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Design Aspects of a Novel Topology Air-Cored
Permanent Magnet Linear Generator for
Direct Drive Wave Energy Converters
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Abstract—Direct drive wave energy converters are attractive
due to the elimination of intermediate mechanical power conver-
sion stages. Longitudinal flux (LF) linear generators with iron-
cored stators have so far been dominant in experimental direct
drive WECs, but suffer from high bearing loads and unwanted end
effects. A novel linear air-cored topology is presented in this paper
which eliminates most of the end effects associated with LF iron-
cored machines as well as the attraction forces between iron-cored
stators and magnet translators. The attraction forces between
the opposing sides of the translators of double-sided air-cored
machines are also ideally eliminated. An analytical model and an
exhaustive optimization procedure for finding the minimum active
mass subject to certain performance specifications are developed
for the novel topology. Finite element analysis is used to verify
and further analyze the model. First test results from a 1 kW
experimental machine correspond well with designed values and
confirm the feasibility of implementing the novel topology on a
small scale.

Index Terms—Air-cored, analytical models, design optimiza-
tion, direct drive, electrical machines, finite element methods,
linear generator, nonoverlapping windings, permanent magnet
(PM), wave energy.

NOMENCLATURE

a Number of parallel circuits per phase.
Ag Air gap area (m2).
Am Permanent magnet area (m2).
Br Permanent magnet residual flux density (T).
γcu Copper density (kg/m3).
γfe Permanent magnet density (kg/m3).
δ Ratio of end winding to active winding length.
dw Wire diameter (m)
ϕ Magnetic Flux (Wb).
fdt Total instantaneous force developed (N).
g Mechanical air gap (m).
h Stator height (m).
Hc Permanent magnet coercive field strength (A/m).
hm Average magnet height (m).
i Instantaneous phase current (A).
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I RMS phase current (A).
κ Per-unit coil coil-side width.
kf Copper fill factor.
L Generator active length (m).
� Active winding length (m).
�g Total air gap length (m).
Ls Synchronous phase inductance (H).
μ0 Permeability of free space (H/m).
μrec Permanent magnet recoil permeability.
N Number of turns per coil.
nc Number of parallel strands per coil turn.
ns Number of stator sections.
p Number of active poles.
q Number of coils per phase.
Q Total number of coils.
θc Coil width (rad).
θm Magnet width (rad).
θp Pole width (rad).
ρcu Resistivity of copper (Ωm).
Rs Phase resistance (Ω).
τm Magnet width to pole pitch ratio.
v Instantaneous translator velocity (m/s).
ω Electrical frequency (rad/s).

I. INTRODUCTION

THE ocean is a very attractive renewable energy source,
not least because it covers around three quarters of the

earth’s surface [1] and energy can be extracted from the waves,
tides, currents, temperature gradients, and salinity gradients in
the ocean [2]. Wave energy, in particular, is spatially more
concentrated than both wind and solar energy [3]; it is also
more persistent [3] and predictable than wind energy [4]. The
global wave power resource has been estimated to be at least
1 TW, with a potential annual energy production of about
2000 TWh [1], [4]; this is comparable to the energy production
from nuclear or hydropower in 2006.

Many different wave energy converters (WECs) have been
proposed to harness this enormous energy resource, although
no superior technology is yet apparent [2], [5]. WECs need
to be robust enough to handle the harsh conditions of the sea;
they must also be maintenance free as far as possible, because
maintenance at sea can be expensive, difficult, and dangerous.
Due to the variability of the waves, high part-load efficiency is
also desirable for WECs [6].
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Fig. 1. (a) LDS PM air-cored machine showing pair-wise flux coupling due to the longitudinal ends. (b) Nonoverlapping double layer concentrated air-cored
stator windings. (c) A number of LDS machines arranged in a tubular topology, (d) with the yokes removed and (e) with all the adjacent magnets replaced with a
single tapered magnet to arrive at the novel topology.

Most WECs work by converting the wave energy captured
by the device to a form suitable for driving a standard electri-
cal generator. For instance, oscillating water columns [2], [5]
use the heave motion of the waves to create a bidirectional
airflow in a chamber; this is then used to drive a standard
generator through an air turbine and a gearbox. Each energy
conversion stage will require maintenance and incurs losses.
For this reason, direct drive WECs using permanent magnet
(PM) linear generators have received much attention in recent
years [6]–[17]. These WECs use the heave motion of the waves
to directly drive a linear generator. Due to the elimination of any
mechanical interface between the device and the electrical gen-
erator, maintenance and losses are kept to a minimum. In other
areas where linear motion is converted to electricity, or vice
versa, linear machines are also starting to receive increasing
attention for the same reasons, e.g., industrial automation [18],
transportation [19], compressor systems [20], and even low
power energy storage [21] and solar power [22]. Furthermore,
direct drive WECs also contain no hydraulic fluid, like many
other WECs [2], which would need replacement (maintenance)
or cause concern for the environment if leakage should occur.

However, due to the slow speed of the waves, very large
forces need to be reacted by these machines; this means that the
devices are physically very large and hence their mass and cost
per unit power are also high. The larger the machines, the more
difficult it also becomes for bearings to carry the load of the
normal attraction forces in iron-cored machines, which means
even more structural mass is needed.

The Archimedes wave swing (AWS) was the first device of
this kind, developed in the Netherlands and first tested in the
sea off the coast of Portugal in 2004 [7]. Different types of
conventional linear machines are compared for the AWS in [8];
of these, the longitudinal flux (LF) PM synchronous machine

is found to be the most efficient and to also have the lowest
active material cost. The other known linear generators which
have made it to sea trials (one from Uppsala University [9] and
one from Oregon State University [10]) are also LFPM gen-
erators. These generators suffer particularly from high bearing
loads and/or cogging forces. Pair-wise flux coupling due to the
longitudinal ends of these generators also cause uneven air-
gap flux density which, for instance, could render methods for
decreasing cogging forces completely ineffective [11].

Some suggestions from Polinder et al. [12] for overcoming
problems associated with direct drive WECs include: increasing
generator speed, investigating higher force density generator
types, investigating air-cored machines, and using cheaper con-
struction methods, like using concentrated coil windings.

In [8] and [13], variable reluctance PM machines like trans-
verse flux and vernier hybrid machines are investigated as a
high force density alternative to LFPM machines. Unfortu-
nately, difficult construction [8] and low power factor [13] are
considerable disadvantages of these machines. Different linear
tubular topologies are also reported in [14] and [15], also as
higher force density alternatives to planar LFPM machines.
High normal attraction forces are, however, still a problem in
all of these machines.

One way to completely eliminate attraction forces between
the stator and translator, and hence large amounts of structural
mass, is to use an air-cored stator. A single-sided linear tubu-
lar air-cored generator is investigated in [16], and a similar
generator is also used in the WEC manufactured by Trident
Energy [17]. The air gap flux density unfortunately decreases
dramatically away from the PM translator due to the lack of iron
in the stator; this can be compensated for by using a double-
sided PM translator as seen Fig. 1(a) [23]–[25]. The so-called
C-Gen machine, which is developed at Edinburgh University
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Fig. 2. Three-dimensional cut-out view of the novel linear generator.

[26], is the only generator of this kind currently investigated
for use in WECs. With the double-sided translator, normal
attraction forces are, however, now present between the two
opposing sides of the translator. The pair-wise flux coupling
associated with LFPM machines is also still present in linear
double-sided (LDS) machines, as seen in Fig. 1(a).

In this paper, the design aspects of a novel air-cored PM
machine topology is considered. The novel topology is devel-
oped from the LDS topology with the aim to further reduce
structural mass and to also eliminate the pair-wise flux coupling
associated with LFPM machines. In the next section, the devel-
opment of the topology is discussed where after the modeling
and design optimization are considered. The optimized design
is verified with finite element analysis (FEA), and first test
results of a prototype generator are presented.

II. LINEAR GENERATOR CONCEPT

As mentioned, the novel generator is developed from the
LDS air-cored topology as shown in Fig. 1(a) and (b). A number
of these machines can be arranged in a tubular topology as
shown in Fig. 1(c). The yokes can then be removed as shown
in Fig. 1(d), and the adjacent magnets can be replaced with one
trapezoidal magnet as shown in Fig. 1(e); a 3-D cut-out view of
the topology can be seen in Fig. 2. A new transverse circulating
flux path has now been created; i.e., the flux circulates around
the machine, and there is ideally no flux coupling between
neighboring poles as in the original machine. This means that
the pair-wise flux coupling and its negative effects present
in LFPM machines are eliminated. By removing the yoke,

a source of losses and structural mass is also removed. The
attraction forces between any two opposing magnets is also
ideally zero as each magnet experiences basically equal forces
from both sides; this means less structural mass is needed for
the magnet support.

The stator windings can consist of normal overlapping or
nonoverlapping (NO) windings. NO windings (in literature also
referred to as concentrated windings, fractional-slot windings,
and some other names [27], [28]) are particularly attractive be-
cause of their ease of manufacture and small end windings [25],
[29], [30]. The coils can be machine wound and individually
inserted into the stator. The smaller end windings mean that
less copper is used, which reduce costs and copper losses in the
machine. In [25], it is shown that up to 50% less copper is used
for a NO air-cored winding compared to a normal overlapping
winding. Smaller, flat end windings also mean that the end
windings occupy less space.

Studies in [29], [30] show that good winding factors can
be obtained for NO windings in high pole number radial flux
machines. It has also been shown that the winding factor alone
does not determine the performance of NO air-cored windings,
but that the coil-side to coil-span ratio κ also plays an important
role [25]; it is shown that a pole/coil combination of 4/3 with
κ = 0.37, although resulting in a fundamental winding factor
of only kw1 = 0.875, also gives the optimal thrust per given
copper losses, which is equivalent to efficiency, for double-layer
(DL) NO air-cored windings.

Considering the topology of the novel machine, it is clear
that at the inside diameter, it is essential to have an end-winding
overhang as small as possible in order to fit the maximum num-
ber of stator sections into the machine. It is therefore decided
to use a NO winding. For NO windings, DL windings also
have smaller end windings compared to single-layer windings;
a DLNO winding, as shown in Fig. 1(b) is therefore selected.

An analytical model for the novel generator is developed in
the next section. This expands on the work presented on the
novel topology in [31] and [32].

III. MATHEMATICAL MODELING

A radial cutting plane at the average magnet thickness hm is
introduced to the machine shown in Fig. 1(e). The radial plane
is then rolled open into a flat 2-D model as shown in Fig. 3(a).
This is similar to how a 2-D model for an axial flux rotary
machine is developed [33]. This model basically represents a
LDS machine, and as such much of the analytical equations
can be derived from literature. These equations are presented
in this section and form the basis of the design optimization
procedure developed in the next section. The dimensions of the
machine can be seen in Fig. 3(a) and (b). The structural and
thermal modeling of the machine is beyond the scope of this
paper.

As is the principle in all PM synchronous generators, the
changing flux observed by the stator due to the translator’s rel-
ative motion induces an electromotive force (EMF) in the stator
coils according to Faraday’s law of electromagnetic induction.
The air gap flux will therefore first be considered.
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Fig. 3. Dimensions of the novel linear generator as seen (a) from the side and rolled open at the cutting plane of Fig. 1(e) and (b) as seen from the top.

Fig. 4. Magnetic circuit model of one magnet and one air gap.

A. Magnetic Circuit Model

The magneto motive force generated by a single PM is
given as

Fm = Hchm. (1)

The reluctance of the air gap and the PM is, respectively,
given as

σg =
�g

μ0Ag
and σm =

hm

μrecAm
. (2)

The lumped parameter model shown in Fig. 4 represents one
PM and one air gap. To represent the complete circuit through
which the magnetic flux flows, ns of the circuits in Fig. 4 must
be placed in series. Assuming no leakage flux and applying
Kirchoff’s voltage law then gives

nsHchm = nsϕm

(
hm

μrecAm
+

�g

μ0Ag

)
. (3)

Substituting μrec = Br/Hc from the magnet B–H curve into
(3) and simplifying give

Hchm = Bm

(
Hc

Br

)
hm + Bp

(
1
μ0

)
�g. (4)

In the air gap region at the middle of the magnet pole, where
the peak flux density Bp is observed, there is no fringing or
flux leakage to the adjacent magnet poles, so that it is assumed
that the magnet flux density Bm = Bp; substituting this into (4)
and rearranging then give

Bp =
μ0hmBrHc

μ0hmHc + �gBr
. (5)

Fig. 5. Per phase equivalent steady state circuit model of the novel machine.

The air gap flux along the length of the translator can now be
assumed sinusoidal as

Bg = Bp1 sin
(pπ

L
z
)

(6)

where the peak fundamental flux density Bp1 can be calculated
from Bp as Bp1 = Bp/kb. A typical value of kb = 0.97 is ob-
tained from the Fourier transform of FEA-obtained flux density
waveforms of previous designs of the novel machine. The more
traditional method of using a trapezoidal approximation for the
air gap flux density and calculating the fundamental component
from this, as used in [34], could also have been used.

B. Stator Equivalent Circuit Model

The steady-state per phase equivalent circuit representing the
air-cored stator winding is shown in Fig. 5 [33]. The induced
EMF is assumed sinusoidal as

em(t) = Ep cos(ωt) (7)

where the peak EMF for NO air-cored windings is derived in
[25] as

Ep =
2ωqBp1�LNkw1

πpa
. (8)

The fundamental winding factor kw1 for NO windings is also
derived in [25].

Copper losses and eddy-current losses in the copper windings
constitute the only sources of losses in the air-cored stator. The
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copper losses are represented by the phase resistance in series
with the EMF; it is calculated as [25]

Rs =
N2qρcu(2� + �e)

a2kfhw
(9)

where the end-winding length is given as

�e =
2θcL

πp
(1 − 0.586κ). (10)

The eddy-current losses can be expressed as [34], [35]

Pe = 1.7NQnc

2π�d4
wB2

p1ω
2

32ρcu
(11)

and is normally represented by a resistor in parallel with the
EMF [33]; the eddy losses can however be designed to be very
small and will here be considered separately from the circuit
model as explained later.

An accurate analytical expression for the inductance of
air-cored windings is difficult to find; the specific layout
of the stator coils in this machine also further complicates
this. However, the synchronous inductance of air-cored ma-
chines is generally much smaller than in iron-cored machines,
and since this machine will be operating at low frequencies,
the synchronous reactance given by Xs = ωLs is expected
to be negligible. This is further investigated with FEA in
Section V-E.

Ignoring the eddy-current losses in Fig. 5, the total instanta-
neous power generated by the linear generator is given as

pdt(t) = 3em(t)i(t) = fdt(t)v(t). (12)

Assuming that the translator motion is sinusoidal, it can be
shown [36] that pdt(t) also varies sinusoidally with an average
value of

Pdt =
3EpIp

4
=

FpVp

2
(13)

where the subscript p denotes peak values of the EMF, current,
force, and velocity. For simplicity, it is assumed in (13) that
the EMF and current are in phase, and also that the force and
velocity are in phase.

IV. OPTIMIZATION PROCEDURE

DLNO windings for a LDS PM machine are analyzed in
detail in [25]. As discussed in Section II, a pole/coil combi-
nation of 4/3 with κ = 0.37 results in the optimal force per
copper losses, independent of the machine dimensions. These
values are therefore used in the design. In the proposed design
optimization, the mathematical model as presented in the pre-
vious section is further developed such that optimal dimensions
for minimizing costs associated with the active material in
the machine can be obtained, subject to certain performance
specification. It is shown that all the machine dimensions can
be calculated once values for only four variables are selected.

A. Performance Specification

It has already been mentioned that the linear generator op-
erates at a constantly varying velocity. In order to design for a
certain average power, a constant velocity and force, calculated
from (13) as vs = Vp/

√
2 and Fdt = Fp/

√
2, respectively, are

assumed. The linear generator specifications are now given in
terms of the required average power Pdt, average velocity vs,
and efficiency η.

The dimensional parameters to be optimized are the gener-
ator active length L, winding active length �, stator height h,
average magnet height hm, and the inside and outside diameter
di and do. These dimensions can be seen in Figs. 2 and 3. The
dimensional parameters depend on the choice of the number of
stator sections ns, the rms current density J , and the number of
active poles p; these additional parameters therefore also form
part of the optimization.

The performance parameters, dimensional parameters, and
the additional parameters to be optimized are now, respectively,
defined in matrix format by U, X1, and X2 as

U =

⎡
⎣Pdt

vs

η

⎤
⎦ ; X1 =

⎡
⎢⎢⎢⎢⎢⎣

L
�
h

hm

di

do

⎤
⎥⎥⎥⎥⎥⎦ ; X2 =

⎡
⎣ ns

J
p

⎤
⎦ . (14)

By recognizing that each of the stator sections as defined in
Fig. 2 are identical, the power Pd generated in one stator section
can be calculated as Pd = Pdt/ns. Furthermore, two more
required performance parameters, which are here also defined
for only one stator section, are the developed thrust Fd and the
copper losses Pcu. The performance specification can now be
simplified as

G =
[

Fd(X1,X2)
Pcu(X1,X2)

]
=

1
ns

[
1/vs

k(1 − η)

]
Pdt (15)

where k < 1 is the ratio of the copper losses to the total losses
in the machine. As explained before, only copper losses and the
eddy-current losses in the stator windings need to be considered
and hence k is given as

k =
Pcu

Pcu + Pe
. (16)

It can be seen from (11) that the determining factor for Pe is the
wire diameter dw. The electrical frequency ω, which also has an
effect on Pe, depends on the wave speed and the magnet pole
pitch. Due to constraints on the magnet pole pitch (discussed
later) and the inherent slow wave speed, ω is expected to be
very low. Therefore, by adjusting the number of parallel strands
in each coil turn, and so adjusting dw, Pe can be designed to be
very small. Assuming a value of k then serves to reduce the
complexity of the problem.

B. Thrust Calculation

Similarly, as derived in [25], the thrust developed per stator
section can be expressed as

Fd = kwC1K1 (17)
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The machine constant C1 is given by

C1 = Bp1

√
2κkfPcu

ρcu
. (18)

The variable K1, which is a function of X1 only, is given by

K1 =

√
h�L

(2 + δ)
(19)

where δ is the end turn to active stator winding length given as

δ = �e/�. (20)

It can be noted that K1 can now be calculated from the
required force of (15) and from (17) and (18) as

K1 =
Fd

kwC1
. (21)

C. Copper Loss Calculation

The copper losses can be expressed as

Pcu = K2C2 (22)

where C2 is another machine constant given by

C2 = κkfρcuJ2. (23)

The machine constant K2, which is also a function of X1 only,
is given by

K2 = h�L(2 + δ). (24)

Similar to (21), K2 can now be calculated from the required
copper losses of (15) and from (22) and (23) as

K2 =
Pcu

C2
. (25)

D. Dimensional Parameter Calculation

The equations from the previous two sections can be manip-
ulated as in [32] to find the active stator winding length � as

� =
2θcL

πp(K3 − 2)
(1 − 0.586κ) (26)

where K3 is defined as

K3 =
√

K2

K1
. (27)

According to (26), and since the optimal values for θc and
κ are known (see [25]), there exists a unique value of � for a
given combination of L, p, J , and ns. Hence, if L, p, J , and ns

are chosen, � can be determined from (26). Furthermore, with �
known, h can be determined from (19) or (24).

By rearranging (5), the average magnet height can be calcu-
lated as

hm =
Bp�g

μ0Hc(1 − Bp/Br)
. (28)

The required value of Bp is selected in the design.

An approximation of the outside and inside diameter of the
machine is given by

do =
ns

π
(�g + hm) + � (29)

di = do − 2
[
� +

(
4κL

3p

)]
− g. (30)

With the values of �, h, and hm already calculated from
(26), (24) and (28), do and di can now easily be found from
(29) and (30).

E. Active Mass Calculation

The active mass consists of the PMs and the stator copper.
The PM mass is given by

Mm = γfeτmhm�L. (31)

A typical value for the per unit magnet width τm that can be
used in the design is τm = 0.7 [33], [34].

The copper mass is given by

Mcu = γcuκkfh�L(2 + δ)

= γcuκkfK2 (32)

Substituting (23) and (25) into (32) gives the equation for
copper mass as

Mcu =
Pcuγcu

ρcuJ2
. (33)

It can be noted that the copper mass is independent of X1 and
only a function of ns and J of X2.

With all the parameters of X1 and X2 known, the active mass
of the generator can be calculated from (31) and (33).

F. Dimensional Constraints

To ensure minimum leakage flux between adjacent magnet
poles, the design of the machine is subjected to the following
constraints, similarly as given in [34]:

hm > �g

�ipg =
L

p
(1 − τm) > �g (34)

where �ipg is the interpolar gap as defined in Fig. 3(a).
For construction purposes, it is also important to ensure that

the minimum magnet height is greater than spacer height hs as

hmi =
π

ns
(do − 2�) − �g > hs. (35)

G. Optimization Procedure

The objective function F (X1,X2) that has to be minimized
in the design optimization, subject to the performance con-
straints of (14) and the dimensional constraints of (34) and (35),
can now be expressed as

F (X1,X2) = w1Mm(X1,X2) + w2Mcu(X2) (36)
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where w1 and w2 are weighting factors. By assigning the price
per kg of the PM material and copper to w1 and w2, re-
spectively, the objective function represents the active material
cost of the machine. This approach of minimizing the active
material cost is followed for linear machines in [8] and [16].
It may, however, also be necessary to factor in the labor costs
associated with the copper and magnet mass, such as winding
the copper onto the stator and fixation of the magnets. Stator
winding could be considerably more expensive than magnet
fixation, depending on the specific type of machine. To factor
in these costs will require foreknowledge of manufacturing
procedures and times; this information is hardly ever available
at the development stage, but should be considered where
possible.

It is clear from (14)–(36) that all the dimensional parameters
of X1 and the objective function can be determined for a given
value of X2 and L. This relatively straightforward analytical
model allows for optimal dimensions to be obtained by way of
an exhaustive optimization procedure. Such a procedure iterates
through all the possible combinations of the input variables
(X2 and L) to find the minimum value of the cost function.
A program to do this was implemented in the Python program-
ming language. For each combination of the input variables, the
constraints of (34) and (35) are checked; the objective function
is only calculated if the constraints are not violated. Through
each valid iteration, the values of X1 and X2 are stored if
F (X1,X2) is less than in the previous iteration. The optimal
dimensions are therefore simply retrieved from memory when
the program terminates. The flow diagram of the program is
shown in Fig. 6.

It is worth pointing out that this procedure is different
to other optimization procedures in that each iteration finds
the machine dimensions which exactly satisfy the perfor-
mance specifications of (14). If any of the solutions do
not satisfy the constraints of (34) and (35), it is simply
discarded. The procedure then basically finds the solution
with the minimum value of F (X1,X2) from the valid so-
lutions. There are therefore no problems with distinguishing
between local and absolute maxima like in other optimization
algorithms.

The procedure was used for a 2 kW design of the novel topol-
ogy in [32] and was shown to produce significant reductions
in active material over a nonoptimized machine. This, in turn,
follows after the nonoptimized machine was shown to compare
very favorably with existing experimental iron-cored machines
in [31].

V. PROTOTYPE DESIGN

A. Specification and Constant Parameters

It is decided to design a 1 kW machine with an effi-
ciency of 85%. The average translator velocity is chosen
as 0.75 m/s, similar to the typical wave conditions in [10].
This gives

U =

⎡
⎣ Pdt

v
η

⎤
⎦ =

⎡
⎣ 1000 W

0.75 m/s
85%

⎤
⎦ . (37)

Fig. 6. Optimization procedure flow diagram.

The value of G of (15) depends on ns, which is a variable
in the optimization; G will thus be calculated for a range of
different values of ns.

From experience, k of (16) is taken as k = 0.95. For the
windings, κ = 0.37 and θc = 4π/3 are selected according to
[25], and kf = 0.45 is also selected from experience.

For the PMs, NdFeB magnets of grade N48 are chosen. A
study in [34] shows that by using the highest magnet grade, a
reduction in magnet mass can be achieved with only a marginal
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TABLE I
CONSTANT PARAMETERS

TABLE II
OPTIMAL DIMENSIONS

increase in cost. Some of the other constant parameters used in
the design are given in Table I.

B. Optimization

The optimization procedure discussed in Section IV-G is
used to find the optimal dimensions of the machine, subject to
the performance specifications of (37). It is mentioned that both
material and labor costs should be considered when deciding on
the weighting factors w1 and w2 of (36). For the novel topology,
copper wire is sourced locally and the magnets from abroad.
The magnet price is 4.5 times the copper price. However, the
PMs could simply be slid into place in the machine; this is a
fast and easy process. The stator coils each had to be stranded
and wound around a former. After this, the coils had to be
potted in epoxy resin and then bolted to the stator ring. It is as
such anticipated that the labor costs associated with the copper
far exceed the labor costs associated with the magnets. It is
decided to use w1 = w2 in the optimization. The results of the
optimization are given in Table II.

In Fig. 7, the magnet mass for different valid solutions cal-
culated in the optimization procedure, i.e., solutions satisfying
the constraints of (34) and (35), are shown. It is interesting
to note that for the optimal combination of p = 4 and J =
1.45 A/mm2, only one valid solution exist. As J is decreased
and/or p is increased, more valid solutions exist. The maximum
allowable valid value of J therefore gives both the minimum
Mm and Mcu [from (33)] and therefore also the minimum value
of the objective function. What is even more interesting is that,
due to this, when the optimization is repeated with w1 = 4.5w2

to reflect only the active material price in the optimization, the

Fig. 7. PM mass as a function of active machine length L, number of poles p,
and current density J . Only valid solutions are shown.

same optimum dimensions is returned as before. The optimum
dimensions can therefore be obtained by minimizing only the
magnet or only the copper mass (or cost).

C. Winding Design

The required output voltage is determined by the intended
load. Plans for this generator include testing with an active
IGBT rectifier with a dc-bus voltage of 300 V. It is as such
decided to limit the output phase voltage to below 150 V. By
ignoring the internal voltage drop and limiting the peak EMF
of (8) at the peak velocity to below 150 V, an added degree of
safety exists. With all the coils of each phase in series and N =
40, Ep = 128 V at the maximum velocity of Vp = 1.06 m/s.

The number of parallel strands per turn must be selected in
order to have a wire diameter sufficiently small to limit the
eddy-current losses as explained in Section IV-A. Selecting
nc = 16 results in dw = 0.52 mm and Pe = 0.007 p.u., which
corresponds wellwith the chosen value of k = 0.95 [from (16)].
The stator thickness h was reduced from 11.5 to 11 mm for the
experimental machine; this was done simply to create a slightly
larger mechanical air gap g to help provide some leniency on
the manufacturing tolerances. This inevitably means a small
loss in performance will be experienced. The parameters cal-
culated based on the design choices explained here are given in
Table III; it reflects the loss of average power to 953 W.

D. Translator Length and Drive System

The wave height of the intended installation site for a WEC
would determine the stroke length of the linear generator.
Assuming that the stator winding should at all times be within
the PM generated field, the translator length must then equal
the stator length plus the stroke length. Space and financial con-
straints meant that it was not possible to construct a translator
and a drive system long enough to simulate a realistic wave
height (which is in the order of meters).

It is also decided to investigate the effect of the translator
moving completely out of the stator at the stroke ends while at
the same time saving on the magnet costs. A low speed, high
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TABLE III
ANALYTICAL AND FEA-OBTAINED PARAMETERS

Fig. 8. FE models showing flux lines and flux density color plot.

pole number PM motor with a crank is used to drive the linear
generator. The drive motor’s diameter of about 0.7 m means that
a stroke length of the same dimension could be achieved. With
the pole width already determined, an eight-pole translator was
chosen for the translator to move out of the stator ends with the
given stroke length.

E. Finite Element Analysis

FEA is used to verify the analytical design. The 2-D model
developed in Section III is implemented in the FE package
Infolytica Magnet 7 with appropriate boundary conditions. In
Fig. 8, a color flux density and contour plot are shown of two
poles of the model; this serves to illustrate how the flux actually
flows in this machine. This includes fringing at the ends of
the poles and also a degree of flux leakage between adjacent
magnets. The peak air gap flux density is found to be 0.69 T,
which is very close to the analytically obtained value of 0.7 T.

Magnetostatic solutions were obtained with the translator
at different positions relative to the stator. The three-phase
EMFs obtained from the time derivative of the flux linkages at
the different positions through 2π electrical radians are shown
in Fig. 9; a constant velocity equal to the design velocity is
simulated. In Fig. 10, the force on the translator is also shown.
This is simulated by forcing current through the coils, in phase
with the EMFs. The FE obtained parameters of the machine
are given in Table III together with the analytically obtained
values. Overall, good agreement exists between the analytical
and FE values. The FE-obtained EMF is slightly higher than
the analytical value, which is why the FE-obtained force is also
higher than the analytical value by the same percentage. It is

Fig. 9. Simulated generator EMFs with v = 0.75 m/s.

Fig. 10. Simulated generator force with v = 0.75 m/s.

worth noting the high quality of the voltage waveforms, which
exhibit less than 0.1% THD. The force ripple is also less than
1%. The synchronous phase inductance is also determined and
is given in Table III.

As mentioned, the actual machine is designed such that the
translator can move completely out of the stator on both ends of
its stroke. This case is therefore also simulated with a sinusoidal
varying velocity. The EMFs obtained from this is shown in
Fig. 12. It can be seen how first the one phase, followed by the
other two, becomes active. During the middle of the stroke, the
three phases are clearly balanced where after the same effect is
repeated as the translator moves out of the stator.

VI. TEST RESULTS

The designed 1 kW linear generator is built and mounted
horizontally for laboratory testing and can be seen in Fig. 11.
Since the stator is so much lighter than the translator, it was
decided to keep the translator stationary while moving the
stator. More details of the construction will be presented in
future work. It must however be mentioned that the experi-
mental machine demonstrates that very little structural mass
is needed to keep the PMs in place. The structural material
mostly consists of low density nonmagnetic materials and very
little steel. The assumption of a reduction in structural mass is
therefore confirmed.

The impedance of the stator is measured by applying a three-
phase ac voltage to the windings and measuring the current
while the stator is outside the PM field. These measurements
are also verified with an LCR meter. The measured resistance
is 2.1 Ω which is slightly higher than calculated. This can partly
be explained by the interconnections between the 38 stator
sections which is not considered in the calculated values. The
measured inductance is 8 mH which is also slightly higher than
the FE obtained values—this can be ascribed to the fact that the
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Fig. 11. Novel air-cored PM linear generator as built.

Fig. 12. FEA-simulated generator EMFs during one stroke.

Fig. 13. Measured generator EMFs during one stroke.

2-D FE model does not simulate the effect of the end windings
on the inductance. The degree to which the coupling between
the different stator sections are simulated correctly is also not
sure. 3-D FEA would need to be done to further investigate this
aspect.

The measured three-phase open circuit voltage is shown in
Fig. 13. Due to nonidealities in the chosen drive system, it
was not possible to control the stator velocity to be exactly
sinusoidal. However, the envelope of the voltage waveforms
compares very well with that of the simulated FE waveforms in
Fig. 12. The comparison of the measured and simulated a-phase
voltage shown in Fig. 14 also confirms the excellent agreement
between the measured and simulated values.

The linear generator is connected to a resistive load and,
the terminal voltage and current of the a-phase can be seen
in Fig. 15. Again, due to drive system limitations, full load
conditions could not be tested, although these first load tests
serve to illustrate the correct functioning of the generator as

Fig. 14. Comparison of a-phase simulated and measured generator EMFs.

Fig. 15. Measured generator terminal voltage and load current.

Fig. 16. Calculated generator efficiency for a variation in load.

well as the near unity power factor achieved, even if only at
part load.

It is mentioned that the chosen drive system is not ideal. A
large amount of mechanical losses are currently present in the
system, which, together with the constantly changing velocity
and load, makes it impossible to measure the efficiency of the
drive system and the generator. However, since the eddy-current
losses in the generator are negligible, copper losses constitute
the only real source of losses in the machine as mentioned
before. It can therefore be shown that the generator efficiency
can be approximated as

η =
Rl

Rl + Rs
× 100% (38)

where Rl is the load resistance. Using the measured value of
Rs, the efficiency from (38) is shown for a variation in the load
in Fig. 16. The efficiency at the test conditions can be seen to be
close to 95%, whereas at full load, it is only slightly less than
the designed value of 85%.

In the design, only the generator EMF is considered and the
terminal voltage largely ignored. It is worth mentioning that the
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terminal voltage as a percentage of the EMF can be shown to
equal the efficiency as given in (38) and as shown in Fig. 16.

VII. CONCLUSION

The following conclusions can be drawn from the work
presented in this paper.

1) A novel topology for a linear PM generator, developed
from a LDS topology, is presented which eliminates
pair-wise flux coupling found in longitudinal flux linear
machines. Attraction forces between the stator and trans-
lator are eliminated due to the air-cored stator. Attraction
forces between the opposing translator sides of LDS ma-
chines are also ideally eliminated with the novel topology.
The elimination of magnetic attraction forces means a
reduction of structural mass can be expected.

2) An analytical 2-D model is developed for the novel
topology. An exhaustive optimization procedure based
on this relatively simple model is also developed and
enables optimal dimensions for minimum active mass to
be obtained quickly.

3) Optimal dimensions for the generator are obtained at
the maximum allowable current density and minimum
allowable number of poles. At this particular combination
of current density and poles, only one solution exists
which satisfies the dimensional constraints and gives both
the minimum magnet and copper mass. The optimal
dimensions can therefore be obtained by minimizing only
the magnet or only the copper mass.

4) FEA is used to verify the constant velocity analytical
design with good results. Output for the practical im-
plementation of the generator at a constantly varying
velocity is also produced with FEA.

5) The feasibility of implementing the novel topology on
a small scale is proven with the construction of a
1 kW prototype generator. Very little structural mass for
magnet support is used.

6) First test results of the novel generator agree very well
with the FE simulated and analytical results and hence
confirm the validity of the modeling and design methods
as well as the correct functioning of the generator.

7) Test results show a near unity power factor for the novel
generator which plays an important role in a achieving
a good efficiency; the efficiency can be approximated
from the measured data to be close to 95% at the test
conditions.
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