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Flux-Enhancing for Transverse Flux PM Linear
Generator in Direct-Drive Wave Energy Converter
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Abstract—Transverse flux PM linear generator (TF-PMLG) en-
ables a higher power density under low-speed wave characteristics.
However, thrust pulsation and magnetic leakage are major issues
in these generators. To address the foregoing problems, a hybrid
excitation TF-PMLG is proposed. However, it presents significant
control challenges due to large phase inductance and non-negligible
internal resistance, particularly under conditions of insufficient bus
voltage. Additionally, the necessity for electromagnetic thrust to
adaptin real time to wave variations further intensifies the demands
on the dynamic performance of the control system. To this end,
this article proposes a model predictive thrust control (MPTC)
strategy based on optimal flux linkage vector selection. It can
effectively mitigate thrust fluctuations of the generator in response
to wave action. Furthermore, a dynamic flux-enhancing strategy
is developed, which can reduce the dependence on bus voltage
magnitude, thus increasing the peak thrust of the generator. Finally,
simulations and experimental results are provided to validate the
effectiveness of the proposed MPTC methods in direct-drive wave
energy converter system.

Index Terms—Direct-drive wave energy converter (DDWEC),
model predictive thrust control (MPTC), optimal flux linkage,
transverse flux PM linear generator (TF-PMLG).

I. INTRODUCTION

AVE energy possesses a significant advantage in terms

; & of high energy density and low intermittency [1]. In
recent years, the extraction of energy from ocean waves has

garnered increasing research attentions. However, the current
state of maturity and commercialization of wave energy technol-
ogy remains substantially lower compared to other renewable
energy sources, such as wind and solar. This discrepancy can
be attributed primarily to the relatively low efficiency of wave
energy converter (WEC) systems, coupled with the susceptibil-
ity of these devices to damage under extreme wave conditions.
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Consequently, the levelized cost of electricity generated from
wave energy is still high [2]. Therefore, it is a critical challenge
to enhance both the efficiency and operational reliability of wave
energy conversion systems [3].

Among various power take-off (PTO) configurations, the
point absorption direct-drive WEC (DDWEC) that employs a
linear generator is regarded as a promising option for precom-
mercial development [4]. However, the inherently low-velocity
nature of ocean waves exerts great challenges in enhancing the
power density of generators. In a conventional linear generator,
the spatial configuration of teeth and grooves inherently leads
to competition for the same planar region [5]. In the transverse
flux permanent magnet linear generator (TF-PMLG), the plane
of the magnetic circuit is oriented perpendicular to the direction
of motion. The transverse flux structure realizes the decoupling
of electrical and magnetic loads. The thrust of the generator
can be enhanced by achieving a higher rate of change in mag-
netic energy [6]. It enables an increase in the power density
improvement at lower secondary motion velocity [7]. Hence,
several TF-PMLGs are utilized in WEC systems [8]. However,
the magnetic flux leakage and thrust fluctuations in TF-PMLGs
are more pronounced compared to traditional generators. In
response, a hybrid excitation TF-PMLG (HE-TF-PMLGQG) is
proposed in [9]. The arrangement and dimensions of the per-
manent magnets are optimized to mitigate thrust fluctuations.
In this case, excitation current is applied to enhance the main
magnetic circuit. Although overall performance is improved
with this configuration, the space for embedded wires has been
additionally expanded. The increased inductance introduces a
challenge in operational control of the generator.

Numerous energy-absorbing strategies have been proposed
[10], which can be generally categorized into feedback-based
real-time control [11] and predictive control utilizing future
wave information [12]. The control architecture is structured
into two primary layers: the upper layer is responsible for
calculating the reference value of the PTO force to optimize
energy capture, while the lower layer executes the PTO to track
this reference value. Many strategies, particularly those based
on economic model predictive control [13], remain at the upper
level of simulation research due to their significant computa-
tional demands. Conversely, conventional complex conjugate
control achieves theoretically lower energy absorption compared
to advanced predictive control, yet it demonstrates superior
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real-time control performance in hardware implementations.
The optimal PTO force generated by the upper controller layer
may exhibit significant amplitudes, particularly in the presence
of large waves. Besides, the fluctuations in generator thrust can
greatly affect the stability of the entire system. Consequently,
higher demands are placed on the control performance of the
generator. Field-oriented control and direct thrust control are
currently well-established methods [14], [15]. As processors
become increasingly capable, easy-to-implement MPCs are re-
ceiving growing attention. Model predictive current control
(MPCC) and model predictive thrust control (MPTC) are the
two primary methods employed in linear generators [16], [17].
In this case, MPTC is preferred for its superior thrust dynamics
compared to MPCC [18], making it more suitable for the real-
time variations in electromagnetic force demands during wave
power operations. However, since the flux linkage and thrust are
variables in different dimensional levels, the weighting factors
for each must be considered in the cost function. In [19], a cost
function aimed at minimizing thrust pulsations was designed to
determine the optimal weight coefficients, inevitably increas-
ing the computational burden. To mitigate the computational
effort, the weighting factors are discretized within a feasible
domain in [20]. The cost function associated exclusively with
the flux linkage have been raised in [21] and [22] to eliminate
the weighting factors directly. These control methods typically
focus on either the low volatility of the flux linkage under
steady-state conditions, or the response performance during
sudden load changes. However, the generator operates under
cyclic and dynamic conditions within the DDWEC system.
The target thrust continuously increases or decreases over time.
When the thrust variation becomes significant, the limited dc-bus
voltage may cause the expected voltage vector (VV) to exceed
the feasible voltage region, i.e., enter the overmodulation range.
A common approach in such cases is to reduce the magnitude
of the reference VV while keeping its phase unchanged; how-
ever, this inevitably compromises dynamic performance [23]. In
MPCC [24] and modulated model predictive control (MMPC)
[25], several overmodulation optimization strategies have been
developed. These geometric methods are employed to select
new reference vectors that lie on the boundary of the linear
modulation region and thus maximize control authority [26].
Nevertheless, such techniques have not yet been investigated
for MPTC in wave energy generators.

The primary contribution of this article is the development of
an enhanced MPTC scheme for DDWEC systems. An optimal
vector selection strategy is introduced to simultaneously satisfy
stringent steady-state and transient performance requirements
under wave energy generation conditions. Based on this frame-
work, an overmodulation optimization algorithm is further pro-
posed to improve control performance during large variations in
the target flux linkage. Moreover, a dynamic excitation strategy
is designed to extend the peak thrust capability of the generator
under limited dc-bus voltage, thereby broadening the stable
operating range of the DDWEC system.

The rest of this article is organized as follows. Section II
presents the modeling of the DDWEC system and the HE-TF-
PMLG. Section III introduces the state-of-the-art MPTC, and
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Fig. 1.  Schematic diagram of DDWEC.

Section IV details the controller architecture of the proposed
improved MPTC scheme. Simulation and experimental valida-
tions are provided in Section V. Finally, Section VI concludes
this article.

II. HYDRODYNAMIC AND GENERATOR MODELING
A. Dynamics Modeling of DDEWC System

The DDWEC system primarily consists of a buoy, a generator,
and a gravity block. These three components are interconnected
as illustrated in Fig. 1. The generator is actuated by the buoy,
which moves up and down in response to the incoming wave.
This article focuses exclusively on the heave motion of the
device. The force acting on the buoy comprises contributions
from both wave and generator.

Based on Cummins’ equation, the dynamic model of the
system can be alternatively expressed as [27]

(Ms+Moo) « dv(t)dt  + k. (8)xv(t) + k() = fo(t) + £, (1)
ey
where the symbol * denotes the convolution operation, m; is
the moving parts mass, v(¢) is system heaving velocity, f.(¢) and
fo(t) are the wave excitation and generator forces respectively,
ky, denotes the hydrostatic stiffness, k,.(f) represents the radiation
impulse response function, and m is the added-mass at infinite

frequency
Moo = limy, 400 Ay (W)

@)

where A, (w) is the radiation added-mass, A,(w) and radiation
damping B.(w) are defined following Ogilvie’s relations [28],
and are given by

{AT (W) = Moo — w ™[5 k() sin(wt)dt
Br(w) = [;7 ky(t) cos(wt)dt '

Based on the fundamental principles of Fourier transform
theory, (3) leads to the frequency-domain representation of k..(¢)

K. (w) = Br(w) + jw[Ar(w) — Moo 4

Consequently, model (1) can be transformed into the fre-
quency domain as follows:

jwlms + A W)V (w) + B @)V (W) + (jw) " KnV ()
= Fe(w) + Fy(w)-

3

(&)
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Fig. 2. Topology of HE-TF-PMLG.

TABLE I
MAIN DIMENSION PARAMETERS OF HE-TF-PMLG

Parameter Value
Outer primary outer diameter 285 mm
Inner primary inner diameter 36 mm
Outer air-gap length 1 mm
Inner air-gap length 1.5 mm
Outer PM thickness 7 mm
Inner PM thickness 3 mm
Number of turns per coil 150

The dynamical model (5) can be expressed with its electri-
cal equivalent as Fig. 1. The excitation force is modeled as
an equivalent voltage source, while the corresponding current
represents the velocity of device. When the electromagnetic
force is synchronized with the velocity, the power flow remains
unidirectional from the generator to the load, as:

Fy(w) = =Zg(w) - V(w). (©)

Maximum energy extraction is achieved when the output
impedance is matched to the internal impedance of the system.
Accordingly, the damping coefficient Z, must fulfill the follow-
ing condition:

Zg(w) = \/ B2(w) + [w(ms + Ar(w)) —w LK. ()

In simple and efficient control strategies, a characteristic fre-
quency is commonly employed. In most cases, this is selected as
the peak frequency of the excitation force. The target generator
force in the time domain can be expressed as:

f() = =Zg(wo) » v(t) ®

g9

where wy is the peak frequency and f,;*(¢) represents the refer-
ence generator force.

B. Machine Mathematical Modelling of HE-TF-PMLG

The configuration of HE-TF-PMLG is shown in Fig. 2. It
consists of outer primary, inner primary and secondary between
the two primaries. The PMs are placed on both primaries, while
the field winding is placed on the inner primary. Alternating rows
of magnetic bar and nonmagnetic bar make up the secondary.
Misaligned magnetic bar can make the magnetic flux of armature
winding change when secondary moves along the z-axis. The
dimension parameters of HE-TF-PMLG are given in Table I.
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Fig. 5. Equivalent inductance characteristics of HE-TF-PMLG.

The dominated effective flux path of HE-TF-PMLG at typical
positions is shown in Fig. 3. The four positions represent the
electrical degree at different electrical degrees: 0°; 90°; 180°;
and 270°. The flux in the outer primary core is alternating during
this motion.

As shown in Fig. 2, the HE-TF-PMLG consists of six stator
modules distributed along the z-axis. The coil configuration
of a single stator module is illustrated in Fig. 4, where four
coils constitute one ABC-phase unit. The six stator modules
are connected in series along the z-axis to form the complete
three-phase winding system.

The plane of the dominated effective flux is mutually perpen-
dicular to the direction of motion. This transverse flux structure
enhances the thrust density. Moreover, the structural parameters
are optimized in this generator in order to reduce the inherent
effects of magnetic leakage and thrust fluctuations. However, it
results in a larger inductance as shown in Fig. 5.

The outer primary voltage and flux linkage equations of HE—
TF-PMLG are given by

s = —Ryig + dapdt? 9)
¢s = —Lsis+ "/’f (10)

where ug, i, 15, are the VV, current vector and flux linkage
vector of primary; R,, L, are the phase resistance and inductance
of armature winding; and ¢y is the flux linkage vector, consists
of excitation flux and PMs flux as

Vi = Ypm+Myiy (11)

where 1, is the PMs flux, iy is the field current, My is the
mutual inductance between the armature and field winding, and
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Fig. 6.  Working principle of the DDWEC.

the electromagnetic force of the generator can be deduced as

fo = 2TL

where 7 is the pole pitch. In the synchronous rotating d—g
reference frame, 1,4 and 1), are defined as the component of
15 as fellow:

P @Yy 12)

Ysq = Yy — Laia
wsq —
’L/)g = gd + ¢§q
where Lg, Lg, ig, and i, are the inductance and current in the
synchronous rotating reference frame.

By combining (9)—(11) and (13), the voltage equation can be
obtained as

uqg = —Rgig — deiddt71 + erqiq
Uqg = —Rgig — quith71 + wr (Y — Laiq)
up = Ryiy + Lfd’ifdt_l + Mfdiddt_l

—L4iq4 (13)

(14)

where w,- is the equivalent electrical angular velocity, w, = Tv/T,
uyis the field voltage; and Ry, Ly are the field winding resistance
and inductance.

III. NEw MPTC OF PM LINEAR MACHINE

The generator is operated under optimal conditions to achieve
active power output, while the buoy is driven by ocean waves
in a reciprocating motion. The relationship among the ocean
wave profile, the translator’s position and velocity, and the target
generator force over one motion cycle is illustrated in Fig. 5.
The translator moves in the negative or positive direction, and
the electromagnetic force acts in the opposite direction to resist
the motion. When the translator reaches the bottom position,
both the thrust and velocity momentarily approach zero, and the
polarity of the flux linkage reverses. The variation of v, ¥y,
and 1* in the d—g plane represents the dynamic modulation
process that governs the instantaneous electromagnetic thrust

ISW J

throughout the generating cycle. It is evident that the target
thrust increases with the magnitude of the actuator velocity,
and vice-versa. Tracking of the target magnetic flux linkage ¢*
is required when MPTC is employed to achieve the reference
value. A new MPTC (NMPTC) method is developed in [22].
NMPTC achieves superior steady-state performance compared
to conventional current control and conventional MPTC.

A. Predictive Model

To enable state prediction at the next sampling instant, the
continuous-time motor model is discretized. By applying the
forward Euler method, (14) are reformulated into a discrete-time
representation, yielding the current predictive model:

ia(k+1) = (1 — RT,L;")ia(k)
+Lg L, Tsw, (k)ig(k) — Ts L uq(k)
ig(k+1) = (1 — RTs Ly " )ig(k)
+ L Towr (k) [, (k) — Laiq(k)] — ToLy ug(k)

15)
where k is the kth instant and 7’5 is the sampling period, then
(13) can be converted into

Vsa(k+1) = pp(k +1) — Laia(k + 1)

Yog(k+1) = —Lyig(k + 1)
[ak + 1)l = 02,k + 1) + 92, (k+ 1)

The employed two-level voltage source rectifier (2L-VSR)
can generate eight switching sequences. The corresponding VVs
are illustrated in Fig. 7, where u; to ug represent the six active
vectors, and ug or uy denotes the zero VV.

(16)

B. Flux Reference and Cost Function Calculation

The target thrust defined in (8) can be reached through the
control of the flux vector. On the basis of the maximum torque
current ratio control, the amplitude of the primary flux reference
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Fig. 8. Relation between different vectors with NMTPC.

is calculated as

il = /03 + 2rLyfs .« Bmy) T

where 15" is the primary flux reference, the corresponding load
angle can thus be calculated as

0%y = arcsin[27 L, fy « (3w i)

a7

(18)
The reference primary flux in the d—q frame can be derived as
sk +1) = [ehg(k + 1) cos 7

{ fo(k+1) = |i(k +1)|sind:,

The variation of the flux vector in one control period is
analyzed as follows. As shown in Fig. 8, 1 4(k), 1 Ak), and i (k)
represent the measurement at the kth period. w4 and w, determine
the rotational speed of 15 and 1)y, respectively, causing 6,(k) and
0.(k) to vary with time. The difference between 6 4(k) and 6,.(k) is
defined as the load angle ¢ . us*(k) is the optimal VV applied at
the kth period, and ¥ s*(k+1) is primary flux reference the at the
end of one control period. The mechanical time constant of the
system is significantly larger than its electrical counterpart. As
aresult, the variation in #,. during one control period is minimal
and can be considered negligible compared to 6. Then the angle
of the VV reference ~ in the a—f frame can be obtained as

19)

Wy = [y cO8(0r + 0% 4) — Vsal Tyt + Ryisa
) . (20)
wyg = [Vigsin(0, + %) — Yspl Ty + Risp
v = acrtan|ugg « (ut,) . 21

As an illustration, if the optimal VV is determined to be
located in Sector III based on the value of -, three basic VVs (us,
u4 and zero VV) are available for selection. When two VVs are
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Fig. 9. Relation between different vectors with IMTPC.

used to synthesize the target vector, nine (3x3) basic schemes
are available. The dwell time can be obtained as:

to = (U —up) . (Ua — Up) « |Uas — up| >
ty=Ts —t,

(22)

where u, is the first VV, ua=ug, uy, orug(ur), uy, is the second
VV,up=us, uy4, orug(ur),t, andt, are the dwell time of u,and
Uuy.

Consequently, a cost function is formulated based solely on
the flux values. By combining (15) and (16), the optimal VVs
combination is determined through minimization of the cost
function as follows:

Cr = [Wsq(k+1) = hgy(k + 1)

+ |, (ke + 1) — g (k+ 1)) (23)

IV. PrROPOSED MPTC ofF HE-TF-PMLG

The HE-TF-PMLG features high thrust and power density,
but also exhibits increased internal resistance and inductance.
As shown in Fig. 6, the generator thrust typically varies, which
imposes higher requirements on both steady-state and transient
control performance. In addition, an excessively high peak thrust
may lead to insufficient bus voltage, which subsequently results
in thrust fluctuations and excursions. To enhance control per-
formance under wave excitation, an improved MTPC (IMPTC)
method is proposed in this section.

A. Implement Method for IMPTC

Fig. 9 shows the vector control diagram of IMPTC for gener-
ator. Different from NMPTC scheme in Section III, the optimal
VV is not computed in advance but is directly regulated based
on the variation of the flux vector.

A feasible domain, bounded by the endpoints of the ¥5(k) and
oriented perpendicular to the d—axis, is defined as follows:

W(k) ={r € R*|0 < nJ(k— ko) <AASfi(k)} (24)

where W(k) is the, x is any point in the d—q plane, k¢ is the
endpoints of the 1/ 4(k), nq” is the unit vector perpendicular to the
d-axis, and AAf,*(k) defines the width of the feasible domain,
A =27L,[3m k)]

The reference thrust increment is fulfilled only when the
applied VV terminates at the upper boundary of the defined
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Fig. 10.  Vector diagram of primary flux increment. (a) Corresponding hexag-
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region. The amplitude of the primary flux increment is defined as
Ay (k)| = E(e,) = AAf (k) osin™ (e,)  (25)

where ¢ is the angle between A1) 4(k) and upper boundary, and
Z(es) represents a function of the primary flux increment.

To minimize the variation in g, the optimal angle is selected
as £%=7r/2, then the optimal flux increment satisfies | Ay (k)| =
=(e%). As illustrated in Fig. 9, the corresponding reference
primary flux increment in the d—g frame can be obtained as

fresir o] ISl ] D

By combining (9), (10), and (13), the variation of ¥4 at kth
can be expressed in the d—g frame as

[AWed(k)} _7 [ud(k)] + Gelk) {wsd(’“)} +H (k) (27)

Apgq(k) ug(k) Vsq(k)
where
Ge(k) = [_I;Zif_(;g _%fgilfgps] , He (k)
_ [RsLleswf(k)}
0 )

A simplified form of (27) can be written as

A"psqu(k) = Tsudq(k) + Gf(kj)’lpsqu(k) =+ Hf(k)

The corresponding hexagonal variation of the primary flux in
Fig. 10(a), can be predicted based on the Avyg qq induced by
each VV within the hexagon in Fig. 7. The point B is the position
corresponding to the reference Aty 4, (k). When no active VV
is applied, the predicted increment at kth can be expressed as

Ad’s dq( ) Gf(k)ws_dq(k) + Hf(k) (29)

where A 4, (k) denotes the increment under zero VVs (uo,
ur). Based on (28), the increment under the active VV is able to
be predicted by

{Ad]; dq(k) = Tsuéq(k) + A¢s dq(k)
Afllbs dq(k) = TSuZ{q(k) + A¢s dq(k)

where the Aws a q( ) is the primary flux increment under two

(28)

(30)

adjacent VVs uy? o in the sectors I-VT as given in Table II.
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TABLE II
APPLIED ADJACENT VVS IN DIFFERENT SECTORS

Sector 1 11 I v \' VI
i 1 2 3 4 s 6

u:lq Uaq Uaq Uaq Uaq Uaq Uaq
j 2 3 4 s 6 1

t‘:lq Uaq Uaq Uaq Uaq Uaq Uaq

To simplify the analysis, Ae)? ' dq(k) is translated to the
coordinate origin. The flux increment can then be expressed as

{A«/:S’f;é(k)
AP, gq(k)"

= A2l (k) -

s_dq

=AY qq(k) —

Aws _dq (k)
AYPL 4q(k)

€1y

where A" s’gl( )T and A’ dq(k k)" corresponds to the con-

verted value of A2’ zi’gl( ) and A 44(k) after transforma-
tion.

The VV combination in the optimal sector can be determined
by minimizing the following cost function as

Ca = |Auia(0) = Ay()" | + A, (0) - Avl, ()" |
ALk = Al () [ A, () A, (0) |
(32)

Therefore,
(AYZaq(0) AP q(K)] = minCa()  (33)

where A3 dq( )" and Ayp? ' aq(k )" is the optimal flux incre-
ment as shown in Fig. 10(b).

According to Fig. 10(b), the coordinates of points O, BT,
M, and N are given by: O(0, 0); B” (A4plq(k)", Ayl (k)" ):

M(A9Z (k)" AT (k) "); and N(ApZ(k)", Ay, (k)").
The distances from point B to each side of the equilateral triangle
AOMN can be calculated as follows

_ ‘m\’l NI W\
— o[ . [ond cﬁ\

_[oR[ " [0 < 5|

(34)

where &, £,,, and &, denote the distances from point BT to lines
MN, ON, and OM, respectively. In order to determine whether
the target vector lies within the overmodulation region, define:

§o+&m +&n

& =
e

For the equilateral triangle, the sum of the perpendicular
distances from any interior point to its three sides is constant and
equal to &,. If this sum &, exceeds &, the point lies outside the
triangle. Therefore, a duty cycle calculation method is proposed

(35)
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Fig. 11. Target primary flux increment beyond the boundary. (a) Due to high
peak thrust. (b) Due to large thrust variation.

as follows:
& =6&:
Ay = &m o &1 dn = En v 61 do = &6 4 6
if &> &

Ay = €m . (fm + gn)iladn = gn . (gm + gn)ilvdo =0
(36)
where d,,, d,, and d, represent the duty cycles of the
APaq (k)" AL aq(k) and Agpg 4q (k)"
B. Reference Vector Optimization Under Bus Voltage
Constraints

In WEC systems, the dc-bus voltage is typically kept at a
moderate level. This is due to the need to balance performance,
safety, cost, and control stability. In both grid-connected and
stand-alone systems, hybrid energy storage devices are com-
monly integrated into the dc link to enhance power quality [29].
To ensure system stability, the dc-bus voltage is constrained to
fluctuate within a narrow range, and is regulated to remain near
a fixed reference over time. In large wave conditions, higher
peak thrust is required to sustain continuous power generation.
This implies that the primary flux s remains at a high level
during the peak thrust interval. Since the internal resistance of
the generator is nonnegligible, insufficient bus voltage may also
occur even when the refence primary flux increment A)g*(k) is
small. In this case, the target vector lies outside the hexagonal
boundary, as illustrated in Fig. 1 1(a). In adverse wave conditions,
the thrust may exhibit abrupt variations. According to (25), the
corresponding target increment A’ (k) may exceed the bound-
ary due to the large inductance of the generator, as illustrated in
Fig. 11(b).

In cases of insufficient bus voltage, a boundary point is often
selected as a new reference. The conventional approach, as ex-
pressed in (36), first evaluates whether the target vector exceeds
the linear modulation limit based on parameter ;. If so, a new
reference point—denoted as point C in Fig. 12.—is computed
accordingly.

The conventional method of reference vector optimization
can enhance voltage utilization. However, it does not account
for the flux behavior during dynamic transients, which may lead
to certain deviations between the actual and target values. An
improved optimization method is adopted, and its underlying
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principle is illustrated in Fig. 12. The introduced method effec-
tively mitigates magnetic flux trajectory drift in the overmod-
ulation region, thereby ensuring accurate dynamic trajectory
tracking and fast transient response. Point AT represents the
pre-transition state, and vector ATBT denotes the trajectory of
the flux variation toward the target value. The point D, where the
trajectory intersects the boundary, is selected as the optimized
reference point; that is, the intersection of ATBT and line segment
MN. The corresponding calculations are given as follows:

[Aw:dw)T + AP0 (k) Ay (k)" - Aw;':l(k)T] H

AL, ()" + A0 (k) Ayn (k)" — Aym(k)" ] 2
_ {A%(kﬁ + A0, (k)
Apr (k)" + Ay, (k)

AW, 4q(k)° = AP gq(k)" + (11 — 1) 0 A2 44 (k) (38)

where the variables r; and r» serve as intermediate quantities in
the computation, A’l/):_dq(k)D represents the optimized refer-
ence vector.

(37)

C. Dynamic Flux-Enhancing Strategy

HE-TF-PMLG contains two excitation sources, with one
provided by PMs and the other by electrical excitation. The PMs
generate the main flux, while the field current contributes the
auxiliary flux. Under severe wave conditions, the field current
can be regulated to strengthen the flux. This allows the system
to achieve higher peak thrust even under limited bus voltage.
The overall control structure is illustrated in Fig. 13, where the
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excitation current is independently controlled. Here, iy and uy
represent the excitation current and excitation voltage, respec-
tively.

In conventional constant flux-enhancing (CFE) strategy, the
field current is typically maintained at a constant value for a cer-
tain period. Notably, the electromagnetic force in the DDWEC
system exhibits a sinusoidal-like variation. The reference ex-
citation current for the next reciprocating cycle is determined
by evaluating the average thrust over the current cycle and
comparing it with the rated thrust. As the target amplitude of the
electromagnetic force decreases, the required excitation current
correspondingly diminishes. Consequently, this article proposes
a dynamic flux-enhancing (DFE) strategy to enhance adaptabil-
ity to the operational conditions of wave power generation. In
the DFE strategy, the field current is modulated in accordance
with the amplitude of the electromagnetic force, leading to a
corresponding design of the reference currents as follows:

i5(k+1) =95 .| fo(k+1)| (39)
where i}(k+1) is the target excitation current at (k+1)th, ¢ is
a constant determined by the ratio between the rated thrust and
the rated excitation current, 3y = 0.02.

It should be noted that, under the normal low-velocity and
high-thrust operating conditions of the DDWEC, the electri-
cal frequency remains low, and the excitation current mainly
functions to enhance the flux. Therefore, the voltage margin
constraint is not critical within this range, and the reference
excitation current can be directly determined by the amplitude
of the electromagnetic force as given in (39). However, when
the generator operates under extremely severe sea states and the
rotational velocity increases markedly, the influence of electrical
frequency on the voltage margin should also be considered.
In such cases, the excitation current gradually decreases with
increasing electrical frequency to ensure reliable operation, as
further described by the extended current distribution model in

ik +1) =

ﬁf.|f;(k+1)|,

Uy o |wr(k+ 1)
—wee| +Vr | fik+ 1), wr<wr(k+1) < wps

0 <wr(k+1) <wp

0, wr(k+1) > w.
(40)

where w,; denotes the maximum electrical frequency within the
low- velocity operating range w,; = 292 rad/s; w,, represents
the maximum electrical frequency when the excitation current
decreases to zero, w,., =480 rad/s; and J,, is a constant parameter
set to 0.0265.

The target field current can be realized by independent control
of the dc voltage source. The field current at (k+1)th can be
predicted as

i (k + 1) = LaCTouly (k) + MyCy AQ* (k)

+ (1= LgR;CyTy)ig(k) (41)
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where Cy = (Lde—i-Mfz)'l, h=12, u?(k) is the nonzero VVs,
and i?(k+1) is the predicted field current.

To obtain the optimal vector, the cost function of the field
current is given by

Cy=[i*(k+1) —if(k+1)
u}y (k) = min C3(.)

(42)
(43)

where u’ is the optimal V'V, the ideal voltage reference uzcEf for
the excitation felid circuit can likewise be expressed as

wit(k) = [i5(k+ 1) + (LaRyCyTy — 1)ig(k + 1)

— MyCpAY (k)] - L CF T (44)

Additionally, the optimum duration of the excitation voltage

is calculated as
ty = Touj(k) . uf (k). (45)

Due to the constraints imposed by the bus voltage, there are
instances where the optimal duration of the VV either exceeds
these limitations or becomes negative. Consequently, the fol-
lowing constraints are established to address this situation as

0,2y <0
tp, 0 <ty <Ti.
T‘}atf > Ts

ty = (46)

In summary, the system is composed of two independent
components: the rectification and field circuit, each capable of
being controlled separately. As shown in Fig. 13, the applied
controller can be summarized in the following steps.

1) Measure the outer primary current, field current, sec-
ondary velocity, and dc-link voltage of rectification and
field circuit.

2) Calculate the reference thrust based on the measured val-
ues.

3) Calculate the reference primary flux increment and refer-
ence field currents based on the reference thrust.

4) Vector transformation and optimize the cost function of
flux increment for the optimal sector.

5) Calculate duty cycle and optimized reference.

6) Optimize the cost function of the field current for the
optimal VV and optimal duration.

7) Generate the switching pulses.

V. SIMULATION AND EXPERIMENTAL RESULTS

IMPTC is introduced in this article, and an optimized mod-
ulation method based on it is presented. For simplicity, the
IMPTC methods based on different modulation schemes are
designated as IMPTC-1 and IMPTC-2. IMPTC-1 corresponds
to the conventional IMPTC method with the overmodulation ap-
proach using point C in Fig. 12. IMPTC-2 represents the IMPTC
method with the proposed overmodulation option, which uses
point D in Fig. 12. To validate the effectiveness of the proposed
IMPTC schemes, their performance is compared with that of the
NMPTC. Detailed simulations and experiments are carried out
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Fig. 14.

Experimental platform of system.

TABLE III
APPLIED VVS OF FIELD CURRENT

Sector Active VV Zero VV
I ui (01) u! (00) ui(11)
I u; (10) u! (00) wui(11)

in this section. The experimental setup is developed as illustrated
in Fig. 14.

It can be noticed from Fig. 14 that the mechanical subsystem
mainly consists of a motor, a gearbox, a crank train, and a
generator. The motor is supplied by a variable-frequency drive,
allowing its speed to be flexibly adjusted. The gearbox converts
the high-speed, low-torque output of the motor into low-speed,
high-torque motion. This rotational motion is then transformed
by the crank train into a linear displacement with a sinusoidal-
like velocity profile. In addition, the generator is based on the
HE-TF-PMLG. It includes the inner primary, outer primary,
and the secondary as shown in the exploded view. Then the
linear motion generated by the crank train is transmitted to the
secondary mover of the HE-TF-PMLG. A 2L-VSR is employed
to convert the three-phase ac output of the generator into dc,
which is then fed into the dc link. Meanwhile, a dc/dc converter
is employed to supply the field current. At the core of the system,
a TMS320F28335 digital signal processor is used to execute the
control algorithm in real time. It acquires signals from various
sensors, processes the control logic, and generates PWM signals
to drive the converters. The parameters of the system are given
in Table I'V.

It should be emphasized that the present validation is carried
out in a laboratory environment, where the excitation motion
is generated by a motor—gearbox—crank mechanism instead of
ocean waves. Although simplified, this configuration is deliber-
ately designed to provide controllable and repeatable conditions,
which are particularly suitable for rigorous evaluation of the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

TABLE IV
KEY PARAMETERS OF THE SYSTEM

Parameter Value

Outer primary resistance/R 7.8 Q

Field resistance/R¢ 27Q

Load resistance/Ry 50Q
Permanent magnets flux/ ¥, 0.139 Wb
d-axis inductance/Ly 216 mH
g-axis inductance/L, 229 mH

Field winding inductance/L; 97 mH
Mutual field-armature inductance/M; 15.8 mH

Pole pitch/z 15 mm
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proposed control algorithm. Within such a setup, the transient
response, steady-state accuracy, and robustness of the control
strategy can be thoroughly investigated. To further enhance the
reliability of the proposed method, future work will extend the
validation to wave-tank experiments and, ultimately, to full-scale
sea trials, where the practicability of the proposed approach can
be comprehensively demonstrated.
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Fig. 17.  Dynamic simulation results when the thrust suddenly changes between -50 to -100 N. (a) NMPTC. (b) IMPTC-1. (c) IMPTC-2.

A. Simulation Results

Based on the parameters given in Table III, simulations are
conducted in the MATLAB/Simulink. First, the steady-state
performance of the NMPTC method, proposed IMPTC-1 and
IMPTC-2 methods are compared. Then, the dynamic perfor-
mance of the three methods is also evaluated. Finally, the per-
formance is tested for both flux-enhancing strategies CFE and
DFE under both thrust variations.

A steady state performance comparison based on NMPTC
method and the proposed IMPTC-12 methods is presented. The
bus voltage is set to 100 V, while the peak thrust is configured
at two different levels, corresponding to distinct steady-state
conditions: bus voltage sufficiency operation and bus voltage
insufficiency operation. The waveform comparison under the
bus voltage-sufficient condition is presented in Fig. 15. As
shown in the top row, each controller is capable of following
the reference thrust under sufficient dc bus conditions. However,
the thrust error under NMPTC is significantly larger compared
to that of the proposed IMPTC methods, and it varies with the
amplitude of the thrust. Since the dc-bus voltage is sufficient
in this case, IMPTC-1 and IMPTC-2 exhibit nearly identical
performance. The phase current waveforms also reveal that
NMPTC exhibits significantly larger current ripple, despite all
three methods maintaining similar overall current profiles. No-
tably, the maximum current variation in the IMPTC schemes is
reduced by approximately 40% compared to that of NMPTC
over the same time interval.

As the target thrust further increases, the fixed dc-bus voltage
becomes insufficient to fully realize the commanded control
voltage. Fig. 16 presents the corresponding thrust-tracking error,
where the variable “Flag” indicates the modulation status. Flag
= O means that the final reference VV remains inside the feasible
hexagonal voltage region, whereas Flag = 1 denotes that the final
reference vector reaches the hexagon boundary. The tracking
error of NMPTC is more pronounced, exhibiting more intervals
in which the modulation saturates. In contrast, IMPTC-1 and
IMPTC-2 show a greater proportion of unsaturated modulation
intervals, since the adopted optimal-vector selection strategy
better adapts to varying thrust conditions. Moreover, benefit-
ing from the reference-vector optimization scheme, IMPTC-2
achieves smaller thrust-tracking error than IMPTC-1 under the
same voltage-constrained condition.

Under certain extreme sea conditions, the generator thrust
may undergo sudden changes, which serve as an important in-
dicator for evaluating the dynamic performance of the DDWEC
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Fig. 18.  Simulation results of thrust without flux-enhancing at a peak thrust
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(a) Constant flux-enhancing. (b) Dynamic flux-enhancing.

control system. Fig. 17 illustrates the dynamic performance.
The average response times of the three control strategies are
10.1, 5.65, and 4.25 ms, respectively. The results indicate that
the adopted optimized VV selection strategy yields a marked
enhancement in dynamic performance. Furthermore, by incor-
porating reference vector optimization into IMPTC-1, the pro-
posed IMPTC-2 achieves improved control robustness against
rapid variations in sea state conditions.

When the peak thrust becomes excessively high, the resulting
voltage demand may surpass the available bus voltage, thereby
impeding accurate tracking of the reference thrust. As illustrated
in Fig. 18, the observed clipping in the actual thrust waveform
indicates that the system fails to deliver sufficient voltage,
which is a direct manifestation of modulation saturation. Fig. 19
presents the results of two flux-enhancing strategies. As shown in
Fig. 19(a), the excitation current is maintained at 4 A. Applying
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a constant excitation field results in an increased peak thrust
compared to operation without field current injection. How-
ever, when the generator operates under high electromagnetic
thrust, significant fluctuations are observed at the peak thrust.
These fluctuations can be mitigated through the DFE strategy,
as illustrated in Fig. 19(b). In this strategy, the RMS value of
the excitation current remains constant, while demonstrating
improved dynamic performance.

B. Experimental Results

To further evaluate the control performance of the proposed
strategy and to validate the simulation results. More experimen-
tal results are analyzed in this section base on experimental
depicted platform in Fig. 14. The experimental thrust waveform
exhibits a quasi-sinusoidal shape due to the kinematic charac-
teristics of the crank—connecting rod mechanism. Moreover, the
higher ripple level mainly arises from mechanical misalignment
and converter switching effects.

1) Steady-staTe Performance Comparison: Fig. 20 presents
the experimental waveforms of thrust, thrust error, and
phase current under a low peak thrust condition for the
three control strategies. As observed, all methods are ca-
pable of following the desired thrust trajectory. However,
noticeable differences exist in the thrust tracking accuracy
between NMPTC and IMPTCs. Compared to NMPTC,

)

sl
7200V

il
7200mV Tros1s

Teass ) @ 1y ]

Experimental results of thrust, thrust error and flag at a peak thrust of 120 N. (a) NMPTC. (b) IMPTC-1. (c) IMPTC-2.

both IMPTC-1 and IMPTC-2 exhibit substantially re-
duced thrust error. The enhanced steady-state performance
of the proposed method is further evidenced by the reduced
current ripple and improved waveform smoothness. As
shown from Fig. 11(a), the control vectors are frequently
located on the boundary of the vector hexagon due to
the inability of the bus voltage. Fig. 21 illustrates the
experimental waveforms under elevated peak thrust con-
ditions. Due to its vector selection strategy, NMPTC more
frequently drives the control vectors to the boundary of the
feasible region, resulting in reduced tracking accuracy—
particularly under high thrust conditions. Although the
proposed method may still encounter overmodulation, the
optimal vector selection strategy adopted in IMPTCs ef-
fectively alleviates this issue. Besides, the reference vector
optimization strategy adopted in IMPTC-2 enables further
reduction of thrust error compared to IMPTC-1. Table V
gives the steady-state thrust performance of the three con-
trol strategies under two operating conditions, including
the maximum values E,,x and root-mean-square (RMS)
values RMS,, of the thrust tracking error

2
RMS, \/ Zl ) l))()] x 100%.

(47)
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(a) (b)

()

Dynamic experimental results of three methods when the target thrust suddenly changes. (a) NMPTC. (b) IMPTC-1. (c) IMPTC-2.

TABLE V

STEADY-STATE PERFORMANCE UNDER THREE CONTROL METHODS

Conditions Items NMPTC IMPTC-1 IMPTC-2
RMS. 11.7% 4.1% 4.0%
Low peak thrust
‘max 13.51N 920N 9.82N
RMS. 21.6% 11.2% 8.9%
Large peak thrust
Ernax 2430 N 20.60 N 17.83 N
TABLE VI
DYNAMIC PERFORMANCE UNDER THREE CONTROL METHODS
Ttems NMPTC IMPTC-1 IMPTC-2
T; 3.6 ms 2.9 ms 2.7 ms
Ty 4.6 ms 3.1 ms 2.2 ms

Under low peak thrust condition, compared with NMPTC,
the RMS of thrust error with IMPTC is reduced over 7%,

and the maximum thrust error is reduced over 25%.

These

experimental results demonstrate that the proposed IMPTC has
obvious improvements in current quality and steady-state rip-
ple compared with NMPTC under this condition. Although all
methods experience performance degradation due to modula-
tion constraints, IMPTC-2 maintains the lowest error metrics.
Specifically, Compared with NMPTC and IMPTC-1, the RMS
of thrust error with IMPTC-2 is reduced by 12.7% and 2.3%,
respectively, and the maximum thrust error is reduced by 26.6%
and 13.4%, respectively.

2)

Dynamic Performance Comparison: Second, to assess
system responsiveness under varying sea states, the tran-
sient performance of the three control strategies is eval-
uated. Fig. 22 illustrates the transient thrust response
during abrupt changes in the reference value, including
both a sudden increase and a sudden decrease. All three
control strategies demonstrate a fast dynamic response,
with the actual thrust closely tracking the reference signal.
However, slight variations in response time are observed

Fig. 24.
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[ImPTC-2
Maximum thrust error ;25%RMS of thrust error
(High peak thrust) 29 (Low peak thrust)
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RMS of thrust error, Maximum thrust error
(High peak thrust) (Low peak thrust)
Fig.23.  Radar chart comparing the control performance of NMPTC, IMPTC-

1, and IMPTC-2 under various evaluation metrics.

[ Min i

70 - | I Max it -
@ I Avg
S60r 540 556 55.2 565 1
v
Es0 47.4 48.1 478
==
S40
=
8
< 30
3
20
&)

10

IMPTC-2

NMPTC IMPTC-1

Computation time of NMPTC, IMPTC-1, and IMPTC-2.

among the methods. As given in Table VI, the parameters
T;and T g represent the response times for rising and falling
thrust transitions. Compared with NMPTC and IMPTC-1,
the torque ripple of IMPTC-2 is reduced by 28% and 18%,
respectively.

To facilitate a comprehensive comparison of the three control

strategies under varying conditions, their performance across
multiple evaluation metrics is summarized as Fig. 23. The
proposed IMPTCs consistently outperforms NMPTC across
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all evaluated criteria, including the RMS and maximum thrust
errors under low and high peak thrust conditions, as well as re-
sponse time. For both IMPTC-1 and IMPTC-2, the steady-state
performance is nearly identical under low peak thrust conditions.
However, under high peak thrusts, IMPTC-2 demonstrates supe-
rior steady-state accuracy due to its reference vector optimiza-
tion strategy. Consequently, IMPTC-1 demonstrates moderate
improvement, while IMPTC-2 achieves the best overall perfor-
mance with minimal thrust error and fastest dynamic response.
Fig. 24 compares the computation times of the three predictive
control strategies. It can be observed that the proposed IMPTC-
1 achieves the lowest and most consistent computation time,
indicating a reduced computational burden compared with the
conventional NMPTC. Although IMPTC-2 exhibits a slightly
higher maximum computation time owing to the additional
overmodulation assessment and boundary-optimization step, its
average execution time remains within the real-time constraint
of the 100 ps sampling period. These results confirm that both
IMPTC algorithms maintain computational feasibility for real-
time implementation while providing enhanced thrust-tracking
performance.

3) Impacts of Different Flux-Enhancing Strategies: Fig. 25
shows the experimental waveforms with different flux
enhancing strategies. In Fig. 25(a), the field current is
set to 0 A. When a peak thrust of 140 N is reached by
the generator, the bus voltage of the system is already
observed to struggle in supporting the increased electro-
magnetic force. Thus, thrust vibration is observed to be
more pronounced at the peaks. To increase the peak thrust
of the generator, the magnetic field must be enhanced

(b)

Phase

i
7180V

L1501

15221

(©)

Experimental results of reference thrust, real thrust, field current and phase current flag at a peak thrust of 170 N. (a) No field current. (b) Constant

TABLE VII
THRUST ERRORS WITH DIFFERENT FLUX-ENHANCING STRATEGIES

Ttem Peak thrust of 140N Peak thrust of 170N
ems RMS, Enn RMS, Enax
No field ) 4o, SON 14.1% 66N
current
CFE 9.7% 46N 11.6% 54N
DFE 8.6% 30N 9.2% 34N

by applying an excitation current. Therefore, significant
jitter at the peak is eliminated under the two different
flux-enhancing strategies, as illustrated in Fig. 25(b) and
(c). Ascan be observed, the DFE yields a more pronounced
improvement in force performance. As shown in Fig. 26,
when the peak thrust is further increased to 170 N, the
advantages of the proposed excitation strategy become
more pronounced, demonstrating enhanced control ca-
pability under voltage constraints. The thrust tracking
performance under different excitation strategies is given
in Table VII. For a more intuitive comparison, the thrust
error under different conditions is illustrated in Fig. 27.
As the target thrust increases, the peak tracking deviation
also grows. This degradation can be effectively mitigated
through field enhancement. Furthermore, the applied DFE
approach exhibits superior performance compared to CFE
approach, achieving an average reduction of 43% in
the maximum thrust error across the evaluated operating
conditions.
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Fig. 27. Comparison of thrust errors with different flux-enhancing strategies.

It is worth noting that although the proposed method has been
validated in the DDWEC system, the underlying control prin-
ciple is general and can be extended to other electromechanical
energy conversion platforms with similar dynamics.

VI. CONCLUSION

This article presented an improved MPTC with DFE for the
HE-TF-PMLG in the DDWEC system. The suggest method
enables the selection of an optimal control vector according to
the thrust variation. The RMS of thrust error is reduced by over
7%, and the dynamic response time is shortened by approxi-
mately 28% relative to the baseline method. When the target
thrust becomes excessively high, reference vector optimization
is introduced to alleviate the overmodulation issue. Compared
to MPTC-1, which does not incorporate reference vector op-
timization, MPTC-2 achieves a 2.3% reduction in thrust error
and an 18% improvement in dynamic response time. A DFE
strategy is developed to enhance the maximum thrust of the
generator, demonstrating superior control performance under
large wave conditions compared to traditional CFE method.
The maximum thrust drop can be reduced by up to 43% under
identical operating conditions. Both simulation and experimen-
tal results confirm that the proposed IMPTC strategy effectively
enhances transient and steady-state thrust tracking performance,
particularly under constrained dc bus voltage conditions.
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