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Abstract: This paper shows a new concept to generate medium voltage (MV) in wind power ap-
plication to avoid an additional transformer. Therefore, the generator must be redesigned with
additional constraints and a new topology for the power rectifier system by using multiple low
voltage (LV) power rectifiers connected in series and parallel to increase the DC output voltage. The
combination of parallel and series connection of rectifiers is further introduced as DC-cascade. With
the resulting DC-cascade, medium output voltage is achieved with low voltage rectifiers and without
a bulky transformer. This approach to form a DC-cascade reduces the effort required to achieve
medium DC voltage with a simple rectifier system. In this context, a suitable DC-cascade control
was presented and verified with a laboratory test setup. A gearless synchronous generator, which is
highly segmented so that each segment can be connected to its own power rectifier, is investigated.
Due to the mixed AC and DC voltage given by the DC-cascade structure, it becomes more demanding
to the design of the generator insulation, which influences the copper fill factor and the design of the
cooling system. A design strategy for the overall generator design is carried out considering the new
boundary conditions.

Keywords: wind energy conversion systems (WECS); permanent magnet synchronous generator
(PMSG); DC-cascade; power rectifier; medium voltage insulation

1. Introduction

This paper is an extended version of [1]. The trend for wind power applications,
especially for offshore wind energy conversion systems (WECS), is moving towards a rated
output power of 10 to 15 MW for individual turbines [2-4]. As explained in [2], turbines
with doubly fed induction generators and partial rectifiers have the highest market share
today, while turbines with synchro or induction generators and a full-size rectifier will
dominate the market in the future. In this paper a variable speed WECS with full-size
power rectifier are investigated while the focus is on the generator and the power rectifier
system. The converter and the generator of the WECS are in most cases designed in
low voltage and only in rare cases directly as a medium voltage machine with medium
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voltage converter [2,3]. The state-of-the-art power rectifier topology for offshore wind
power applications are parallel back-to-back two-level voltage source rectifiers. A round
10 back-to-back stacks, each with typically 0.75-1.5 MW rated power, are connected in
parallel to reach the total rated power of 10 MW [2,4-9]. Typically, the connection to the
medium voltage grid is realized via a transformer.

Based on the trend towards higher power [10,11] introducing a segmented permanent
magnet synchronous generator (PMSG) with a rated power of Py = 10 MW for direct
driven wind turbines. From the DTU 10 MW reference turbine [12], the essential boundary
conditions are derived. The designed generator has a total number of p = 144 pole pairs
to handle the direct driven rated rotor speed of ny = 10 min~! with n Seg = 48 individual
three-phase segments with three pole pairs. An electrical frequency of fs,; = 24 Hz results
for the strongly segmented PMSG. In the presented approach every segment of the WECS
is connected to a singly power rectifier. The active power of each segment is calculated by

Py
Ps,q = ™ 208 kW. 1)

Taking into account a power factor cos¢ > 0.8 the rated power of the individual

rectifiers are results to
Sseq = oy ~ 260 kVA )
6 cos(¢)
if each segment is coupled with its own power rectifier. As machine side rectifier, a simple
three-phase two-level IGBT power converter is used.

By equipping each segment with a separate rectifier, it is possible to optimize reliability
and efficiency or to damp mechanical vibrations of the generator as shown in [13,14]. A
proof of concept of the segmented PMSG design was done with a scaled-down demon-
strator. Figure 1 depicts the 200 kVA PMSG demonstrator with 12 segments. However,
this paper focuses on increasing the DC voltage to medium voltage of the rectifier system
and the corresponding design of the generator. The special design of the presented highly
segmented PMSG with machine rectifiers for each segment results in a degree of freedom.
The freedom in the connection of the rectifiers is used to form a DC-cascade with in series
connected machine side rectifiers. With the resulting DC-cascade, the medium output
voltage is achieved with low-voltage rectifiers only and the otherwise required transformer
is avoided.

In wind power application, the market share of MV generators and converters is
low, due to the limited availability of generators and less knowledge of the operation [2].
Nevertheless, in the few wind power applications the generator has a medium voltage
winding that is directly connected to a medium voltage rectifier system [2,3]. In an indus-
trial drive application, the use of medium voltage generators is more common. The AC
voltage is generated in a typical range from Uyc = 1 kV to 14 kV [15-18]. The study [17]
shows two design approaches with different winding options. The discussed winding
design is also found in LV machines. A key difference between LV and MV machines is the
insulation, which must withstand higher voltage in MV applications. The design strategy
for a conventional medium voltage insulation has been well evaluated in other applications
such as a transformer [19-21]. Publications about a medium voltage insulation and per-
manent magnet synchronous generator are rare and usually focus on single issues [22-24].
Therefore, a design strategy for medium voltages generators considering mixed AC- and
DC-voltage is given and compared with the low voltage design based on designs presented
in [10,11,25].

For the medium voltage rectifier system different topologies are common. A simple
solution for MV rectifier are a two-level converter with series connected switching devices,
but the simultaneous switching leads to difficulties in operation [18,26,27]. Neutral point
clamped (NPC) and active neutral point clamped (ANPC) are widely used in MV drive and
wind power application [18,26,28-30]. NPC and ANPC topologies are built up in several
levels, whereby seven to nine levels are not uncommon. The higher the number of levels,
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the higher the usable voltage, but the regulation and control also becomes correspondingly
more complex. The previously mentioned converters usually used in the drive industry
all have in common that the generator itself is designed as a medium voltage machine,
i.e., the output voltage of the generator is already at medium voltage level. The concept of
cascaded H bridges (CHB) presented in [26,31-36] is used to increase the low voltage of
the machine to a medium grid voltage level by connecting H bridges in series at the grid
output. Thus, the CHB is quite similar to the DC-cascade approach, with the difference
that in the DC-Cascade the DC outputs are connected in series. Cascaded H bridges are
H bridges connected in series at the AC output. By connecting the H bridges in series, an
output voltage corresponding to the number of stages can be provided. The higher the
number of stages, the higher the output voltage.

With the presented DC-cascade approach, it is possible to reach the medium voltage
level while keeping the generator output voltage at low voltage level. The concept of
forming a DC-cascade reduces the effort required to achieve a medium DC voltage with a
simple rectifier system.

Figure 1. Scaled down low voltage demonstration generator.

2. DC-Cascade Formed by Interconnected Power Rectifiers

The key to achieving a medium DC voltage is the interconnection of the power
rectifier system. The segment rectifiers are connected in series to increase the intermediate
DC voltage. Commercially available 690 V three-phase two-level rectifiers [5-8] reach
intermediate voltages of Upc = 1.1 kV and a maximum voltages of Upc pax = 1.2 kV.
When two rectifiers are connected in series on the DC-side, the intermediate voltage doubles
to Upc = 2.2 kV. With 48-segment rectifiers various combinations of parallel and series
connections are available, they form the DC-cascade. The intermediate DC voltage can
be adjusted via the configuration of the DC-cascade. The configuration also affects the
complexity and redundancy of the power rectifier system. Figure 2 shows an example of a
DC-cascade in the configuration S12P4. With the 48-segment rectifier, 12 in series and 4 in
parallel connected, the intermediate voltage results to Upc gy = 13.2 kV.

The direct connection of the generator segments with the individual power rectifiers
are shown, as well as the series and parallel connection of the DC-cascade. The DC-cascade
is coupled to the intermediate link and can be further connected to a DC grid or a medium
voltage AC/DC converter. Figure 2 as well shows that there is a galvanic coupling due
to the direct connection between the segments and the rectifier. Grounding the middle
point of the DC intermediate link halves the required rated insulation voltage of the
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insulation system. The entire generator and rectifier insulation must withstand half of the
intermediate circuit voltage plus the peak value of the modulated segment AC voltage to
ground [37].

1
UN tusulation = EUDC + Upeak AC 3

Table 1 summarizes the possible configuration of the DC-cascade with 48 segments.
The theoretical maximum of the DC voltage for the introduced generator with 48 series
segments is reached at Upc gy max = 57.6 kV. The nominal voltage at this configuration
can be assumed to be Upc Hv nom. = 52.8 kV. To control fluctuations in power transmission,
the range between the nominal and maximum voltage is necessary. However, the best
efficiency is achieved at the nominal voltage. In state-of-the-art WECS, all rectifiers are
connected in parallel and the nominal intermediate voltage results to Upc = 1.1 kV.

——— o
= Uoc hv
=13.2 kV
P
-
n, - =
Nlll
———o

Generator Power Rectifier High Voltage
Segments of the DC-Cascade Intermediate Link

Figure 2. DC-cascade in the configuration S12P4.

Table 1. DC-Cascade Configuration.

Rated Insulation Voltage

DC-Cascade Configuration Intermediate Voltage in kV (Peak to Ground) in kV
Series Parallel lj,zl;:;gzl M‘;:llg guem AC/DC Mixed Voltage
1 48 11 12 1.6
2 24 22 24 2.2
3 16 3.3 3.6 2.8
4 12 4.4 48 3.4
6 8 6.6 7.2 4.6
8 6 8.8 9.6 5.8
12 4 13.2 14.4 8.2
16 3 17.6 19.2 10.6
24 2 264 28.8 15.4
48 1 52.8 57.6 29.8

To simplify the power rectifier system, the parallel rectifiers can be combined into
one equivalent rectifier, reducing the number of rectifiers to one for each parallel branch
of the DC-cascade. Considering that ~10 rectifier stacks are used in state-of-the-art multi
MW WECS [2,4-9], and 12 rectifier stacks are also used in the S12P4 configuration to
form the DC-cascade, the power rectifier effort is comparable. The configuration of the
DC-cascade can be seen as a compromise between reliability, complexity and the desired
level of intermediate voltage.
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The DC-cascade causes a combination of the high DC voltage and the low segment AC
voltage as insulation voltage. The insulation system of generator and power rectifier must
isolate the mixed AC/DC voltage. At the market, available low voltage power rectifier
does not meet the requirements to withstand the mixed AC/DC voltage. The insulation
design of the cascaded power rectifier must be adapted, quite similar to topologies used
in HVDC applications, to withstand the medium mixed AC/DC voltage [38-40]. The
insulation of the generator must also be adapted for medium voltage. Nevertheless, the
mass and thus the economic efficiency of the generator strongly depends on the realization
of the insulation system.

3. Control of the DC-Cascade

As in many drive applications, field-oriented control (FOC) is used as the basis for
controlling the presented PMSG with DC-cascade. The standard d-q-model which was
chosen to describe the generators system model, is derived from the Park’s transformation
of the stator currents as described in [41,42]. The stator voltages u; and u, of the machine
can be described by (4) and (5).

) di .
Ug = Rld + Ld?f — cuequzq (4)

o di .
g =Rig+ Lo+ wei(Latg + rm) ®)

In (4) and (5) R is the stator resistor, L, the stator inductance in the dg axis, w,; the
electrical velocity and ¢pys magnetic flux introduced by the permanent magnets. With
the number of poles, p, the electromagnetic torque, T,;, generated by the machine can be
defined as follows:

3 . .
Te = Ep(lqlpq - 1led) (6)

= %P(iq‘PPM + (La — Lq)iaig) @)

The angular speed of the PMSG can concluded from the mechanical load torque T},
and the inertia | of the drive system. The torque by the friction is neglected in this step.

1
o = [ (T = Tyt ®)

The classic FOC and the PMSG with the state of the art power converter system are
described in [14,43]. The speed controller with the underlying FOC is used to control the
machine rectifier. Standard three-phase current control as described in [44] is used for
the grid inverter. The machine currents i, the grid currents igij 4., the intermediate
voltage 1. and the machine speed w;, are fed back to the controller as measured values.
The machine rectifier and the grid inverter are driven via PWM from the control. The
machine rectifier is directly connected to the terminals of the generator. The grid inverter
is connected to the machine rectifier via the intermediate link and coupled to the grid.
The converter system of the PMSG ensure an energy exchange between the generator and
the grid.

As the investigated generator is segmented and is operated by a distributed control,
thus the Equations (4) and (5) are calculated for each segment and Equation (6) must be
extended to calculate the total electrical torque [14].

NSeg

3 .
T = S pvrm Y igi )
i=0

In addition, the DC-cascade also influences the used system model and control sys-
tem. The DC link voltage upc,; of each series-connected machine rectifier or capacitor is
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calculated by its differential equation, using the initial voltage upc o, the current ipc ; and
the capacitance Cpc ;.

1 .
Upci = Upc ot 7 / ipc,idt (10)
D

C,i

The total intermediate link voltage upc is the result of the sum of the individual DC
voltages for each of the ns., segments.

Ngeg

Upc = Y upc, 11)
i=0

The capacitor current ipc; is calculated by the currents introduced by the grid inverter
ipc Grid and the machine rectifier ipc seg,i-

IDC,i = IDC Grid — IDC Seg,i (12)

As the total intermediate link is a sum of several independent voltages, a balancing
control is needed to ensure the same value of each voltage upc;. The voltage balancing
control adjusts the setpoint for the machine current i, sp ;. The series connected rectifier,
balancing control and PMSG are shown as a block diagram in Figure 3.

~
PMSG Model, Power Converter &
N 4 DC-Cascade .
\\ / i,
\ Nseg machine rectifier ot — ]
b ugra |
[T —peE
C‘ ‘o r T -_A
b | - AC Grid
=3 X Nseg Upe,i
\ } 3 % nseq labes __I
U | L Wm =1
\ (PWM ) {PWM ) 7]
Nseg-times
—= 2
L
Voltage Bal ing & Field Oriented Control
1*a, Current
Control
Voltage Balancing
U*pc,i Control i* Umr-abe,i
Speed Control
= labe,i
1 .
7\
é Ubci A4
Grid Control
Current
Contral
Uqgj-abc
Ugria
igrid

Figure 3. Extended Control of the PMSG with DC-cascade balancing control.

The FOC remains the same as before, but is implemented once for each series con-
nected rectifier and supplemented by the voltage controller. The voltage controller, which
was previously responsible for the complete intermediate voltage, is no longer required.
However, the speed controller remains as the central controller. A setpoint torque for the
FOC and a setpoint current for the grid inverter control are generated. This controller
structure ensures an individual voltage control of all series connected machine rectifiers
with simultaneous speed control of the generator.

The control and structure of the DC-cascade was tested in a simple laboratory setup,
using two machine rectifiers connected in series, a power DC source as the current source,
and, for simplicity, a stator inductivity and resistor to represent the electrical machine. A
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flexible control unit is used to operate each rectifier individually. Fiber optic communication
is established between the rectifiers to provide real-time communication and control of the
test setup. An observer PC with MATLAB/Simulink in external mode is used to run the
test setup. Figure 4a shows a schematic of the laboratory setup and Figure 4b a photo of
the laboratory setup.

Observer PC [<"" >[Control "
MATLAB/Simulink | * ' Z]unit 0 I‘ |°s°'"°sc°"e|
: i cAA A A
L Tabe,0; W

~

— Ol t Upco

JUL”
L
|

R
] 1~ /]
] B W. 2= | o
_— - —/ = 1T !
labe,1- 7y H - / =
»»»»»»»» Communication i : s ¢ : 7
____Controlsignals : | contro! 4 -
9 L. p{Unit1 Measurements
(a) (b)

Figure 4. (a) Schematic of the laboratory test setup; (b) Picture of the laboratory test setup.

The current source feeds a constant current while the machine rectifiers maintain
a constant voltage across the DC-cascade. The rectifier control unit measures the stator
current iy, ; and the DC voltage upc,;, which are used for the control and recorded for
the analysis. For further analysis, an oscilloscope also measures the DC currents ipc ; and
the DC voltages upc ;. The control, DC-cascade configuration and the dynamic behavior
were tested at different operating points. Figure 5 shows a voltage setpoint step from
upc,; =200V to upc; =300 V. Figure 5a displays the values recorded by the control unit.
Figure 5b shows the measured values from the oscilloscope. Since the experimental setup
uses resistors, that can only be used as load, the energy flows from the current source to
the resistors. The behavior is the reverse of that in a generator. Due to the energy flow,
the voltages of the DC-cascade increase, when the current i, ; of the segments is reduced.
Immediately after the setpoint change from up,-; = 200 V to up; = 300V, the currents
iapc,i and iy from the machine rectifiers are reduced. The current i, ; is limited at zero, since
the resistors are only acting as load and thus a negative i; current is not possible. Despite
the current limitation, the voltages upc 1 and upc » follow the setpoint step and the voltages
reach a steady state after f = 150 ms. An additional setpoint step from up-; = 100 V to
ul*DC,i = 150 V at lower load is shown in Figure 6, where (a) the control unit records and
(b) the oscilloscope records are shown. Analyzing the sequence of Figure 6 shows that the
dynamic and overall behavior is similar to the results of Figure 5 [45].

The test setup shows that the distributed control algorithm works for the simple setup
and can maintain a constant voltage on the DC-cascade. Furthermore, different voltage
setpoint steps and disturbances such as different load currents could be tested satisfactorily.
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Figure 5. Voltage setpoint change from 200 V to 300 V at 10 A load condition; (a) Control unit
recordings; (b) Oscilloscope recordings.
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Figure 6. Voltage setpoint change from 100 V to 150 V at 5 A load condition; (a) Control unit
recordings; (b) Oscilloscope recordings.

4. Preliminary Design of the Generator

Various design constraints are taken into account when dimensioning the generator.
The basic or main boundary conditions result from the application and the used wind
turbine. Table 2 presents the main design constraints of the PMSG. The main constraints
are independent of the proposed topology and commonly used for the design of a WECS
generator [11,12].

When designing the generator, two essential aspects of the medium voltage concept
must be taken into account. The first aspect is the calculation of the copper fill factor, which
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decreases with increasing voltage, as thicker voltage insulation is required. The voltage
insulation material also acts as thermal insulation; therefore, increasing the insulation
material in the slot makes it more difficult to maintain a permissible temperature in the
winding. Determining the permissible power dissipation is the second important design
challenge. In the design, the rated segment voltage Useg is slightly adjusted to 675 V, which
leads to a change in the coil current.

Table 2. Main Design Constraints of the PMSG.

Design Constraints of the PMSG

Parameter Symbol Value Unit
Rated power PN 10 MW
Rated rotor speed nN 10 min~!
Rotor diameter D 15 m
Efficiency @ Py N >93 %
No. of stator segments NSeg 48 -
Rated segment voltage Useg N 690/675 A%
Air gap length 0 ~15 mm
No. of pole pairs ) 144 -
No. of winding holes q 0.5
Winding design Tooth coil winding

The rated electrical power of the generator Py is defined by the mechanical power
Piech and the efficiency 1 by

PN = 11 Pech = V/3UnINCOSON. (13)
The total rated current of the generator is

meech (14)

N=—F—7"7—.
N \@UNcoapN

The actual coil current is a fraction of the total stator current, the number of parallel
coils per segment ase; and number of segments 71geg

IN
Lol = ——. (15)
ASegNSeg
The current density Je is the fraction of the current and the cross section of one
conductor Ap,

Icoil
. 16
] eff A L ( )

The cross section of one conductor Ay, is for a form-wound winding with a rectangu-
lar conductor

AL =brhy + (7 —4)13 (17)

with conductor width by, and conductor height k1. By the standard IEC 60317-0-2 [46] the
radius of the edges r{, is parameterized. The number of conductors in a slot z, is twice the
number of turns of a coil wy;. The fraction of the surface area of the copper Acy and the
cross sectional area of the slot A, result to the copper fill factor xcy [47]

Keu = o (18)

slot ‘

During the design process, it is necessary to determine the tooth height /., the copper

fill factor xcy, the power factor cos ¢y, the efficiency # and the flux density of the spatial
fundamental Ep. Several iterations are used to adjust these parameters during the design



Energies 2021, 14, 3106

10 of 17

process. The pole pitch, active length and the number of slots are constant, so that the
number of turns can be estimated by

Jett Arzn _ Jeff bslothsiot

= Cu-
I coil 2 Icoil 2 “

Weoil = (19)

This equation also shows a problem in principle. Changing the current density without
changing the coil current leads to a higher winding factor or requires changes in the slot size.
Increasing the winding factor while maintaining the slot size leads to smaller conductor
surfaces, which significantly increases copper losses without considering the influence
of the winding factor on the voltage. In terms of conductor insulation, a higher winding
factor leads to a reduction in the copper fill factor. The behavior of the winding factor as a
function of the tooth height and the current density is shown in Figure 7.

125
S 100
® 100-125
e 75
c = 75-100
5 50
§ 5 W 50-75
5 B 25-50
m0-25

Figure 7. Winding factor depending on tooth height and current density.

For this purpose, the tooth height is increased with regard to a good fit of the conductor
in the slots, in order to keep the height of a conductor smaller than 8 mm because of
proximity effects. With the number of turns and the given slot dimensions, it is possible
to estimate the dimensions of the conductors. It is important to define the number of
conductors arranged side by side and on top of each other in a slot. Sufficiently small
proximity effects are achieved if the height of the conductor is chosen to be smaller than the
conductor width. The different distances in the slots should be taken into account when
calculating the dimensions [1]. The copper fill factor of the stator slot is calculated using
the conductor and slot dimensions with

(20)

The output torque of a permanent magnet generator with surface magnets is given to
T =A,B,V (21)

with the electric loading, the flux density and the bore volume according to [11]. The
known geometrical machine dimensions and the thickness of the permanent magnets
result in the bore volume and the flux density. The calculation of the spatial fundamental
of the electric loading can be done by

R Loil
Ap = V28,2001 ﬁ (22)



Energies 2021, 14, 3106

11 0of 17

where T is the slot pitch and &}, is the winding factor for the fundamental. Using Table 2,
the rated torque can be determinate by

PN
2 TN

N = ~ 10 MNm. (23)

The torque calculated with Equation (21) must match the desired torque in
Equation (23). By adjusting the tooth height and core length, the electric loading can
be influenced and also the bore volume. Table 3 shows some basic design parameters of
the generator, which are not changed in the following investigation.

Table 3. Design parameters of the PMSG.

Design Parameters of the PMSG

Parameter Symbol Value Unit
No. of slots N 432 -
Thickness of the permanent magnets hpm 45 mm
Slot width bslo 55 mm
Stator yoke height hyy 35 mm
Rotor yoke height hyo 60 mm

5. Design Methods of a Wind Generator Respecting the Voltage Level

In previous studies, a current density in the stator slots of J; = 5& was found
to be a good compromise between machine mass, power factor and efficiency [10,11].
The Equation (21) shows the dependence of the electric loading to the current density.
Equation (23) indicates that without changing the main design conditions, the same electri-
cal load is required in each design to achieve the same rated output power. The following
shows that this can best be achieved by adjusting the tooth height. This influences the
active mass and the power factor. If the current density is decreased, the power factor
decreases and the mass increases due to the necessary longer tooth length. From this point
of view, a high current density is desirable. A higher current density causes the wire to heat
up and imposes higher requirements on the cooling systems. In the following investigation,
the design of a low voltage and a medium voltage generator is compared for different
current densities J; =2, 3, 4, 5 and 6&.

Figure 8b shows the percentage losses of the ring generator. Due to its special design,
the iron losses are very low compared to the main losses, the I°R losses of the winding. The
losses are also influenced by the operating temperature, which requires a high degree of
knowledge about the thermal behavior of the winding.

Figure 8c shows the linear behavior of the winding resistance versus temperature
assuming a constant current. Thus, with a temperature increase of 100 K, the resistance
increases by ~30% and likewise the I?R losses, which in turn increases the temperature
depending on the thermal insulation of the winding system. Therefore, the design process
shown in Figure 8a is used to couple the electromagnetic design with the thermal design.
In Figure 8d the mass of the designs are shown. The design of the rotor remains the same.
The active mass of the rotor is assumed to be #1,510, = 15.1 t for all designs.

Using the design process presented for the different current densities and voltage
levels, the design parameters shown in Table 4 are calculated. Table 4 demonstrates the
design parameters as a function of current density, voltage level and the influence of the
different voltage levels on the copper fill factor. This leads to disadvantages in the tooth
height and the power factor. It can be seen that a low current density requires higher teeth,
which leads to a higher active mass.



Energies 2021, 14, 3106 12 of 17

1%
20%
Stator fe-losses
Rotor fe-losses
main design expected winding 2
(b)
~»| preliminary design
a0 200
S X 180
\ 4 £ £
2 g 160
4 O
numerical 8 S 140
calculation 0 7
g 2 120
(8] —
< 100
0 100 200 300
comparing to
design Temperature
constraints
(c)
thermal simulation —®—low voltage medium voltage
(Matlab/Simulink) 0
=
4 30
£
comparing < 20
winding 8 T
temperature % 10
[
: o
Q
© 2 3 4 5 6
final design current density in A/mm?
(a) (d)

Figure 8. (a) Design process of the medium voltage generator; (b) Percentage losses in the generator;
(c) Resistance of the winding depending on temperature; (d) The active mass of the stator.

Table 4. Overview of the different design parameters depending on the current density.

Current Density

in A/mm?2 Tooth Height in mm Copper Fill Factor Power Factor

Low Medium Low Medium Low Medium
Voltage Voltage Voltage Voltage Voltage Voltage

2 174 196 0.75 0.67 0.78 0.76

3 111 132 0.74 0.65 0.86 0.83

4 89 103 0.71 0.62 0.88 0.86

5 75 83 0.69 0.59 0.89 0.88

6 62 76 0.66 0.58 0.90 0.88

For validation and further calculations, the machines are modeled in the FEM software
FEMAG-DC. A separate model is created for each current density. Figure 9a shows the
general model considering the different insulations and with modeled conductors in the
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coils. Depending on the investigation, a simpler layout without modeling the conductors
but considering the calculated copper fill factor is sufficient. The flux density distribution
for such a model is shown in Figure 9b.

w
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.65
.47
.28
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.92
i |
.55
T
.18
.00

COOO0OOCOHKHHHEKENN

[ OUNRSRONARNRERNY |

Figure 9. (a) FEMAG-DC model considering to the insulation; (b) The flux density distribution
calculated by FEMAG-DC.

6. Thermal Behavior and Design Evaluation

Figure 10a visualizes the tooth height of the configurations listed in Table 4. A config-
uration with higher current density is designed using a smaller tooth height. Figure 10b
shows the power factor of these configurations and it demonstrates the increase of the
power factor when the tooth height is reduced.

mlow voltage  m medium voltage ®low voltage ® medium voltage
250 0.95
€ 200
£ 5 0.90 PS
c 5 Qo i ........ I’y
= 150 8 ® pety
S % 085 .
< 100 g L
< 2 o
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current density in A/mm? current density in A/mm?
(a) (b)

Figure 10. (a) Tooth height depending to the current density; (b) Behavior of the power factor
depending to the current density.

Figure 11a presents the total iron losses of the stator and the rotor for different current
density configurations. As explained earlier, a lower current density is compensated with
a higher tooth height, which explains an increase in iron losses. There is also an overall
decrease in the percentage of total losses, which is shown in Figure 11b. Since all the
designs achieve the same electric loading in the stator, there is no need to modify the rotor
design, so permanent magnet losses are not considered in this investigation. In addition
to the generator losses, there are also the losses of the rectifier and converter system. By
simulating the machine rectifier and grid converter at the rated operating point in a back-
to-back configuration, the power losses were determined to be PLc,, = 213.7 kW. The
rectifier and converter losses are unaffected by the chosen current density. For the medium
DC voltage design in a DC network, only the rectifier losses are considered, which further
reduces the losses.

Overall, this demonstrates the advantages of using a high current density. To find an
optimum for this configuration, the thermal behavior must be taken into account. Thus, a
prediction of the winding temperature is necessary. MATLAB/Simulink is used to simulate
a thermal circuit diagram that considers radial and axial heat transfer to the outside of the
machine. The outside surface of the machine is cooled down by air convection.
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The main source of heat are the winding losses. The I?R losses of the stator winding are
visualized in Figure 12a. At a higher current density, the influence of the thicker insulation
is reduced for the medium voltage design. The losses are calculated at 120 °C, so they do not
take into account the thermal behavior of the overall design. Increasing the current density
from 2 A/mm? to 3 A/mm? increases the I°R losses by ~60 kW, which has a significant
effect on the temperature. Figure 12b shows a quadric increase in temperature with the
current density. It shows that the low voltage design can operate up to 4-5 A/mm? without
an active cooling system. Even at 2 A/mm?, the medium voltage concept temperature
is already with 180 °C above the usual valid maximum temperature of the standard
wire insulations.

M low voltage ™ medium voltage ®low voltage @ medium voltage
> 800 25
=~ X 20 ©
£ 600 P
» 15 el
Y 400 § . ....... ®
3 910 P
L k) Q... o
o
2 3 4 5 6 2 3 4 5 6
current density in A/mm? current density in A/mm?
(a) (b)

Figure 11. (a) Total iron losses depending to the current density; (b) Percentage iron losses to the
total losses.
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Figure 12. (a) I°R losses at 120 degree winding temperature in the stator winding; (b) Thermal
behavior of the winding respecting the losses.

7. Conclusions

This study shows how a higher voltage can be achieved at the intermediate voltage
circuit of a segmented PMSG through the DC-cascade design of power rectifiers. Several
segment power rectifiers connected in series are used to generate a medium output voltage.
The voltage balancing control of the DC-cascade was presented and it was shown that
balancing is possible with the control. The laboratory setup verifies the function of the
control. The configuration of the DC-cascade is used to adjust different intermediate
voltages. For direct driven WECS, this concept could be an alternative to the used standard
topologies. With this approach, the generator and rectifier insulation system must be able
to withstand the full mixed AC/DC voltage to ground, even though each stator segment
has a low rated output voltage of 675 V. Furthermore, the PMSG design process for a
medium voltage generator is shown and the dimensioning of the insulation layers with
their consequences for the generator design at different current densities is discussed.
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Further, a way to design this concept is disclosed and their consequences for the overall
design is discussed. It is shown that the medium voltage design of a generator becomes
more demanding. The adjustment of the tooth height resulting in a lower power factor,
a small increase of the mass and especially the demands on the cooling system increases.
Therefore, a thermal analysis is carried out for the machine concepts and the effect to the
winding temperature is discussed. The insulation stress under mixed AC/DC voltage
needs to be investigated in more detail and the overall dimensioning of the generator
insulation should also be reconsidered. Furthermore, the interconnection of many WECS
in a wind farm with a DC grid or a medium voltage grid inverter will be investigated in
the future. Further research will focus on direct liquid cooling, the insulation design of the
generator for mixed AC/DC voltages and the subsequent power transfer in the wind farm
or grid.
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