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Abstract—Worldwide wind power capacity jumped from
7.5GW in 1997 to 564 GW by 2018, according to IRENA.
Many regions of the world have strong wind speeds, but the
best locations for generating wind power are often remote,
where offshore wind power offers tremendous potential. This
paper presents a concept to remove the use of offshore plat-
forms/substations, constituting the energy conditioning element
for the high voltage direct current (HVDC) transmission. Instead,
it connects converters in a series of modules for a segmented
HVDC generator, which limits the number of conversion steps.
Our work focuses on the impact of segmentation on loss and
is validated numerically using finite element analysis (FEA) and
analytical solutions. The machine’s geometry, design constraints,
design procedure, loss calculations, and numerical analysis are
included. Three different methods are presented and used to
determine the core losses. The paper highlights the increase in
core losses due to airgap segmentation. We show that Zhang’s
method yield the largest deviation in the loss calculations, i.e.,
15.812 %, 16.410 % and 15.894 % increase in core losses for 10,
20 and 30 mm segment airgaps, respectively.

Index Terms—Synchronous machines, machine design, Finite
Element Analysis (FEA), numerical simulation, voltage simula-
tion.
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NOMENCLATURE
« Relative pole width, [pu]
Omin Minimum airgap, [mm]
n Generator efficiency, [%]
We Electrical speed, [rad/s]
Tus Tp Slot and pole pitch, [mm]
04 Load angle, [rad]
%) Power factor, [—]
Acus Stator bar cross section, [m?]
A, Armature loading, [pu] or [A%/mm?/cm]
Bs, By Airgap and pole body flux density, [T]
Bgy, By Stator and rotor yoke flux density, [T]
By, Stator teeth flux density, [T]
D,, D, Outer and inner stator diameter, [mm]
Do, Dy; Outer and inner rotor diameter, [mm]
f Nominal electrical frequency, [Hz]
Fy Tangential force density, [kN/mQ]

hcus, bcus
hs, Wst, Wit
I, 1

Height and width of strand, [mm]
Slot height,width and tooth width, [mm]

Rated stator armature current RMS and peak

fundamental, [pu] or [A]
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ta»r Uy le stator instantaneous currents, [pu] or [A]
Js Stator winding current density, [A/mm2]
iy Gross iron length, [m]

n Rated mechanical speed, [rpm]

N, Turns per coil, [-]

Py, Ps, Ps. Stator winding, stray load, and iron core loss,
[pu] or [kW]

Poom Nominal power, [pu] or [MW]

Pom Permanent magnet losses, [pu] or [KW]

q> Weys K, Slots per pole and phase, coil span, and wind-
ing factor, [-]

S, Sp Apparent and base apparent generator power,
[pu] or [MVA]

tins Insulation thickness, [mm/]

Ua, & Armature and induced voltage, [pu] or [V]

Wseg Segment airgap length, [mm]

I. INTRODUCTION

In this paper, the concept of a modular HVDC generator
[1] is presented. The paper also presents a way to remove
the use of offshore platforms/substations, which constitute
the energy conditioning element for the HVDC transmission,
and instead connect converters in a series of modules for
a segmented HVDC generator [2]. The generating units of
typical wind energy conversion systems consist of several
components: wind turbines, generators, electronic converters,
and transformers, which condition the energy produced, in
addition to other parts [3]. Due to its nature, grid connection
is especially challenging for offshore applications [4]. With
the current wind farm configuration, it is still necessary to
use transformers, AC/DC, and DC/DC converters for HVDC
transmission [5], which is required to condition the AC power
at the output of the generators into DC power with a high
voltage value. The method used to interconnect the different
components to the electric grid plays a fundamental role in
reducing cost and improving the efficiency, reliability, and
performance of wind farms [6]. The number of conversion
steps is significantly reduced because HVDC is reached in
the first conversion step [7]-[10], which could reduce the
wind farm’s costs, efficiency, and reliability [11]. The paper
is divided into four sections.

1) Introduction;
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TABLE I
RATED MACHINE SPECIFICATION FOR GENERATOR G1

Pnom n f Ull
1I5MW  10rpm  26.67THz 80kV

TABLE 11
DESIGN CONSTRAINTS FOR GENERATOR G1

Js Bt Bry Bsy
<3.0A/mm? <1.80T <1.50T <I1.50T
TABLE III

DESIGN CRITERIA FOR GENERATOR G1

As =Ke-Je Fy
>200000 A%2/mm?/cm  30-60 kN/m?

Bin
~0.30 T

2) Description of studied machine;
3) Analysis and Discussion;
4) Conclusion.

II. THE MACHINE UNDER STUDY

The machine under study is a modular HVDC permanent
magnet synchronous machine (PMSM). Each segment is cho-
sen as one base winding, which gives 32 segments for this
machine. The geometrical parameters for this machine are
presented in Table IV and V. The permanent magnet syn-
chronous machine is designed using literature from Phyronen
[12], Vaschetto [13], and Hanselmann [14].

A. Design Criteria

The primary literature for the design procedure used in
this article is the one developed by Hanselmann. This design
procedure assumes that the values presented in Table I are
known. The design criteria/constraints can be seen in Table
II. In addition, some criteria were used to make the design
procedure less tedious. These criteria were added to the
analytical design software to ensure that the generator could
be air-cooled and have a good torque and tooth flux density.
These criteria are presented in Table III. The design procedure
was done iteratively until these constraints were fulfilled.

The fractional slot winding generator has non-overlapping
concentrated windings. This fractional slot winding generator
is a tooth wound with one winding concentrated around a
single tooth. Since this is a single layer, the winding is wound
around every other tooth. The design algorithm accurately
determined the power and torque for this case. The only
parameter that was changed in the numerical analysis was the
number of turns (/Vy). A comparison of the numerically and
analytically calculated geometrical and electrical parameters
is also presented in Table IV, V, and VI, respectively. The
machine has full pitch, concentrated winding, and a slot per
pole per phase (q) equal to 0.4. This q is chosen to avoid
large torque ripples. The torque ripple mitigation is important
to reduce its effect on the mechanical fasting holding the
segments in place [15]. The cogging torque for this machine

TABLE IV
MACHINE STATOR PARAMETERS CALCULATED
USING VASCHETTO AND HANSELMAN’S METHOD

Symbol  Analytical Value Numerical Value
Sm 0.01m 0.0Im
Auys 1.0884 x 1074 m?  1.0884 x 10~* m?
D, 10.2000 m 9.5718 m
Dis 9.8180m 9003.6 mm
Iy 2.0178 m 2.0178 mm
Qs 384 384
N, 43 44
q 0.4 0.4
Wit 0.0381m 0.0381m
Wst 0.0410 m 0.0410 m
Js 1.3456 A/mm? 1.3456 A/mm?
hus 0.1452m 0.1452m
K 0.9659 0.966
TABLE V

MACHINE ROTOR PARAMETERS CALCULATED
USING VASCHETTO AND HANSELMAN’S METHOD

Symbol  Analytical Value  Numerical Value

hm 0.0490 m 0.0490 m

Tu 0.1606 rad 0.1606 rad

e 0.7 0.7

D, 9.7000 m 9.7000 m

D;y 9.6084 m 9.6084 m

Np 320 320

Tp 0.0964 rad 0.0964 rad
TABLE VI

ELECTRICAL PARAMETERS ANALYTICALLY AND NUMERICALLY DEDUCED

Symbol  Analytical Value  Numerical Value

I 243.15 A 243.15 A

Js 3 A/m? 3 A/m?

We 167.55rad/s 167.55rad/s

tins 1.33mm 1.33mm

Ey 34.2130kV 34.2130kV

Wseg 10.0 mm 10.0 mm
TABLE VII

EXCITATION OF THE STATOR WINDINGS

Variable No load  Full load
iq 0 Isin (2w ft+ ©gq)
iy 0 Isin (2nft++27/3 +Oy)
ic 0 Isin (27 ft+47/3+0y)

is very low, which is also good in terms of design principles.
This can be seen in Fig. 3. The electrical parameters for the
generator can be seen in Table VI. The load angle (©,) is
calculated analytically and numerically. ©4 = 27 ft,,4,, Where
the time giving maximum numerical torque (¢,,4,) is 0.02 s.
The no and full load simulation are done using the assumptions
presented in Table VII.

B. Matlab LiveLink

In the design procedure the machine Matlab live-link is
utilize for a quick parameter updates. The design procedure
is an iterative process and requires often many iterations.
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Fig. 1. Winding layout and flux distribution of the modular HVDC PMSM.
Red is phase A, blue is phase B, and green is phase C. The darker shades
indicate a positive phase, and the lighter shades indicate a negative phase.

To quickly update the analytically deduced geometrical and
electrical parameters in the numerical software COMSOL,
Matlab live-link for COMSOL is utilized. This significantly
shortens the time procedure for the optimization of the design.
The procedure is presented in Fig. 2. Matlab Livelink can
also be utilized to see if the geometrical parameters are
geometrically feasible. This can also be seen in Fig. 1.

Curve-fitting &

parameter
extraction
RS R 2
Matlab FEA-Informed
LiveLink machine
implementation design
kS 3
Analytical
machine Loss,
design calculation

Fig. 2. Procedure for calculation of machine losses.

C. Loss Calculation

The loss where analytically deduced using Hanselmanns
formula and numerically deduced using COMSOL. This can
be seen in Table VIII. The material that was chosen for
this generator is M250-50A [16]. The typical loss density
datasheet, in addition to the frequency for different flux
densities of the material, was used to determine the curve-
fitting parameters of the material. The chosen method to
determine the steel losses in the stator and rotor was CAL2
[17] and Zhang [18]. The curve-fitting parameters can be seen

TABLE VIII
ANALYTICALY DEDUCED IRON CORE
AND COPPER LOSSES FOR GENERATOR G1

Pfe Pcu
49.4949 kW 197.5778 kW
3.2997x 103 pu  13.1719 x 1073 pu

TABLE IX
LOSS COEFFICIENTS USED IN CAL2 AND ZHANG

Coefficient CAL2 Zhang
Eno 0.03096 0.028 87
kn1 -0.01932 0
kn2 -0.0002773 0
kns 0.004 144 0
keo 0.0001271  7.776 x 107°
ke1 -7.22x107%  8.065x 1076
keo 8.01x107%  3.795x 1077
ke3 1.95 x 1072 0

TABLE X

BERTOTTIS COEFFICIENTS

Loss coefficients value
K. 1.221 x 1074
K, 3.472x 1075
kp, 0.01338
e 2.2

in Table IX. Regarding the material selection of the magnets,
a neodymium (Nd) permanent magnet with a permeability of
1.2T was chosen for the generator (G1). The loss coefficients
used in the Cal2 and Zhang method are presented in Table
IX, where eqgs. (1) and (2) were used in eq. (3) for the CAL2
method. The method is then compared with Bertotti [19] and
Zhangs method [18]. The coeficients used in Bertottis method
is presented in Table X.

Kh(B) IKh()+KhlBKhQB2++Kh3.BB (l)
Ko(B) = Keo + Kp1 BK o B* + +K 3 B® 2)
p=Kn(f,B)B*f+ K.(f,B)B* f? 3)

D. Numerical Analysis

The geometric parameters given in Table IV were used to
create the machines in COMSOL Multi-Physics, where only
the base winding of the generators is simulated in COMSOL.
This is done to save computational time. The generator has a
single layer where the phase layout can be seen in Fig. 1. The
colors indicate the phase and the direction. The flux density
distribution throughout the machine during full load can also
be seen in Fig. 1. The three-phase voltage during full load
can be seen in Fig. 3. The cogging torque and full load torque
can also be seen in Fig. 3. The numerically calculated nominal
torque corresponds well with the analytically estimated torque.
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Fig. 3. Cogging torque, rated phase voltage, and total torque at full load.
TABLE XI
THE CORE LOSSES IN THE GENERATOR

Condition  Loss type Bertotti CAL2 Zhang

Full load Hysteresis 56.085 kW  53.266 kW  87.570kW
Eddy current  11.252kW  22.974kW  10.220kW

No load Hysteresis 32.66 kW 36.137kW  45.020kW
Eddy current  5.260 kW 6.415 kW 4.670 kW

III. RESULTS AND DISCUSSION

A. Loss Analysis

1) Core Losses: Table XI presents the numerically calcu-
lated core losses. The numerical calculations show that the
Bertottis method gives the lowest losses both for full load and
no-load. The techniques for core loss calculation have similar
eddy current losses but differ vastly for the hysteresis losses.

TABLE XII
MAGNET LOSSES

Condition ~ Segmentation ~ Value

Full load Unsegmented  483.180 kW
Segmented 53.613 kW
Decrease 88.9%

No load Unsegmented  103.540 kW
Segmented 25.026 kW
Decrease 75.8%

TABLE XIII

LOSS COMPONENTS AT FULL LOAD WITH SEGMENTED MAGNETS

Symbol Bertotti CAL2 Zhang

Pey 240.590kW  240.590kW  240.590 kW
Py, 67.33TkW 76.240 kW 97.790 kW
Pym 53.613 kW 53.613 kW 53.613kW
Pey + Ppe + Py, 361.540kW  370.443kW  391.993 kW
Nn 97.647 % 97.590 % 97.453 %

2) Magnet Losses and Segmentation: The numerically cal-
culated magnet losses are presented in Table XII. The nu-
merical calculations show the percentage decrease in losses
between the segmented and unsegmented magnets. The con-
siderable difference in losses made the design choice easy in
terms of segmentation. The table presents the magnet losses
for both full and no load.

3) Total Losses: Table XIII presents the numerically cal-
culated total losses. The numerical calculations show that the
Bertottis method gives the lowest total losses due to the low
core losses. I have neglected the stray load losses, due to
the difficulty in estimating such losses. They often decrease
the efficiency in a magnitude of several percent [14]. The
table presents the efficiency of the machine for the different
techniques. The efficiency of the machine is calculated using
the following formula.

Pnom

n = 4
T Prom + Pre+ Pym + Pou @)

4) Impact of Different Segment Airgap Lengths: The core
losses in the generator for different segment airgap lengths are
presented in Table XIV.

TABLE XIV
GENERATOR CORE LOSSES FOR DIFFERENT SEGMENT AIRGAP LENGTHS
AT FULL LOAD CONDITION

Segment airgap ~ Bertotti CAL2 Zhang
0mm 63.832kW  76.215kW  83.460 kW
10 mm 67.337kW  76.240kW  97.790 kW
+5.344 % +0.033 % +15.812 %
20 mm 66.792kW  77.522kW  98.380 kW
+4.532 % +1.700 % +16.410 %
30 mm 65.583 kW 74.707kW  97.870kW
+2.706 % +1.998 % +15.894 %

B. Discussion of Results

1) Core Losses: Core losses are difficult to estimate and can
differ quite significantly. This is because of how these losses
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are simulated and the assumptions in the different methods.
E.g in this case Bertotti’s and CAL2 coefficient is fitted for
three frequencies. These frequencies are 50 Hz, 100 Hz and
200 Hz. While Zhangs coefficients are fitted for the frequencies
50 Hz, 100 Hz, 200 Hz, 400 Hz and 1000 Hz. Different fitting
causes difference in coefficients, which again causes Bertotti
and CAL2 to differ from Zhang. Another reason for the
relative big difference in core losses is because of the domain
the simulation are made in. Bertotti and CAL2 are simulated in
time domain, while Zhangs method is simulated in frequency
domain.

2) Magnet Losses and Segmentation: The segmentation
of the magnets makes it so that one has a significant loss
reduction because one has a smaller current density surface,
which reduces the circulating currents [20].

3) Total Losses: Table XIII shows that the copper losses are
the most predominant because of the high number of turns and
copper fill factor used to get the required voltage.

The generator has a relatively low frequency (f = 26.67 Hz),
which gives relatively low core losses because the core losses
depend on the machine’s frequency and flux density [21].

The magnet is segmented, which significantly reduces the
losses.which is because the segmentation minimizes the area
of the circulating current, which substantially reduces the eddy
current losses [20].

4) Impact of Different Segment Airgap Lengths: Table
XIV shows specific segment airgap lengths, default segment
length (highlighted in cyan), non modularity (highlighted in
marron) and the precentage difference in core losses caused
by modularity. I.e. non-modular gen. loss is compared with
modular gen. loss for different segment airgap lengths.

The table shows a significant difference. This is because
the flux gets trapped inside each segment (i.e., a higher
concentration of flux inside each segment, particularly at
the segement ends), which means that no flux is leaking
between the segments, which again gives higher core losses
in comparison to a non-modular generator. For a non-modular
generator, the flux would be more evenly distributed, giving
lesser core losses.

IV. CONCLUSION

This paper presents the concept of a modular HVDC gener-
ator and explains how this generator can reduce the number of
conversion steps for offshore wind, where the idea is validated
numerically using FEA. Three different methods are used to
calculate the machine’s core losses. We also present total
losses, and efficiency, in addition the core losses for other
segment air gaps. The main highlights include the following:

1) Numerical validation of the modular HVDC generator;

2) A comparison of different iron loss calculations, demon-
strating the volatility of iron loss estimation.

3) Magnet segmentation highly reduces the losses.

4) For a certain segment airgap length, the flux does not
leak between the segments, causing the core losses to
be somewhat constant and higher compared to the non-
modular generator.

Future work will possibly focus on different loading conditions
and thermal conditions for this type of machine. This will be
done through co-simulation, where the time harmonics of the
converters will be included.
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