
é gﬁ ~ L ". v ! i _@ Eﬁ‘ R or=* ml._' > o,
=% -1000 W 1/ ' i £o 500
-2000 - S 1 -1000
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.04 0.08 0.12 0.16 0.20
Time [s]
(b)
10F Total PMSG |
8 i
g E 6 Portr—):i;rt—z g E
L2 4t =)
ol
% 0.02 0.04 0.06 0.08 0.1 0.12 % 0.04 0.08 0.12 0.16 0.20
Time [s] Time [s]

(© ()

Figure 5.10: Generator phase-A back emf, phase-A current, and power of the passive and active
rectifiers at different operating speeds. (a) Sinusoidal and phase-shifted back emfs at the rated
generator speed. (b) The corresponding phase-A currents. (c) Sharing of PMSG input power
between ac ports powering active versus passive rectifiers. (d) Back emfs at the minimum
operating speed that is equal to 55% the rated speed. (e) Phase-A currents corresponding to the
minimum speed. (f) Power sharing between the ac ports powering active and passive rectifiers at
the minimum operating speed.
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Figure 5.11: Ripple factor of the total PMSG power is always below 2.5% and decreases as the
output power increases.
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5.4 Experimental results

Similar to the simulation results section, this section first verify the current-power relationship and
then illustrate that MPPT is achievable on an experimental setup. The multi-port generator is ex-
perimentally emulated using three Samsung DC96-01218D PM machines that have three phases
and 48 poles, as shown in Fig. 5.12(a). The machine assembly is shown in Fig. 5.12(b). Each
phase has an equivalent series resistance of 2 {2 and an equivalent series inductance of 6.5 mH,
measured at 60 Hz. The machine produces a sine-wave back emf with a back emf constant
0.131 V(peak line to neutral)/rpm.

Three ac-port assemblies, named Port-1, Port-2, and Port-3, are axially joined using shaft cou-
plers to form a generator, as shown in Fig. 5.12(b). The couplers allow free adjustment of the
rotor relative angular position, resulting in a phase-shifted back emf between different ac ports. A
& ¢lectrical radian phase shift is created between Port-1 and Port-2 to minimize the dc-bus voltage
ripple. The setup illustrates only the phase-shifting concept, and does not reflect a real multi-port
PMSG design for off-shore wind.

Port-1 and Port-2 feed passive rectifiers MT3516A. Dc outputs of the rectifiers are serially
stacked to form a dc bus. Port-3 powers the active rectifier Rec-3, made from a Texas Instru-
ments High Voltage Motor Controller and PFC Developer’s Kit. The dc bus is regulated by the
electronic load Magna Power ARx operating in constant voltage mode. The PMSG is driven by
a programmable prime mover that can operate in constant speed, constant torque, or wind turbine

emulator mode.
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Figure 5.12: Experimental setup. (a) Single ac port assembly. (b) Three ac-port assemblies are
joined using couplers, allowing phase shifting between ports. Port-1 feeds the active rectifier
while Port-2 and Port-3 power passive rectifiers. Dc outputs are serially stacked and connected to
a constant dc bus maintained by an electronic load operating in constant voltage mode. Note that
the PMSG setup is used only to validate the phase-shifting concept and does not reflect a real
PMSG design for off-shore wind.

5.4.1 Dc-bus power — active rectifier current relationship

The relationship between the active rectifier d-axis current and the dc-bus power is validated ex-
perimentally. A prime mover operating in speed-regulation mode drives the generator at three
operating points: 150 rpm, 300 rpm, and 450 rpm. These three values correspond to dc-bus volt-
ages of 100 V, 200 V, and 300 V, respectively, to be maintained by the electronic load. The dc-bus
voltages are chosen to be the minimum values that ensure controllability of the active rectifier,
i.e., the sum of the maximum open-circuit line-to-line back emf of all the ac ports. Although
a higher dc-bus voltage is possible, the volt-ampere rating requirement on the active rectifier is
increased [35].

Figure 5.13(a) shows the active, the passive, and the dc-bus current waveforms. The active
rectifier drives sinusoidal current out of Port-3. The phase currents of Port-1 (and also Port-2) are
non-sinusoidal, as expected due to operation of the passive-rectifier. The current flowing to the dc-
bus is constant with a low ripple due to the phase shift between Port-1 and Port-2. Figure 5.13(b)
validates the theoretical and experimental relationship between the d-axis current and the dc-bus
power. The theoretical values are predicted by equation (5.6). The dc-bus power is measured at

the output of the generator set.
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Figure 5.13: (a) Current waveforms from the experimental setup: (top) phase current of Port-1,
feeding active rectifier, (bottom) phase current of Port-2, feeding passive rectifier, and dc-bus
current. The power factor at the active rectifier is 1 and at the passive rectifier is 0.91. (b)
Theoretical relationship between the active rectifier d-axis current and dc-bus power is validated
by experimental measurements. The lines illustrate the theoretical predictions in equation (5.6),
while the experimental measurements are recorded by the discrete markers.

5.4.2 MPPT validation

The prime mover is programmed to emulate a wind turbine with mechanical power characteristics
shown by the solid blue curve in Fig. 5.14(a). The amount of electrical power extractable at the
dc-bus, shown by the orange dots, is lower than the programmed values due to the power train
losses, approximately 35%. These experimental measurements are achieved by setting the active
rectifier d-axis current to the values of the orange dots in Fig. 5.14(b). The maximum power point
is tracked by utilizing the d-axis current profile versus the rotational speed shown by the solid blue
line in Fig. 5.14(b). The intersection at the speed corresponding to the maximum power point

ensures MPPT.
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dc-bus has a peak value of 381 W at a generator speed of 656 rpm. (b) The power is

experimentally measured by applying a torque profile following the solid-orange line. The
dashed-blue curve is used to achieve MPPT.

Figure 5.15 illustrates the waveforms of the MPPT operation. Before 1.2 seconds, the prime
mover rotates at a constant 391 rpm. At 1.2 seconds, the prime mover enters the turbine emulator
mode. The generator speeds up and eventually settles at 656 rpm, as shown in Fig. 5.15(a).
Figure 5.15(b) shows the passive rectifier voltage increases with the rotational speed. Meanwhile,
the active rectifier dc-side voltage is reduced due to a constant dc-bus voltage. At the optimal

rotational speed, the dc-bus power is 381 W, coinciding with the maximum power point shown in

Fig. 5.14.
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Figure 5.15: Waveforms of the MPPT operation. (a) The turbine starts at 391 rpm and settles at
636 rpm, the speed for maximum power generation. (b) The passive rectifier dc-side voltage
increases as the rotational speed increases. The active rectifier dc-side voltage behave oppositely.
The dc-bus voltage is constant at all the rotational speed. (c¢) The dc-bus power successfully track

the maximum value of 381 W.

5.5 Conclusions

This chapter has illustrated the MPPT capability of the integrated generator-rectifier system in
wind-turbine applications. Although multiple uncontrollable diode presents in the system, power-
flow control capability is still achievable through the active rectifier due to the serially-connected
configuration. In essence, the active rectifier operates as a controllable current source while the

diode bridges behaves as generator-speed-dependent voltage sources. Adjustment of the current

variation of the passive-rectifier power output.
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Chapter 6

WINDING LAYOUT CONSIDERATIONS FOR AN
INTEGRATED GENERATOR-RECTIFIER SYSTEM

The design, analysis, and control of the integrated generator-rectifier system previously consid-
ered the multi-port generator as isolated ac ports modeled using a series resistance, inductance,
and a speed-dependent voltage source (RLE). However, the generator-rectifier interaction is com-
plex, especially when the ac ports are magnetically coupled. This chapter presents an analytical
framework to capture the interaction between different generator ac ports and the rectifiers by
considering the complete generator inductance matrix, capturing all self and mutual inductances.
Requirements on the inductance matrix are derived to ensure the isolated-RLE model’s validity
from a design and control perspective even in the presence of magnetic coupling among different
ac ports. The analysis reveals a trade-off between the dc bus power ripple and the power imbalance
between the active and passive sections of the generator. Finally, a fractional-pole-pitch winding
layout is proposed as an example to provide a required 20-degree phase shift among the passive
ports, while achieving a complete magnetic decoupling from an equivalent circuit standpoint. The
desired properties are verified using a generator finite-element-analysis (FEA) model at a 10-MW
power level. A simulation coupling the FEA model to the rectifier circuit proves that a low dc-bus
power ripple and a low generator torque are simultaneously achieved. The fractional-pole-pitch
structure is also experimentally implemented at a low power level. The analysis paves the way for
development of other machine topologies that are guaranteed to work with the integrated rectifier
system.

The rest of this chapter is organized as follows: Section 6.1 provides the theoretical analysis
of the generator requirements to meet the power converter demand. Section 6.2 discusses a com-
patible generator configuration that axially splits the sections for the active and passive rectifiers.
Section 6.3 verifies the proposed topology via a sample design at a 10-MW power level. Finally, a

low-power experimental setup is exhibited in Section 6.4.
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6.1 Framework for Generator and Rectifier Integration

This section presents a generalized circuit representation of the integrated generator-rectifier sys-
tem considering the magnetic coupling across all the generator phases. Conditions for the mag-
netic decoupling are derived assuming that the neutral points of all the ac ports are electrically
isolated. Under these constraints, the active rectifier could be controlled as a dc current source and
the passive-rectifier ac ports are representable using RLE equivalent circuits. A per-unit circuit
is then constructed to evaluate the dc-bus power ripple and the output-power imbalance between
one passive and the active ports. Finally, a trade-off is established between these two quantities.
This trade-off curve can be used as an additional input to the generator design to achieve a specific

dc-bus power ripple and output power ratio between the active and passive ports.

6.1.1 Generalized circuit representation of the integrated generator-rectifier
system

Fig. 6.1 shows the generalized circuit representation of an integrated generator-rectifier system
based on a k-port generator with the magnetic coupling represented using current-dependent volt-
age sources. Port P; powers an active rectifier, and the others are each connected to a three-phase
passive rectifier without an output capacitor. Each phase in an ac port is modeled by a speed-
dependent back emf source, a self inductance, a resistance, and the current-dependent voltage

source, all connected in series. In general, the phase-A back emf of port P, is
EPiA = Ez Sin(wt + 0@) (61)

where F; is the amplitude, w is the electrical frequency, and 6; the relative phase shift between
port P; and port . The phase-B and phase-C' back emfs of each port lag the phase-A back
emf by 27/3 and 47 /3, respectively. An appropriate 6; among different passive ports reduces the
total passive port voltage ripple, thereby, eliminating the need for bulky dc-side filter capacitors
to smooth the output power [65]. It will be shown in Section 6.2 that the necessary phase shift is
achieved using a specific winding layout.

The current-dependent voltage source in each phase captures the induced voltage on the phase
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Figure 6.1: Electrical circuit representation of an integrated generator rectifier system.
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due to current variation in all the other phases, including the one from different ac ports. For

example, the induced voltage on port P; phase-A is:

dIp; dIp;
Vinpia = LPiA,PiB% + Pz’A,PiC’d—iC
N ?/r/ S/
dlp;
- > Lpiapix—g (6.2)

j=1..k j#i, X€{A,B,C}

-~

V//

where j indexes all other ports, L p;4 pjx represents the mutual inductance between phase A of the
P; port and phase X of the P; port (X could be either A, B, or '), and Ip;4 denotes the phase-A

current in port P;.

6.1.2 Conditions to decouple different generator ac ports

From a circuit standpoint, the phases are decoupled if the current-dependent voltage source in one
phase is representable only as a function of the current in the same phase. Evident from (6.2), the
voltage comprises two components, one due to different phases within the same ac port, and the
other from the different ac ports. The currents in each port are always balanced due to the neutral
point isolation, e.g., Ipia+ Ip;p+ Ipic = 0, Vi = 1..k. Dependency of V' on other phase currents
is eliminated by keeping the mutual inductances between any two phases within the same ac port
equal, e.g., Lpiapiz = Lpiapic. V" is eliminated by ensuring identical mutual inductances
between any two ac ports, €.g., Lp;a pja = Lpia.pjp = Lpia pjc. With these conditions, equation

(6.2) reduces to

dlpia

Vm 1A — _Mz
PiA dt

(6.3)
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Table 6.1: Required inductance matrix for RLE representation of all generator phases

[ Phase [[ Ap; | Bp1 | Cp1 || Apa | Bpa [ Cpa | = [ Apy | Bpr | Cpi |

Api Ls1 My My Mo Mo M2 - | My My, My,

Bp, My Ls1 My Mo Mo Mo - | My My, My,

Cp1 My My Ls1 Mo Mo Mo - | My M; g, M; g,

Apa Mis | Miz | Mia e M> Mz | .. [ Mag | Mar | Mag

Bpo Mo M2 Mo Mo Lgso Mo Moy, Moy, Moy, Active Passive

Cpo Mo Mo Mo Mo Mo Lgo Moy, Moy, Moy, port port
PR | w [ e Active L L

APk My | Myp | Mg My, | My | My | « | Lgg My, My, port AA AP

Brr || Mix | Mg | Mg [[ Mo | Moy | Map | - | Mg B M, Passive P L

Cpk My | My | My Moy | Moy | Moy | . | My My, Lsk port Lar il

where M; is the mutual inductance between any two phases of port P;. Therefore, the per-phase

voltage between nodes P; /N and P; A in Fig. 6.1 becomes

dlp;
Vpin,pia = Epia + Lsid—];A + Rilpia — M;Ip;a

dlp;
= Epia + Lid—PtA + Rilpia (6.4)

where L; = L, — M, represents the equivalent inductance with Lg; being the self inductance of
the P, port. This voltage equation represents an RLE model for phase-A of port F;.

The magnetic decoupling could be achieved for all the other phases if the inductance matrix
follows the form in Table 6.1. Under this condition, the integrated generator-rectifier system is
representable by the simplified circuit in Fig. 6.2. The active rectifier can draw constant power
because the equivalent inductances and resistances of all the phases are identical. Therefore, it is
represented by an ideal current source in parallel with a capacitor [65]. In addition, all the mutual

voltages are eliminated. Parameters for the circuit are derived next.

6.1.3 Per-unit equivalent circuit

A per-unit equivalent representation eliminates the need for actual voltage and actual power for
circuit analysis. This circuit is useful because the generator per-unit reactance is terminal-voltage
and output-power independent [66]. The generator stack length and number of turns could be
scaled to meet the power and voltage levels without affecting the rectifier system features, such as
the power percentage processed by the active rectifier, the power imbalance between the ac ports,
and the dc-bus power ripple percentage.

The first step to develop the circuit is to define the base quantities. The base voltage is defined
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Figure 6.2: Equivalent circuit of the integrated generator-rectifier system considering the control
strategy. The circuit parameters are expressed in per-unit.

as

En3
‘/base = Z;k \/5 ) and Pbase = P’/‘ated (65)
where E; is the line-to-neutral peak back emf of port P, and P, .4 is the rated output power. The

derived base current and impedance are

Pbase ‘/base

Toase = ——and Zppee = —205¢ 6.6
’ \/g‘/base ’ \/glbase ( )

The second step is to normalize the actual equations by the base values. For example, normal-
izing both sides of (6.4) by the defined V},s., normalizing current terms by the defined ;.. and
factoring out the base impedance, the per-unit representation is

pu pu pu
Ly dlprg | R opu

V}]’D:N,PkA = Egiia +—= —=I (6.7)

\/g dt \/3 Pka
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The same normalization is applied for all other RLE branches from Fig. 6.2. The development is

completed with the capacitor equation:

I pum —_— .
c=C— (6.8)

where (' is the capacitance of the high-frequency filter capacitor. Normalizing both sides of (6.8)

by lpase and Vo by Viese, as well as collecting the terms using Zjqs.:

V3C dVE! dVE"
= /30—, 6.9
Tvase  dt V3 dt ©.9)

pu _
[C -

The per-unit equation is identical to the original equation only with the factor 1/1/3 appears with
each per-unit inductance and resistance term, and the factor v/3 appears with the per-unit capac-
itance term, as shown in Fig. 6.2. The back emfs of all phases are assumed to be identical.

Therefore, each has the normalized amplitude of % with the appropriate phase shift.

6.1.4 Trade-off between the ac ports power imbalance and the dc-bus power
ripple

The circuit shown in Fig. 6.2 captures both power ripple on the dc-bus and the amount of power
delivered by each ac port. Quantification of these values requires the active-rectifier dc-output
current /5 and the per-unit dc-bus voltage V. Due to the base power being delivered at the
de bus, V) Vigse I o Ioase = Poase- By definition (6.6), the product between the per-unit dc-bus

voltage and the per-unit active-rectifier dc-side current is constant:
pugpu  __
VR = /3. (6.10)

The dc-bus voltage is calculated to ensure the active-rectifier has sufficient dc voltage to operate.

In the serially-connected system, each passive rectifier generates a dc voltage

32 3wl RP*
pro _ 3YV2Z 3wl R 6.11)
de,i T k T \/g dc0 \/g dc0

back emf contribution commutation drop  resistive drop
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where w is the rated electrical frequency [47]. The active-rectifier dc-side voltage must be the peak
line-to-line back emf to maintain controllability under the space-vector-modulation scheme while
minimizing the voltage rating, or

v = (6.12)

=%

By KVL, the dc-bus voltage is
Vil =y v 6.13)
i=1..k

Substituting (6.11) and (6.12) into (6.13) as well as using (6.10), the per-unit dc-bus voltage fol-

lows:

pu pu
m V;ic Vdc

pru V2 2V g gy
de + kf( )

1=2..

V2 3V2 (3)(% 2Rfu) (6.14)
2.k

where X7? = wL" represents the per-unit equivalent reactance of each phase in port i. The per-

unit dc-bus voltage is calculated by solving the quadratic equation (6.14). The dc-bus average

current is calculated using (6.10) to complete the parameters in Fig. 6.2.

Fig. 6.3 shows the dc-bus power ripple and the output power ratio between one passive port and
the active port as a function of X7 using the per-unit circuit in Fig. 6.2. The results are generated
assuming a four-identical-ac-port machine, i.e., k = 4, with R¥" = 0.011. The filter capacitor is
CP* = 0.01. As the per-unit reactance increases, the dc-bus power ripple decreases because the
rate of current commutation in the ac port is reduced. In addition, less power is delivered through
the passive rectifier because the output dc-bus voltage is reduced as the inductance increases, as
shown in equation (6.11). Therefore, the ratio between the output power of the active port and that

of the passive port increases.
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Figure 6.4: (a) An axially-split machine general configuration, (b) voltage vectors of the
active-rectifier port P, (c) voltage vectors of passive-rectifier ports P, Ps, and Pj.
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Figure 6.3: Consider a 4-port generator with R = 0.011, and C** = 0.01. Dc-bus power ripple
decreases as the per-port per-unit reactance increases. Simultaneously, the active rectifier delivers

more power compared to the passive rectifier, expressed by the increasing trend of the orange
diamonds.

6.2 An exemplary generator winding layout satisfying the
inductance matrix requirement

This section proposes a winding layout that meets the inductance matrix requirement in Table 6.1
for a four-port generator. Fig. 6.4 shows a conceptual design, comprising two structures that are
axially split. The left section creates one ac port powering the active rectifier. The right section
creates three ac ports, 20-electrical-degree phase-shifted from each other, powering three passive
rectifiers. The axial split eliminates the mutual inductance between the active-rectifier ac port and
passive-rectifier ac ports. Mutual inductances among the passive-rectifier ac ports are eliminated

by designing a winding layout based on fractional-pole-pitch coils.
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Figure 6.5: (a) Winding configuration of the passive-rectifier ac port. (b) The corresponding back
emfs vectors.

6.2.1 Passive-rectifier port winding configuration

Non-overlapping fractional-pole-pitch coils are selected to achieve multiple passive-rectifier ac
ports with appropriate phase shift and zero mutual inductance. The top view of the coil structure
is shown in Fig. 6.5 with X denoting the going and X’ denotes the returning coil side. Assuming

the back emf on the coil X; X] is
Ex,x; = Eycos(wt), (6.15)

where Fj is the amplitude and w is the electrical frequency. The coil pitch, distance between two
adjacent coil centers, is denoted by L. and the pole pitch is denoted by L,. The back emf of the

k-th coil is:

L,
Ex,x; = Eycos (wt —7(k — 1)L—) (6.16)
P

where coil 1 is selected as the reference, e.g., having zero phase angle. Fig. 6.5(b) shows back
emfs of coils 1, 2, and 3. Back emfs of other coils could also be expressed but are omitted for
simplicity.

The relationship between the magnet pole pitch and coil pitch sets the machine periodicity [67].

The total magnet pitch and coil pitch must be the same to wrap the linear structure shown in Fig.
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6.5 into a cylindrical structure. Therefore, the coil pitch and the magnet pitch are related by

where n is an integer and p is an even integer number, denoting number of coils and number of
magnetic poles, respectively.

The phase windings are constructed by appropriately connecting the individual coils to achieve

Le _ 26

the voltage vectors shown in Fig. 6.4(c). For example, consider = Is

Using equation (6.16),
the angular position of the k-th coil back emf is (k — 1)723 radian or (k — 1)260 degrees. Using
equation (6.17), the machine needs to have 18 coils and 26 poles, or an integer multiple of these
numbers. All the back emfs cover 360 electrical degrees with any two adjacent vectors to be 20-
electrical-degree apart, as shown in Fig. 6.6(a). The available back emf are connected to form
three three-phase sets following Fig. 6.6(b). For example, phase Ap, is £; — Ej(, formed by

connecting coils X; X and X;,X{, in opposite polarity, as shown in 6.6(c). Similar connections

are made to form other phases.
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Figure 6.6: (a) A structure with f—p = % and the associated available voltage vectors, (b)
formation of three three-phase winding sets with 20-degree phase shift, (c) physical connection
pattern, (d) non-zero part of the winding functions for different phases do not overlap.

The foregoing method for coil connection leads to zero mutual inductance. Mutual inductance
between two windings depends on the average of the product between the two corresponding
winding functions [68, 69]. Winding functions for phases Aps, Bpo, and Aps with the given
connection pattern are shown in Fig. 6.6(d). The winding function for each phase consists of
two non-zero, bi-polar intervals. In the proposed configuration, the product of any two winding

functions is zero, leading to the zero mutual inductance. The inductance matrix corresponding to
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the passive ports, matrix Lpp, is diagonal, meeting the requirement in Table 6.1 with zero mutual

M -terms.

6.2.2 Active-rectifier winding configuration

The active rectifier is axially split from the passive rectifier to eliminate the mutual coupling be-
tween the passive-rectifier phases and active-rectifier phases, i.e., all entries in the matrix Lap are
zero. A standard distributed winding is employed for the active-rectifier ac ports, as shown in Fig.

6.7(a). This winding approach results in a balanced three-phase back emf as shown in Fig. 6.7(b).
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Figure 6.7: (a) Active-rectifier ac port winding configuration. (b) The corresponding voltage
vectors.

Section 6.3 corroborates the feasibility of the proposed winding layout by showing the imple-
mentation using an FEA model of a 10 MW generator, suitable for offshore wind turbines. The
FEA model is then coupled to a circuit simulator to verify the impact of magnetic coupling among

the different phases on the dc-bus power ripple as well as the generator torque ripple.

6.3 FEA verification of the proposed winding layout for a 10 MW
generator

This section presents an FEA verification of the proposed generator topology. The design focuses
on the passive rectifier portion because of the non-conventional winding configuration. A generator
design is first created using Altair Flux™ following the structure shown in Fig. 6.8(a). For the

direct-drive generator, the inner rotor radius R is preferred to be as large as possible to increase
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Figure 6.8: FEA verification of the proposed structure in Fig. 6.6: (a) Configuration of the
generator FEA model. (b) Generator dimensions and the corresponding electrical quantities. (c)
Flux density of the FEA model. (d) The induced back emf that has 120-degree shift between
phases in the same port and a 20-degree phase-shift among different ports. (¢) The inductance
matrix is dominated by diagonal elements —self inductance— showing the magnetic decoupling

between different phases.
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the generator tip speed, thereby improving the power density. Due to the transportation limitation,
a six-meter radius is the practical constraint. The airgap length is chosen to be 12 mm, following
the design rule by the National Renewable Energy Laboratory (NREL) [70]. 260 poles are chosen
for convenience because one fundamental period of the machine requires 26 poles. This selection
leads to the pole pitch of 145 mm, well within the range reported by NREL [70]. Each group or 26
poles corresponds to 18 stator coils to form the back emf vectors as shown in Fig. 6.6(a).

For each group of 18 consecutive coils, the connection pattern laid out in Fig. 6.6 is implemented
to form nine phases. The same phase from each of the ten periods is serially connected to form
the complete one machine phase. The generator rated speed is chosen to be 9.6 rpm, typical for
10-MW direct-drive wind turbines. The current density is set as 4 A/mm? to facilitate air cooling.
The magnets are Halbach type to reduce the rotor yoke size. The magnet thickness is selected to
achieve 0.045 pu phase reactance. Using equation (6.14), the dc-bus voltage is 1.2 pu assuming
RY" = 0.011. As the dc-side voltage of the active rectifier is 0.35 pu, according to constraint (6.12),
the active rectifier provides 2.9 MW of the total 10 MW power. The stack length is calculated for
the passive-rectifier section to provide 7.1 MW. The dimensions are summarized in Fig. 6.9(b)
and flux density of the structure is shown in Fig. 6.9(c).

Back emfs of port P, phase A of port P, and P; are shown in Fig. 6.8(d), confirming the desired
120-electrical-degree phase shift between phases in the same port and 20-electrical-degree phase
shift between different ports. Fig. 6.8(e) shows the inductance matrix measured from the FEA
model. The proposed connection pattern eliminates the mutual coupling between different phases,
as seen by the dominance of diagonal matrix elements.

A circuit simulation is created following Fig. 6.2 with the ac ports replaced by the Altair Flux”
FEA model to evaluate the generator performance in the presence of the power electronics. Elec-
trical parameters are calculated based on the back emf produced by the FEA model as shown in
Fig. 6.8(c), the measured inductance as shown in Fig. 6.8(d), the base power of 10 MW, and the
equations in Section 6.1. Parameter values are summarized in Fig. 6.8(b).

The FEA verification shown in Fig. 6.9 confirms feasibility of the proposed generator configu-
ration. The currents in port P, are shown in Fig. 6.9(a). The small ripple component during the
conduction period of each phase is due to the phase-shifting effects. There is no substantial pertur-

bation due to mutual coupling between different phases. The dc-bus current is shown in Fig. 6.9(b)
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Figure 6.9: Current and torque characteristics: (a) Currents in the passive rectifiers are trapezoidal
and phase shifted. (b) Dc-bus current has 2.4% peak-to-peak ripple at 18 times the fundamental
back-emf frequency. (c) The peak-to-peak torque ripple is 0.86% of the average value.
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with the ripple component at 18 times the back-emf fundamental frequency. The peak-to-peak rip-
ple is 2.6% of the average current value, which agrees with the prediction using the per-unit circuit
for the case X7, = 0.047, as shown in Fig. 6.3. The generator instantaneous torque is shown in
Fig. 6.9(c). The peak-to-peak torque ripple is measured as 0.86% the average value. Next, Section

6.4 shows an experimental verification to further corroborate the proposed winding layout.

6.4 Experimental results

6.4.1 Experimental setup

A low-power experimental setup was developed to verify the proposed generator topology, as
shown in Fig. 6.10. The generator includes two assemblies, which are modified Samsung DC96-
01218D PM motors mounted on custom-built frames. The original stator has 36 coils as shown in
Fig. 6.10(b).

The assembly that powers the passive rectifier needs to provide a set of back emfs as shown in
Fig. 6.4(c). The requirement is met with a custom-built 34-pole rotor. The magnets are enclosed by
retaining rings, as shown in Fig. 6.10(c). The whole assembly is embedded inside the rotor frame,
as shown in Fig. 5.12(d). Combined with the 36-coil stator, the modified machine has L./L, =

p/n = 17/18, according to equation (6.17) with n = 36 and p = 34. The phase difference between

Le

the back emfs of two consecutive coils is 7 7
P

or 170 degrees, following equation (6.16). As
the 170-degree phase difference between two consecutive coils repeats 36 times, the 360-degree
interval is covered by vectors that are 10 degrees apart, as illustrated in Fig. 6.10(e). The coil
connection pattern to form the required three three-phase sets with a 20-electrical-degree phase-
shift is shown in Fig. 6.10(f). Each phase is formed by serially connecting four coils, including
out-of-phase pairs to eliminate mutual inductance. For example, phase Ap; is formed by serially
connecting coils 1 and 18 in the same polarity and coil 19 and 36 in the opposite polarity. As a
result, the total back emf is Fapy = E; + E1g3 — E19 — E36. Other phases are constructed in a
similar manner.

Fig. 6.6(g) shows the complete experimental setup. The generator includes two assemblies S1

and S2. The S1 is the original machine with 48 magnetic poles powering the active rectifier Rec-1.
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Figure 6.10: Experimental setup: (a) machine assembly, (b) stator with 36 coils, (c) assembly
view of the magnet ring, (d) complete magnet ring mounted on the original rotor frame, (e) back
emf vectors of the 36-coil 34-pole combination, (f) connection pattern to achieve three
three-phase sets shifted by 20 electrical degrees from each other, (g) complete experimental setup.
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The assembly S2 is the modified machine with 34 magnetic poles to form three phase-shifted ac
ports. The three ports power three passive rectifiers, namely Rec-2, Rec-3, and Rec-4. Dc outputs

of the active and the active rectifiers are serially connected to deliver power to a resistive load.

6.4.2 Generator characteristics

The experimentally measured back emfs of the modified machine verify the space vectors in Fig.
5.12. The back emfs of individual coils 1, 2, 3, and 4 are shown in Fig. 6.11(a). Back emfs
of two consecutive coils (e.g., 1 and 2, or 2 and 3, etc.) are phase-shifted by 170 degree, as
predicted by equation (6.16). The connection pattern in Fig. 5.12(f) is implemented. Back emfs of
phases Aps, Aps, and Ap, are recorded in Fig. 6.11(b), showing a 20-degree phase shift between
different ac ports. In addition, the back emfs of phases Apy, Bpo, and Cps in Fig. 6.11(c) show a
120-electrical-degree phase-shift within the same ac port.

The inductance matrix of the assembly S2 has dominant diagonal elements, as visualized in
Fig. 6.11(d) The diagonal matrix verifies that the proposed generator configuration satisfies the
RLE model (see Table 6.1) and is appropriate to use in the integrated generator-rectifier system to

reduce the dc-bus voltage ripple without requiring the bulky filter capacitors.

6.4.3 Integrated generator-rectifier operation

The ac-dc conversion using the integrated generator-rectifier system is illustrated in Fig. 6.12.
The outputs of the rectifiers are serially connected and deliver power to a resistive load. The prime
mover turns the generator at 150 rpm and the load is set to 1500 Ohm. The active rectifier regulates
sinusoidal current in the corresponding ac port and operates at unity power factor to minimize the

volt-ampere rating. Fig. 6.12(a) shows the active rectifier phase-A current.
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Figure 6.11: Electrical characteristics of the fractional-pole-pitch machine. (a) The consecutive
coils shows 170-degree electrical phase shift. Connection patterns in Fig. 5.12(f) result in (b)
back emfs of phases Aps, Aps, and Ap, being phase-shifted by 20 electrical degrees from each

other; and (c) back emfs of phases Ap;, Bpy, and Cp; being phase-shifted by 120 electrical
degrees from each other.
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Figure 6.12: Electrical characteristic of the integrated generator-rectifier system. (a) Current is
sinusoidal in the active port. (b) While the passive port back emf is sinusoidal, the phase current

is trapezoidal due to operation of the capacitor-less diode bridge. (c) The dc-bus experiences a
low ripple current.

Dc-side current of the active-rectifier sets the current in the passive-rectifier ac ports [65]. Fig.
6.12(b) shows the current and voltage (relative to the neutral point) of port-2 phase-A. The current
is trapezoidal because of the diode-bridge operation, closely mimics the simulation results in Fig.
6.12(a). The voltage and current are in phase due to elimination of the dc-side filter capacitor. The
calculated power factor is 0.95, mostly due to the distortion factor.

Although the filter capacitors are eliminated, the dc-bus current has a very low ripple component
due to the phase shift between different passive rectifier ac ports, as shown in Fig. 6.12(c). There
are two observable ripple components, one at 90 Hz and another one at 760 Hz —18 times the line
frequency, as shown in Fig. 6.11(d). The first one is due to the generator imperfections, as shown
by slight imbalance between back emfs in Fig. 6.11, while the second component is due to the
back-emf phase shifting. A better construction of the machine would eliminate the first factor,

resulting in a lower dc-bus power ripple. The total dc-bus current peak-to-peak ripple is 4.3% of
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the average value.

6.5 Conclusions

This chapter proposes a generalized framework to quantify the effect of interaction between power
electronic converters and a multi-port generator using an inductance matrix. Constraints on this
matrix ensure the isolated RLE model’s validity from a control and design perspective, even when
the generator ports are magnetically coupled. A trade-off is shown between the dc bus power rip-
ple and the power imbalance between the generator’s active and passive ports. Intuitively, a higher
generator inductance causes more voltage drop during the diode commutation leading to lower
power being delivered by the passive ports. In contrast, a lower generator inductance increases the
current commutation slope, resulting in a higher dc bus power ripple. A 10 MW design using an
exemplary winding layout shows the accuracy of the generalized framework. Further, a laboratory
prototype using a fractional-slot winding proves the decoupling between different generator pas-
sive ports even when they locate on the same generator’s magnetic structure. Table 6.1 can be used

as a guideline to create new winding layouts suited for the integrated generator-rectifier systems.

109



Chapter 7

IMPROVEMENT IN THE ANNUAL ENERGY
PRODUCTION USING THE INTEGRATED
GENERATOR-RECTIFIER SYSTEM

Ultimately, the integrated generator-rectifier system must improve the economic figures of merit.
This chapter focuses on annual energy production (AEP) in offshore wind applications because the
evaluation does not rely on fictitious assumptions. The procedure to pair generators and rectifiers

1s first discussed to facilitate the AEP calculation.

7.1 Per-unit generator reactance as the handshake parameter

A conventional approach typically pre-defines the terminal voltage to ensure the compatibility
between the generator and the power electronics designs. In contrast, the pairing in the inte-
grated generator-rectifier system is based on the per-unit generator inductance. From the power-
electronics design perspective, the generator per-unit reactance X7 is the most critical parameter
on which the whole design process relies, as discussed in Chapter 3. For example, this parameter
sets the per-unit dc-bus voltage, as shown by equation 3.6. In addition, it determines the number
of ac ports to minimize the active-rectifier VA rating, as illustrated by Fig. 3.5.

From the generator perspective, the per-unit reactance is independent of the stack length and the
number of turns in each coil once other dimensions are fixed. The stack length is freely chosen
to set the power level. The number of turns is freely chosen to match the voltage requirement
from the power electronics. To explain the independence, consider a three-phase generator that
has N turns per coil, L, stack length, and F,,,. output power, and operates at the rated electrical

frequency wy. This generator has an per-phase inductance of L, an rms line-line voltage V... The
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per-unit reactance is defined as

L QJOZ;}%ase
)(b“ - ——375————. (7.1)

base

The inductance L is proportional to N2 and L, while the power B, is proportional to L. There-
fore, the numerator of equation (7.1) is proportional to N?L2. In the denominator, the voltage is
proportional to the product of N and L,. As a result, the denominator is proportional to N2L?2.
These properties of both the numerator and denominator makes the generator per-unit inductance
independent of the output power level and the terminal voltage.

From the system design perspective, generator and rectifier can be co-designed based on a com-
mon per-unit reactance. The generator stack length and the power-electronics switches are later
chosen based on the required power level. The base voltage of the generator is then calculated
based on the chosen switch voltage rating and a desired safety margin. The number of turns in

each generator’s coil is finally calculated to match the base voltage requirement.

7.2 System design example

This section creates a 10 MW, 9.6 r/min, direct-drive, integrated generator-rectifier system for
an offshore wind turbine. The rated power and speed are chosen based on ongoing trend in the
industry [71].

In the intial generator-design stage, a slotless topology with Halbach-array NdFeB magnets is
being considered, as shown in Fig. 7.1. This topology can be designed to have a low inductance,
which is preferred for the integrated generator-rectifier system to limit the imbalance in power
processed by the active and the passive rectifiers. Four geometric variables are chosen to set up
the multi-objective optimization along with their bounds, x;...x4, as shown in Table 7.1. An airgap
length of 10 mm is selected, because it is common at these power levels [72-75]. Number of
poles is selected to be 240. Boundaries for the shaft radius z, are picked to ensure the generator
size does not exceed the transportation size limit. The current density limit .J is chosen to ensure
that forced air cooling is sufficient. A flux-density limit of 1.8 T is considered as the magnetic

saturation limit. Each electromagnetic design is reinforced by a mechanical structure designed to
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Figure 7.1: Geometric parameters used for optimization of the slotless generator.
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Figure 7.2: Weight versus efficiency characteristic of the designed (a) generators, (b) rectifiers,
and (c) integrated system for different XpLu values.

have a gravitational airgap deflection less than 10% the nominal length and a torsional deflection
of less than 0.05°.

Figure 7.2(a) shows the optimization results for the initial generator-design stage. Each design
point is accompanied by an X?*, which is shown by the color bar. As expected, the feasible design
space shows the classic trade-off between the generator efficiency and the active weight. The
design points with lower X7" use thicker magnets. Thus, the required current density is reduced to
meet the rated power, which leads to a higher efficiency. For example, a feasible generator design
could weigh 55 tons with a rated efficiency of 97%. In comparison, a conventional design weighs
67 tons with a 93.5% rated efficiency [72].

The next step is to design the power electronic converter for a compatible X7“. From an active-
rectifier topology selection perspective, a three-level neutral-point clamped converter is chosen
to balance complexity and conversion efficiency. This topology is a typical industry choice for

megawatt-scale power converter [76]. The selection of the minimum generator speed is an influ-
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Table 7.1: Variable and constraints for slotless-NdFeB generators.

i ; . Lower | Upper

Variable Notation Unit bound | boand
f;:iﬁts z1 mm 5000 6000
Magnet
thickness z2 mm 10 70
Copper
thiflfness T3 mm 25 100
Stator yoke
thickness T4 mm 10 60
t(i::riir;t J A/mm? 1 4
Stator flux
density Ps T - 1.8

encing parameter that trades off the active rectifier VA rating with the annual energy production.
In the proposed co-design, the minimum speed is varied between 0.25 pu and 0.55 pu to capture
this effect. The 0.25 pu value corresponds to the 3 m/s cut-in speed normalized by the 12m/s rated
wind speed for a typical offshore wind site [77]. A typical minimum speed for a conventional
DFIG system, which exhibits similar trade-offs [3], is 0.55 pu.

Three types of IGBTs are investigated for the active rectifier design: 3300 V, 4500 V, and
6500 V. A Simulink model is created to determine the voltage and current waveforms across each
power electronics switch. These waveforms are combined with the losses characterization from
the datasheet to estimate the conversion losses. The active-rectifier weight is estimated using a
specific power of 0.55 kVA/kg [76]. The passive rectifier is assumed to have five times higher
specific power. Fig. 7.2(b) shows the power electronics design in terms of weight and rated
efficiency for a corresponding X 7.

In contrast to a conventional trade-off characteristic between power density and efficiency in the
power converter design, the proposed co-design shows a lower weight corresponding to a higher
efficiency design. A lower-weight system is the result of a narrower operating speed range, which
allows a higher dc-bus voltage. Therefore, the current required to deliver an identical power is
reduced. The total conversion losses are lowered because the conduction loss is proportional to
square of the current while the switching losses remain unchanged. For example, an attainable
power-electronics design for any X7 could exceed 99.5% conversion efficiency while weighing
less than 15.5 tons. To put these numbers in perspective, a conventional, off-the-shelf, three-

level full-power-rated converter has a conversion efficiency and weight of 97.9% and 22.7 tons,
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respectively [76].

The generator and power electronic designs for an identical X7* are next assembled to compute
the overall system weight and efficiency as illustrated in Fig. 7.2(c). Comparing the plausible
designs of the proposed architecture with a reference design [72], shown by the diamond-purple
marker, a reductions of 25 tons and a 61% conversion losses are achievable. As a final step for the

co-design, the generator number of turns are computed for each attainable design point.

7.3 Annual energy production

The electrical power output of a wind turbine as a function of the wind speed is essential for
AEP calculation. The wind-turbine mechanical power depends on wind and rotational speeds, as
illustrated in Fig. 7.3 for a 10-MW wind turbine. At each wind speed, the maximum mechanical
power should be extracted. For a direct-drive system, maximum power extraction requires the
per-unit generator speed and per-unit wind speed to be identical, as marked by the green stars in
Fig. 7.3. In an integrated generator-rectifier system, the minimum generator speed may not be
identical with the per-unit cut-in wind speed, because expanding the speed range increases the
volt-ampere rating of the active rectifier [35]. A minimum generator speed should be judiciously
selected to balance the rectifier cost and additional benefits of extending the speed range. When
the wind speed is lower than minimum generator speed, the generators must be forced to rotate at

the minimum speed and extract the amount of power marked by orange stars in Fig. 7.3.

114



Minimum
speed speed

Minimum

Generator Spee
speed range 1
10 | v, = 0.45 pu
09r e
= 97 —
z Z 08¢
2 8 =S
g 7+ g 077 v,=0.4 pu
2 o6l 2 06f
s s
B -2 L
g 5¢ z 05 s
5 o 0,=075pu £ qug'Spu
w =0 ] L
g 4t f\ E 0.4
g 3L 2 03r v, =03 pu
,'_E | v, =0.63 pu _é‘
a 2l \ g 02+ 0, =025 pu
o v, =0.5 pu
1r 0.1}
.25 pu
0 0 0.25 0.5 0.75 1 1.25 15 0 0 0.2 0.4 0.6

Generator speed [pu]

(@

Generator speed [pu]

(b)

Figure 7.3: (a) Mechanical power versus rotational speed of a 10-MW wind turbine. (b)
Magnified section of the mechanical power at low wind speeds. The wind speed is normalized by
the rated value, typically 12 m/s for offshore wind.

The generator and rectifier conversion efficiency translates available mechanical power to electrical-

power output. At partial-speed conditions, conversion efficiency is different from that at the rated

condition. For example, Fig. 7.4 illustrates the conversion efficiencies of rectifiers and generators

with a speed range from 0.4 to 1 pu for a typical conventional system and an integrated generator-

rectifier system. The product of the power electronics and the generator efficiency curves is the sys-

tem mechanical-to-electrical power conversion efficiency, as illustrated by the solid-yellow curves.

& 100
<2l R
L b eeme====" S e e e ccecccccccccccnccaaa.
9 o=’ - =
E 9 -~
o — 7’
Ag S ,’ = = =Rectifier
e 8y - |e=e==- Generator
4 System
19
S 70l

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Generator speed [pu]
(a)

Z 100
5 -—— - -
‘0 OF L eeccecccece T =T
& pee-t o el el TP
U -
g § 96 P s
= = = =Rectifier
g %4 ~~— |eeee- Generator,
z System
o 92
v 0.4 0.5 0.6 0.7 0.8 0.9 1

Generator speed [pu]

(b)

Figure 7.4: Conversion efficiency of (a) a conventional full-power-rated rectifier [72], and (b) a
sample design of the integrated generator-rectifier system as a function of generator speed.
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Information about wind-speed probability distribution is essential for the AEP computation.
As an example, the wind-speed probability of the Buoy 44028, off the coast of Massachusetts is

used [77]. Annual energy production ¢ is calculated by
e=AE [Pe(vw)}, (7.2)

where A, is the wind turbine availability, £ is the expected value operator, P, is the output elec-
trical power as a function of wind speed v,,. Fig. 7.5(a) shows the AEP based on the integrated
generator-rectifier systems assuming A, = 1. For the same weight, the integrated generator-
rectifier system could increase the annual energy production by 5.2% compared to the conventional
system, from 26, 700 MWh/year to 28, 100 MWh/year. At point A on the Pareto front, the total
weight is reduced by 25%, from 89 to 67 tons, while the energy yield is increased by 4.5%, from
26, 700 MWh/year to 27,900 MWh/year. Similar comparisons are illustrated in Fig. 7.5(b,c) for
Buoy 46063 (California) and 51001 (Hawaii). In all the cases, the integrated generator-rectifier

system improves the AEP, promising to reduce the overall levelized cost of electricity.

7.4 Conclusions

This chapter explains the per-unit generator reactance X" as the handshake parameter between
the generator and the integrated rectifiers. A per-unit handshake parameter allows the design pro-
cedure to be independent of the voltage and power levels. Once a generator is paired with a rectifier
system, the stack length, the number of turns in each phase, and the actual power electronics switch
are selected to meet the actual power and voltage requirement. An exemplary design process is
carried out at a 10-MW power level using three popular high-power IGBT types. AEP evalua-
tion using the feasible generator-rectifier systems based on the wind profile at multiple locations

highlights an economic benefit due to the integrated systems’ improved conversion efficiency.
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Figure 7.5: Annual energy production of the integrated generator-rectifier system with the
accompanying wind-speed probability distribution at: (a) Buoy 44028 (Rhode Island), (b) Buoy

46063 (California), and (c) Buoy 51001 (Hawaii).
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Chapter 8

CONCLUSIONS AND POTENTIAL RESEARCH
DIRECTIONS

8.1 Conclusions

This dissertation proposes an integrated generator-rectifier system and shows the technical feasi-
bility of performing high-power ac-to-dc conversion. The proposed system relies on multi-port
PMSG and series stacked active and passive rectifiers. Dc-output of one active rectifier is serially
connected with multiple passive rectifiers to form a relatively high-voltage dc bus, compared to the
individual rectifier voltage rating. Most of the power is processed on high efficient diode bridges,
leading to conversion-efficiency improvements. Reliance on diodes eliminates the need for gate
driving circuits, sensors, and control boards—these features, together with the diode’s low failure
rate, increase the overall system reliability. The design process and quantification of potential ben-
efits, such as conversion efficiency improvement and active-rectifier size reduction, are discussed
in Chapters 2 and 3.

Filter capacitors in the passive rectifiers are eliminated by creating appropriate phase shifting be-
tween the ac-port back emfs or actively controlling the active rectifier. The first approach requires
a special generator design. The second solution requires injection of harmonic into the active-
rectifier d-axis current, as discussed in Chapter 4. Lead-lag and proportional-resonant controllers
are utilized to create a closed-loop active voltage ripple compensator. The compensator extracts
the ripple voltage at a selected frequency from the passive-rectifier output. A ripple d-axis current
command is generated to create an active-rectifier voltage ripple opposite to the passive rectifiers.
Elimination of filter capacitor gets rid of a reliability weak point and further improves the overall
system compactness.

Having an active rectifier in the series-stacked architecture allows control of the total generator

output power, leading to practical applications. In grid-forming applications, the active rectifier
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regulates the total dc-bus voltage. The dc-side is set to the voltage difference between the dc-bus
reference and passive-rectifier dc-side. A controller architecture is proposed in the second half of
Chapter 4 to simultaneously achieve dc-bus voltage ripple correction and average value regulation.

In wind energy, the dc-bus voltage is stiff due to connection to a dc grid or an ac-grid-tie con-
verter. This condition allows the active rectifier to be controlled as a current source. Due to the
rectifier’s series connection, regulation of the active-rectifier dc-side current directly regulated the
dc-bus current and, consequently, the total output power of the generator. As a result, the generator
output power could be set as a function of the rotational speed. This capability leads to maximum
power-point tracking of the wind turbine as detailed in Chapter 5.

From the control perspective, an integrated generator-rectifier system requires all the gener-
ator phases to be represented by a resistor, an inductor, and a back emf source, all in series
(RLE model). The generator winding layout would typically lead to mutual magnetic coupling
—represented by mutual inductances— among different phases due to a shared magnetic structure.
General requirements on the generator inductances are derived in Chapter 6 to ensure the RLE
model’s validity even in the presence of the magnetic coupling. These requirements guide the
future development of generators compatible with the integrated rectifiers to enhance the overall
system power density further.

Finally, the integrated generator-rectifier system benefits are quantified in offshore wind applica-
tions’ annual energy production. The calculation shows improvement in the amount of harvesting
energy considering the wind profiles at multiple locations. These figures corroborate the potential

of the integrated system in making offshore wind energy resources economically viable.

8.2 Potential Research Directions

This dissertation covers the design and control fundamentals for the integrated generator-rectifier
systems and reveals the potential benefits in offshore-wind applications. Based on this foundation,
additional research topics could be explored to realize the potential fully. Some of the research

directions are

* System power density enhancement: A light electro-mechanical conversion system would
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reduce the wind-turbine supporting structure’s requirements, the most cost-dominant compo-
nent. Innovation in the generator design will play an essential role because it is the heaviest
in the electro-mechanical conversion system. The theoretical analysis in Chapter 6 points
out the generator’s inductance requirements to be successfully integrated with the rectifiers.
This finding guides the future high-power-density generators development to reduce the off-

shore wind turbine investment cost.

Balancing output power of the passive and active rectifiers: Chapter 6 points out that the
active rectifier delivers more output power than the passive rectifier even though the ac ports
are identical. This condition means the ac port for the passive rectifiers is underutilized.
Equal utilization of all the ac ports could potentially improve the overall system power den-

sity.

Back emf shaping: The current in the passive-rectifier ac port features by trapezoidal shape
as shown in Chapter 5 and 6. From the power extraction perspective, the third current har-
monic in the trapezoidal current is not useful because the back emf is purely sinusoidal.
However, the amplitude of the third harmonic is not negligible. Change the back emf shape
to take advantage of the third-harmonic current for power extraction would constitute an
interesting research direction. Preliminary evaluation shows trapezoidal back emf as a po-

tential candidate [78].

Reliability and economic assessments: The system reliability is likely to exceed the con-
ventional system because the highly-reliable diodes process most of the power. Besides, the
cost of the converter is expected to be reduced due to a smaller-size active rectifier. Re-
search on reliability and economics is essential to unveil all the potential of the integrated

generator-rectifier system.
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Appendix A

DIODES AND IGBTS DATA

Table A.1 lists IGBT ratings and Table A.2 lists diode ratings and market prices. Information is

from Digikey catalog, accessed in February 24, 2020.
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Table A.1: IGBT data

Voltage | Current . Price MVA
. . Price . .

Name Mnf. rating | rating density | rating

[V] [A] [$] [$/MVA] | [MVA]
FZ500R65KE3NOSA1 Infineon | 6500 1000 | 1924.41 | 296.06 6.50
FZ500R65KE3NOSA1 Infineon | 4500 1000 | 1924.41 | 427.65 4.50
FZ1200R45HL3BPSA1 Infineon | 4500 1000 | 2282.85 | 507.30 4.50
FZ1200R45HL3BPSA1 Infineon | 4500 1000 | 2282.85 | 507.30 4.50
FZ1200R45HL3BPSA1 Infineon | 4500 1000 | 2282.85 | 507.30 4.50
FZ800R45KL3B5SNOSA2 | Infineon | 4500 1600 | 1969.21 | 273.50 7.20
FZ800R45KL3B5SNOSA?2 | Infineon | 4500 1600 | 1969.21 | 273.50 7.20
FZ800R45KL3B5SNOSA?2 | Infineon | 4500 1600 | 1969.21 | 273.50 7.20
FZ800R45KL3B5SNOSA?2 | Infineon | 4500 1600 | 1969.21 | 273.50 7.20
FZ1200R33KF2CNOSA1 | Infineon | 3300 2000 | 2081.23 | 315.34 6.60
FZ1200R33KF2CNOSA1 | Infineon | 3300 2000 | 2081.23 | 315.34 6.60
FZ1200R33KF2CNOSA1 | Infineon | 3300 2000 | 2081.23 | 315.34 6.60
FZ1200R33HE3BPSA1 Infineon | 3300 2300 | 1521.16 | 200.42 7.59
FZ1200R33HE3BPSA1 Infineon | 3300 2300 | 1521.16 | 200.42 7.59
FZ1200R33HE3BPSA1 Infineon | 3300 2300 | 1521.16 | 200.42 7.59
FF1400R171P4P Infineon | 1700 1400 | 1024.62 | 430.51 2.38
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Table A.2: Diode data

Voltage | Current . Price MVA
. . Price . .
Name Mnf. rating | rating density | rating
[V] [A] [$] [$/MVA] | [MVA]
DI1481N58T Infineon | 5800 2200 354.50 27.78 12.76
D711IN60TXPSALl Infineon | 6000 1070 380.98 59.34 6.42
D71IN65TXPSAL Infineon | 6500 1070 | 444.49 63.91 6.96
D711IN68TXPSALl Infineon | 6800 1070 | 495.27 68.07 7.28
RBK&86025XX Powerex | 6000 3200 571.86 29.78 19.20
RBK86525XX Powerex | 6500 3200 580.42 27.90 20.80
DI1481N68TXPSA1 Powerex | 6800 2200 582.51 38.94 14.96
DI931SH65TXPSA1 | Powerex | 6500 1220 892.68 112.57 7.93
D3001N60T Infineon | 6000 3910 918.73 39.16 23.46
D3001N65T Infineon | 6500 3910 | 1062.29 | 41.80 25.42
D1131SH65TXPSA1 | Infineon | 6500 1100 | 1163.88 | 162.78 7.15
D3041IN65TXPSAL1 Infineon | 6500 4090 | 121942 | 45.87 26.59
D3041N60TXPSA1 Infineon | 6000 4090 | 124298 | 50.65 24.54
D3041N68TXPSA1 Infineon | 6800 4090 | 1285.40 | 46.22 27.81
D2601NH90TXPSAT1 | Infineon | 9000 1790 | 1333.91 82.80 16.11
D3001N68TXPSA1 Infineon | 6800 3910 | 133495 | 50.21 26.59
D2601N85TXPSA1 Infineon | 8500 3040 | 133495 | 51.66 25.84
D2601N90TXPSA1 Infineon | 9000 3040 | 133495 | 48.79 27.36
VS-SD1100C12CGI Vishay 1200 1400 62.06 36.94 1.68
VS-SD400C16C Vishay 1600 800 62.22 48.61 1.28
SD300C20C Vishay 2000 650 65.74 50.57 1.30
SD400C20C Vishay 2000 800 69.20 43.25 1.60
VS-SD1100C22C Vishay 2200 1100 69.56 28.74 242
SD1100C25C Vishay 2500 1100 84.53 30.74 2.75
VS-SD300C30C Vishay 3000 540 100.72 62.17 1.62
VS-SD1100C30L Vishay 3000 910 111.17 40.72 2.73
R7203006XX00 Powerex | 3000 600 131.17 72.87 1.80
R7203506XX00 Powerex | 3500 600 136.84 65.16 2.10
VS-SD800C40L Vishay 4000 1065 194.61 45.68 4.26
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