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ABSTRACT This paper proposes a direct power control scheme for an offshore wind turbine-driven
surface-mounted permanent magnet synchronous generator with a full back-to-back converter situated
onshore to decentralize the weight of the turbine. The proposed model is designed in a stationary reference
frame and does not require a phase-locked loop as opposed to the traditional vector current control method.
Simple feed-forward and feedback control loops are used in the proposed model to extract the maximum
available wind power, maintain constant voltage at the coupling DC link, and ensure power injection into the
electric network at unity power factor. Simulation results carried out in MATLAB/SIMULINK show that the
proposed model has a fast transient response and steady-state performance consistent with the vector current
control model. Furthermore, eigenvalue analysis results demonstrate that the proposedmethod’s performance
is robust to variations in different system parasitic elements, even under both stiff and weak electric network
conditions. These results also indicate that the back-to-back converter can operate effectively when located
onshore close to the load center while the turbine is in close proximity offshore. This can be suitable for
multiple specific offshore applications as it can potentially reduce the overall weight, volume, and cost of
the offshore wind turbine infrastructure.

INDEX TERMS Back-to-back converter, direct power control, surface-mounted permanent magnet syn-
chronous generator, short-circuit ratio, weak electric networks.

NOMENCLATURE
ABBREVIATIONS
BTB Back-to-back.
DFIG Doubly-fed induction generator.
GSC Grid-side converter.
MPPT Maximum power point tracking.
MSC Machine-side converter.
OWT Offshore wind turbine.
PCC Point of common coupling.
PLL Phase-locked loop.
PMSG Permanent magnet synchronous generator.

The associate editor coordinating the review of this manuscript and

approving it for publication was Chandan Kumar .

SCR Short-circuit ratio.
SPMSG Surface-mounted permanent magnet

synchronous generator.
VCC Vector current control.

SUBSCRIPTS
1, 2 MSC and GSC components, respectively.
dc DC link component.
gαβ GSC components in rotating stationary reference

frame.
MPP Maximum power point.
P,Q Active and reactive power term.
rαβ SPMSG rotor components in rotating stationary

reference frame.

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 62409

https://orcid.org/0000-0001-9703-7632
https://orcid.org/0000-0002-5879-6967
https://orcid.org/0000-0002-4856-6578


C. M. Emeghara et al.: Direct Power Control of a SPMSG Wind Turbine for Offshore Applications

sαβ SPMSG stator components in rotating stationary
reference frame.

s, r SPMSG stator and rotor components.
ω Average wind speed component.

SUPERSCRIPT

∗ reference.

VARIABLES & SYMBOLS
A Cross-sectional area of the wind turbine

blade [m2].
Cdc DC link capacitance [F].
Cp(λ, β) Efficiency of power extraction.
p Differential operator,

(
p =

d
dt

)
.

P Number of poles.
Pg,Qg Electric network active [W] and reactive

power [VAR].
Ps,Qs SPMSG active [W] and reactive

power [VAR].
Pt Turbine mechanical power (W).
igαβ GSG current [A] in stationary reference

frame.
isαβ , irαβ SPMSG stator and rotor current [A].
J Inertia constant [kg.m2].
Msαβ ,Mgαβ MSC and GSC modulation index.
R Turbine blade radius [m].
R1,L1 Line resistance [�] and inductance [H]

connecting the SPMSG to the MSC.
Rg,Lg Electric network line resistance [�] and

inductance [H], respectively.
Rs,Ls SPMSG resistance [�] and inductance [H].
s Slip.
Sg Complex power injected into electric

network [VA].
Ss SPMSG stator complex power [VA].
Te Electromagnetic torque [N.m].
Tt Torque developed by the turbine shaft [N.m].
UsP,UsQ Instantaneous stator active and reactive

power input components.
UgP,UgQ Instantaneous GSC active and reactive

power input components.
v1αβ MSC input voltage [V].
v2αβ GSC output voltage [V].
vdc DC link voltage [V].
vgαβ Electric network voltage [V].
vpcc,nom PCC nominal voltage [V].
vsαβ , vrαβ SPMSG stator and rotor voltage [V].
Vw Average wind speed [m/s].
we Electric network angular frequency [rad/s].
wr Rotor speed [rpm].
wt Angular speed of the turbine [rpm].
Zg Electric network impedance [�].
α PI controller bandwidth [Hz].
β Turbine blade pitch angle [◦].
λ Tip speed ratio (TSR).

λm Magnet flux linkage [Wb].
λrαβ , λsαβ SPMSG rotor and stator flux linkage [Wb],

respectively.
ρ Air density [kg/m3].

I. INTRODUCTION
Wind power stations face challenges due to the high vol-
ume and weight of their components [1], which can result
in elevated installation and maintenance costs, particularly
for offshore wind power stations. As a result, researchers
and engineers are exploring new approaches to address these
challenges. One approach that has gained attention is the
OWT. OWTs offer several advantages over onshore turbines,
including the ability to be deployed in deeper waters, provid-
ing access to stronger and more consistent winds, resulting
in higher energy production and lower costs per unit of
energy [1], [2], [3]. OWTs, particularly the floating type, also
offer greater flexibility in site selection and can be relocated
to different locations as needed [4]. This feature can help
reduce potential conflicts with other ocean uses.

The choice of generator for an OWT can impact its perfor-
mance, including factors such as efficiency, power quality,
cost, and reliability. The most popular types of electric
generators used for wind power generation are the squirrel
cage induction generator, DFIG, and PMSG. Of these types,
PMSGs are widely used due to their high efficiency, reliabil-
ity, power density, and lower acoustical noise [5], [6], [7]. The
authors in [8] proposed a hybrid HVDC converter connected
DFIG wind farm to reduce the overall weight and cost of
offshore wind power stations, but the analysis provided little
information on the system stability, which is essential for
performance viability checks. Although theDFIG can be used
as a source of active and reactive power to the electric network
with a converter rating of one-third of the machine rating,
PMSG has no rotor copper loss and requires no excitation [9].

In this paper, the focus is on SPMSG-based wind turbines
due to their decreased risk of demagnetization, cost-effective
manufacturing, enhanced cooling capabilities, and adaptabil-
ity to high-speed operations [10], [11]. In SPMSGs, the
direct-axis and quadrature-axis inductances are the same.
Consequently, SPMSGs do not produce substantial reluc-
tance torque. The lowflux leakage in these generators stream-
lines the design process, eliminating the need for intricate
magnetic shielding, compensation, or control strategies com-
monly required in interior permanent magnet machines with
unequal direct-axis and quadrature-axis inductances [12].
These features contribute to superior system performance
compared to other PMSG alternatives.

Typically, the SPMSG rotor is directly coupled to the
turbine, while the stator connects to the electric network via
a full BTB-converter, consisting of an MSC, DC link, and
GSC. Conventional MSCs utilize inner-current and outer-
speed PI control loops, whereas GSCs employ inner-current
and outer-voltage PI control loops [5], [9], [13], [14]. Voltage-
oriented control (VOC) and direct-power control techniques
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are widely adopted for GSC implementation [15], while
field-oriented control (FOC) and direct-torque control (DTC)
techniques are suitable for MSC [16]. To enhance the per-
formance of PMSG-electric network integration, various
advanced control schemes have been introduced, includ-
ing fuzzy logic control [5], [17], [18], [19] and predictive
control [9], [20]. Although both techniques can be eas-
ily adapted for nonlinear dynamic systems, the predictive
approach entails computational complexities, particularly for
multilevel converters. In contrast, the fuzzy logic controller
may struggle to handle nonlinear variables with a high degree
of uncertainty.

To achieve optimal control of PMSG, [21] proposed a
vector current control (VCC) method for maximum wind
power electric network injection. The VCCmodel is designed
in a synchronous rotating reference frame and requires a
phase-locked loop (PLL) system. One major disadvantage
of the VCC method is its susceptibility to slow transient
response due to the dependence on PLL [22]. Moreover, the
interaction between the PLL and current loop control systems
may cause power quality issues [23], [24]. For improved
transient performance, the direct power control technique has
emerged as a superior alternative to PLL-based control meth-
ods. In [25], a sliding mode control technique was proposed
for DPC to achieve effective power control with improved
transient performance and low sensitivity to parameter mis-
match. However, this approach is susceptible to the chattering
phenomenon. In an effort to improve DPC, [26] introduced a
grid voltage-modulated DPC technique to achieve fast con-
vergence of instantaneous active and reactive power control
with reduced ripples and total harmonic distortion. It is worth
noting, however, that this technique is highly dependent on
the system parameters [27].

While the concept of DPC has been extensively studied
in [22], [25], [26], [27], and [28], there is limited infor-
mation available on the model dynamics coupling of MSC
and GSC, as well as their performance under weak electric
network conditions. This paper introduces a DPC technique
for effective kW-scale OWT-SPMSG power injection into the
electric network. The OWT connects to the electric network
through a full back-to-back converter situated at the central
onshore substation, where other power conditioning equip-
ment is housed or within the deck of a rig platform. This
configuration helps reduce the overall weight of the turbine.
One might argue that relocating the converter from the wind
turbine to the substation may not result in significant sav-
ings. Nonetheless, it is crucial to recognize that the converter
weight, accounting for a part of the aerodynamic load on the
turbine infrastructure, is relocated to a stationary platform,
resulting in OWT structural infrastructure savings. By remov-
ing this weight from the turbine platform, it is expected that
the required reinforcement for the OWT’s infrastructure will
reduce.

In this paper, the dynamics of the proposed MSC, GSC,
and coupling DC link are evaluated and compared with the

conventional VCC. The key contribution of this paper is
the introduction of an effective DPC scheme for the OWT-
SPMSG system. Some of the significant highlights of this
paper include:

• The proposed DPC scheme for the OWT-SPMSG sys-
tem does not require complex calculations for the
reference current or fine-tuned inner current control
loops. The proposed scheme eliminates the need for
sequential decomposition in power control loops instead
of the traditional VCC approach. It also does not require
using PLL, which has several limitations, including
sensitivity to phase noise, loop stability issues, lim-
ited bandwidth, and lock-time delay problems that can
reduce the system’s performance and accuracy.

• The time-domain and eigenvalue analyses confirm the
OWT-SPMSG system’s robust performance to varia-
tions of different system parasitic elements, especially
under weak electric network conditions.

• The proposed scheme allows the BTB-converter to be
located onshore close to the load center while the turbine
is offshore near the BTB-converter. This makes it desir-
able for multiple specific offshore applications since
it will have the potential to reduce the overall weight,
volume, and cost of OWT infrastructure.

The paper is organized into the following sections:
Section II describes the offshore applications of the proposed
DPC OWT-SPMSG system. Section III shows the system
models, including the wind turbine, SPMSG and MSC, GSC,
and the DC link. In section IV, the design of the direct
power controller is presented. Section V presents the stability
analysis of the OWT-SPMSG system. Section VI shows the
simulation results of the system under study, followed by a
discussion of the results. Finally, Section VII provides the
concluding remarks of this research.

II. OFFSHORE APPLICATIONS
The proposed offshore kW-scale wind turbine has the poten-
tial to be an eco-friendly and cost-effective energy source
for various applications, particularly when combined with
supplementary energy sources such as solar, battery banks,
or diesel generators. Some of these offshore applications are
suggested in the following subsections.

A. SEAWATER DESALINATION PLANTS
These plants are designed to transform impure and saline
seawater into potable water for both onshore and offshore use.
Traditionally, these plants rely on electric network power (for
stationary onshore plants) or fossil-based energy sources (for
mobile offshore plants). In the latter scenario, with the grow-
ing adoption of offshore wind energy, replacing fossil-based
energy sources in commissioned plants with wind power can
offer a cost-effective alternative. In 2021, SYNLIFT Indus-
trial Products unveiled plans to install a Floating WINDdesal
(FWD), an innovative offshore seawater desalination plant
concept primarily powered by a wind turbine mounted on the
same semi-submersible offshore structure [29].
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FIGURE 1. Schematic diagram of the proposed direct power controlled SPMSG-electric network system.

FIGURE 2. Traditional VCC block diagram for electric network connected SPMSG wind turbine.

However, this technology is still emerging, and the struc-
tures of previously commissioned plants may not be able to
support the weight or structural dynamics (e.g., aerodynamic
loads on the blades) of a large wind turbine during operation
without installing a new floating structure. Moreover, the
plant structure might not have sufficient space to accommo-
date multiple smaller wind turbines. In this situation, several
offshore kW-scale SPMSG wind turbines positioned nearby
can be integrated to power these off-grid desalination plants.
For each kW-scale PMSG wind turbine, its BTB-converter
and control unit can be housed in cabinets located in the
desalination plant facility.

B. OIL AND GAS RIGS
Offshore rig platforms typically have MW-scale energy
requirements, primarily supplied by fossil-based generation,
such as diesel and gas generators. Recently, MW-scale float-
ing wind turbines have been under development in Norway
to power offshore oil and gas rigs [30]. Commercial 3-6 kW
PMSG wind turbines have also been employed to power low
voltage and industrial equipment (48V-300V) on unmanned
oil and gas platforms [31]. However, higher kW ratings neces-
sitate more space for installing the wind energy conversion
system.

With the proposed DPCOWT-SPMSG system presented in
this paper, within confined deck spaces, the BTB-converter
cabinet and controls can be installed in one location, and
the wind turbine can be optimally placed on the deck. This
arrangement can be suitable for already commissioned off-
shore platforms with limited deck space, such as oil and gas
rigs and offshore green hydrogen production plants.

III. SYSTEM MODELING
The model presented in Fig. 1 illustrates the schematic dia-
gram of a direct power-controlled OWT-SPMSG using a full
back-to-back converter. The effectiveness of the proposed
MSC-DPC and GSC-DPC controllers are evaluated by com-
paring them with the conventional VCC scheme, as modeled
in [22], [32], and [33] and depicted in Fig. 2. Specifically, the
performance of the MSC-DPC and GSC-DPC control blocks
shown in Fig. 1 are evaluated and compared to the traditional
VCC topology to determine whether the proposed control
model can outperform the conventional approach or offer any
additional benefits in terms of control system performance.

Additionally, this section analyzes the mathematical model
of the proposed system in Fig. 1. The system components
are evaluated to understand how the model directly controls
the captured wind power and ensures proper power injection
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TABLE 1. System parameters.

into the electric network. The system architecture includes
an OWT, SPMSG, MSC, GSC, and short-distance electric
lines. The OWTdrives the SPMSG rotor to convert the energy
captured by the turbine into electrical energy. The SPMSG
output is connected to the electric network through R1, L1
and a full back-to-back converter, which consists of the MSC
(AC/DC) and GSC (DC/AC).

In this paper, R1 and L1 represents the short-distance line
connecting the offshore SPMSG to the onshore converter
station, primarily to reduce the overall weight of the OWT.
the MSC-DPC is modeled to control the SPMSG rotor speed
and obtain the maximum available power for every change
in wind speed. The GSC controls active and reactive power
injection/absorption into the electric network. It also ensures
near-constant DC link voltage control. The GSC output is
connected to the electric network through Rg and Lg. Table 1
presents the wind turbine, SPMSG, and electric network
parameters used in this study.

A. WIND TURBINE MODELING
The extractable mechanical power from a given OWT can be
deduced with the following relation [7], [21], [34]:

Pt = 0.5 ∗ ρACP(λ, β)V 3
w (1)

Tt =
Pt
wt

=
0.5
wt

ρACP(λ, β)V 3
w (2)

CP(λ, β) = 0.73[
151
λi

− 0.58β − 0.002β2.14
− 13.2]e

−18.4
λi

(3)
1
λi

=
1

λ − 0.02β
−

0.003
β3 + 1

(4)

λ =
wtR
Vw

(5)

Fig. 3 shows that the operating range of any given wind
turbine is characterized by a unique pitch angle irrespective
of change in wind speed [9], [21]. This entails that the amount
of maximum extractable power from the wind is specific to a
certain average speed per operating condition.

To capture the maximum power for any wind speed [21]:

dPt
dwr

=
1
2
pAv3w

dCP
dλi

∗
dλi

dwr
= 0

H⇒ wtMPP =
λMPPvw

R

FIGURE 3. CP (λ, β) − λ response for various pitch angles.

Where wrMPP = ngear ∗ wtMPP

PtMPP =
1
2
pACPMPP

(
ωrMPPR
ngearλMPP

)3

(6)

Also, the OWT mechanical model considering wind speed
and machine torque relationship is expressed as:

J
(
2
P

)
pωr = Tt − Te = σw (7)

B. SPMSG AND MSC MODELING
In this section, the SPMSG in Fig. 1 is analyzed in sta-
tionary reference frame (αβ) transformation to obtain the
system’s mathematical model. The stator Voltage equation
when referred to αβ-reference frame includes:

vsα = Rsisα + pλsα + ωrλsβ + R1isα + L1pisα + i1α (8)

vsβ = Rsisβ + pλsβ − ωrλsα + R1isβ + L1pisβ + v1β (9)

The Rotor Voltage equation when referred to αβ-reference
frame are as follows:

vrα = Rr irα + pλrα (10)

vrβ = Rr irβ + pλrβ (11)

The following equation relates the SPMSG rotor and stator
current:

λsα = Lsαisα + Lmαirα (12)

λsβ = Lsβ isβ + Lmβ irβ + λm (13)

λrα = Lrαirα + Lmαisα (14)

λrβ = Lrβ irβ + Lmβ isβ + λm (15)

The dynamics of the rotor of a permanent magnet machine
are neglected due to poor electric conductivity [13]. Thus,
irα = irβ = 0, substitute into (12-15):

λsα = Lsαisα (16)

λsβ = Lsαisα + λm (17)

Substitute (16-17) into (8-9), respectively.
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vsα = Rsisα +Lsαpisα +ωr (Lsαisβ +λm)+R1isα +L1pisα +

v1α
vsβ = Rsisβ +p(Lsβ isα +λm)−ωrLsαisα +R1isβ +L1pisβ +

v1β
Let, R = Rs+R1, Ls = Lsα = Lsβ , L= Ls+L1 & pλm = 0.

pisα =
1
L
(vsα − Risα − ωrLsisβ − ωrλm − v1α (18)

pisβ =
1
L
(vsβ − Risβ + ωrLsisα − v1β ) (19)

Since stator complex power is given:

Ss = Ps + jQs =
3
2
vsi∗s =

3
2

(
vsα + jvsβ

)
∗ (isα − jisβ ),

the instantaneous power generated in the SPMSG can be
deduced by simply taking the derivative of ‘‘Ss’’, thus:

pPs =
3
2
[vsαpisα + isαpvsα + vsβpisβ + isβpvsβ ] (20)

pQs =
3
2

[
−vsαpisβ − isβpvsα + vsβpisα + isαpvsβ

]
(21)

Assume that the SPMSG in Fig. 1 is connected to an
ideal electric network with angular frequency, ωe, the stator
voltage referred to αβ reference frame can be given as: vsα =

vscos(sωe+δ) and vsβ = −vssin(sωe+δ), thus, the decoupled
instantaneous stator voltages are as follows:

pvsα = sωevsβ (22)

pvsβ = −sωevsα (23)

By Substituting (18-19) and (22-23) into (20), instanta-
neous active power delivered by the stator can be obtained:

pPs = −
R
L
Ps +

(
ωrLs
L

+ sωe

)
Qs +

3
2L

(v2s − v1αvsα

− v1βvsβ − ωrλmV sα) (24)

where v2s = v2sα + v2sβ
From (24), let the SPMSG time-invariant active power

input function be represented as:

UsP = v2s − v1αvsα − v1βvsβ − ωrλmV sα (25)

Substitute (25) into (24):

⇒ UsP =
2L
3

[(
p+

R
L

)
Ps −

(
ωrLs
L

+ sωe

)
Qs

]
,

let:

σPs =

(
p+

R
L

)
Ps (26)

And, k1 =
2L
3 and k2 =

(
ωrLs
L + sωe

)
∴ UsP = k1σPs − k1k2Qs (27)

To obtain the instantaneous reactive power delivered by the
stator, substitute (18-19) and (22-23) into (21):

pQs = −
R
L
Qs −

(
ωrLs
L

+ sωe

)
Ps −

3
2L

(−vsαv1β

+ vsβv1α + ωrλmV sβ ) (28)

From (28), let the instantaneous stator reactive power input
be:

UsQ = −vsαv1β + vsβv1α + ωrλmV sβ

⇒ UsQ =
2L
3

[
−

(
p+

R
L

)
Qs −

(
ωrLs
L

+ sωe

)
Ps

]
,

(29)

let:

σQs =

(
p+

R
L

)
Qs (30)

∴ UsQ = −k1σQs − k1k2Ps (31)

Solving (25) & (29) simultaneously, the input voltage to
the MSC is deduced as follows:

v1α =
v2s (vsα − ωrλm) − UsPvsα + UsQV sβ

v2s
(32)

v1β =
v2s vsβ − UsPvsβ − UsQV sα

v2s
(33)

C. GSC MODELING
The dynamic model of the GSC, when referred to the station-
ary reference frame, is deduced in this section. From Fig. 1,
the following GSC output voltage can be deduced:

pigαβ =
v2αβ

Lg
−
Rg
Lg
igαβ −

vgαβ

Lg
(34)

Assume an ideal network, the electric network voltage in
αβ-reference frame includes [14], [15]:

⇒ vgαβ =
∣∣vg∣∣ [cos (ωe + θ0) − jsin (ωe + θ0)]

∴ pvgαβ = ωevgβ − jωevgα (35)

Also, Sg =
3
2vgαβ i∗gαβ

By differentiating Sg and substituting (30) and (31), the
instantaneous complex power model is obtained as follows:

pSg =
3
2Lg

(
v2α vgα + v2β vgβ −

∣∣vg∣∣2) −
Rg
Lg
Pg + ωeQg

+ j
[

3
2Lg

(
v2αvgβ + v2βvgα

)
−
Rg
Lg
Qg − ωePg

]
(36)

From (36), let the GSC inputs for active and reactive power
include the following:

Upg = v2α vgα + v2β vgβ −
∣∣vg∣∣2 (37)

UQg = v2αvgβ − v2βvgα (38)

Substitute (37-38) into (36) and decouple the complex power:

⇒ UPg =
2Lg
3

[(
p+

Rg
Lg

)
Pg − ωeQg

]
And, UQg =

2Lg
3

[(
p+

Rg
Lg

)
Qg + ωePg

]
, let:

σPg =

(
p+

Rg
Lg

)
Pg (39)

σQg =

(
p+

Rg
Lg

)
Qg (40)
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FIGURE 4. MSC-DPC controller design for optimal wind speed and stator power regulation.

And,

kg =
2Lg
3

∴ UPg = kgσPg − kgωeQg
∴ UQg = kgσQg + kgωePg

By solving (37) and (38) simultaneously, the GSC output
voltage is expressed as:

v2β =
Upgvgβ − UQgvgα∣∣vg∣∣2 + vgβ (41)

v2α =
Upgvgα + UQgvgβ∣∣vg∣∣2 + vgα (42)

D. DC LINK DYNAMIC MODELING
From Fig. 1 the model for the DC link constant voltage
control is deduced as follows:

Cdcpvdc = −
3
4
Re

[
Msαβ isαβ +Mαβgigαβ

]
(43)

Bymultiplying both sides of (43) by vdc, the dc link voltage
is obtained in terms of converter active power and evaluating
the following converter voltage and modulation index rela-
tion, v1αβ =

Mαβs
2 vdc and v2αβ =

Mαβg
2 vdc, implies:

Cdc
2
pv2dc = −

3
2
Re

[
vSαβ iSαβ + vgαβ igαβ

]
= −(Ps + Pg)

(44)

IV. CONTROLLER DESIGN
A. MSC CONTROLLER DESIGN
In this section, the objective is to design a PI-based controller
to extract the maximum available power from the wind by
controlling the rotor speed and assuming a 0◦ pitch angle. The
MSC controller in Fig. 4 is designed to transfer the maximum
available power from the SPMSG to the electric network.
The instantaneous speed, subject to (7), is used to obtain
the maximum power induced in the stator and is used as a
reference for MPPT. For speed controller design using PI,
from (7) let,

σw = kw
(
w∗
r − wr

)
= J

(
2
P

)
pωr (45)

where kw is the PI controller gain.

By manipulating (45), the SPMSG rotor speed transfer
functional model is determined:

⇒
wr
w∗
r

=

Pkw
2J

p +
Pkw
2J

(46)

From (46), poles = −
Pkw
2J . Thus, let,

α =
Pkw
2J

⇒ kw ≡
2αJ
P

(47)

where, kw = kwp +
kwi
p and p =

d
dt

The PI controller integral and proportional gains for
the rotor speed controller are determined by manipula-
ting (46-47):

∴ kwp =
2αJ
P & kwi = 0

The decoupled stator instantaneous active and reactive
power in (20) and (21) are used to design the MSC PI con-
trollers. For MSC active power PI controller design, from
(26), let,

σPs = kPs(P∗
s − Ps) =

(
p+

R
L

)
Ps (48)

Manipulating (48) and deducing the transfer function model
implies: kPsP∗

s = (p+
R
L + kPs)Ps.

Where, kPs = kPsp +
kpsi
p and p =

d
dt

⇒
Ps
P∗
s

=
kPsp+

kpsi
p

p+ R
L +kPsp+

kpsi
p

=
kPsp

(
1+

kpsi
pksp

)
p
(
1+ R

Lp

)
+ kPsp

(
1+

kpsi
pkPsp

) .

Let,

R
L

=
kpsi
kPsp

(49)

Ps
P∗
s

=
kPsp

p+ kPsp
(50)

From (50), Poles = −kPsp. Let the bandwidth be defined as:

α = kPsp (51)

The integral gain is obtained by substituting (51) into (49):

kpsi =
R
L

α (52)
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Also, for MSC reactive power controller design, from (30):
σQs = (p+

R
L )Qs. Using PI controller, Let,

σQs = kQs
(
Q∗
s − Qs

)
= (p+

R
L
)Qs (53)

where, kQs = kQsp +
kQsi
p

⇒
Qs
Q∗
s

=

kQsp +
kQsi
p

p+
R
L + kQsp +

kQsi
p

=

kQsp
(
1 +

kQsi
pkQsp

)
p

(
1 +

R
Lp

)
+ kQsp

(
1 +

kQsi
pkQsp

)
Let

kQsi
kQsp

=
R
L

(54)

Qs
Q∗
s

=
kQsp

p+ kQsp
(55)

From (55), Poles = −kQsp. Bandwidth is defined as:

α = kQsp (56)

The integral gain is obtained by substituting (56) into (54):

kQsi =
R
L

α (57)

B. GSC CONTROLLER DESIGN
The purpose of the GSC in this paper is to regulate the dc
link voltage level and inject power into the electric network.
Fig. 5 depicts the designed GSC controller, which utilizes PI
controllers and feedforward control loops. One PI controller
is designed to maintain the dc link voltage magnitude close
to constant, while a combination of PI and feedforward loop
control is used for the decoupled active and reactive power
control. Manipulating (36-38):

⇒ pPg = ωeQg −
Rg
Lg
Pg +

3
2Lg

Upg

⇒ Upg =
2Lg
3

(
dPg
dt

+
Rg
Lg
Pg

)
−

2Lg
3

ωeQg

kgp =
2Lg
3

⇒ Upg = −KωeQg + K
[
dPg
dt

+
Rg
Lg
Pg

]
⇒ σ Pg =

dPg
dt

+
Rg
Lg
Pg = kgp

(
P∗
g − Pg

)
⇒ kgpP

∗
g = (

d
dt

+
Rg
Lg

+ kgp )Pg

⇒
Pg
P∗
g

=
kgp

d
dt +

Rg
Lg

+ kgp
=

kgpp +
kgpi
p

p+
Rg
Lg

+ kgpp +
kgpi
p

⇒
Pg
P∗
g

=

kgpp
(
1 +

kgpi
pkgpp

)
p

(
1 +

Rg
pLg

)
+ kgpp

(
1 +

kgpi
pkgpp

)
(58)

Let
Rg
ρLg

=
kgpi

ρkgpp
→ kgpi =

Rg
ρLg

kgpp

Pg
P∗
g

=
kgpp

p+ kgpp
pole = −kgppα = kgpp (bandwidth)

∴ kgpi =
Rg
Lg

αkgpp = α (59)

The electric network reactive component from (36):
⇒

dQg
dt = −ωePg −

Rg
Lg
Qg +

3
2Lg

UQg

UQg =
2Lg
3

(
dQg
dt +

Rg
Lg
Qg

)
+ ωePg ∗

2Lg
3

Let, kQg =
2Lg
3

∴ UQg = K
(
dQg
dt

+
Rg
Lg
Qg

)
+ KωePg

Let,

σQg =
dQg
dt

+
Rg
Lg
Qg = kQg

(
Q∗
g − Qg

)
∴ kQgQ

∗
g =

(
d
dt

+
Rg
Lg

+ kQg

)
Qg

Qg
Q∗
g

=
kQg

p+
Rg
Lg

+ kQg
=

kQgP +
kQg i
p

p+
Rg
pLg

+ kQgp +
kQg i
p

Qg
Q∗
g

=

kQgP
(
1 +

kQg i
pkQgp

)
p

(
1 +

Rg
pLg

)
+ kQgp

(
1 +

kQg i
pkQgp

)
Let,

Rg
pLg

=
kQg i

pkQgp
→ kQg i =

Rg
Lg
kQgp (60)

Qg
Q∗
g

=
kQgp

p+ kQgp
pole = −kQgp and, α = kQgp

∴ kQg i =
Rg
Lg

α&kQgp = α (61)

C. DC LINK VOLTAGE CONTROLLER DESIGN
In this subsection, the DC link voltage controller ensures
fast and proper control of the GSC instantaneous active and
reactive power. For PI controller design, let;

σv =
Cdc
2
pv2dc = kv(v∗2dc − v2dc) (62)

From (62), the dc link model transfer function is obtained as
follows:

v2dc
v∗2dc

=
kv

Cdc
2 p+ kv

=
1

1 +
Cdc
2kv
p

(63)
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FIGURE 5. GSC-DPC controller design for constant DC link voltage control and regulation of the power injected into the electric network.

From (63), poles = −
2kv
Cdc

and bandwidth:

α =
2kv
Cdc

(64)

where

kv =
Cdc
2

α ≡ k
vp

+
kvi
p

kvp =
Cdc
2

α and kvi = 0

Also, the controller parameters are shown in Table 2.

TABLE 2. System parameters.

V. STABILITY ANALYSIS
Network parameters can significantly impact the stability
of an SPMSG system connected to any electric network.
Therefore, this section presents how changes in MSC and
GSC impedance, DC link capacitance, and rotor speed affect
the stability and dynamic response of the electric network
under investigation. The electric network stiffness at a par-
ticular node can be characterized by either (1) inertia or/and
(2) impedance of the system seen from the correspond-
ing connection point that is inversely proportional to the
SCR [35], [36]. A strong AC network is characterized by a
small impedance (high SCR), and a weak AC network by a
high impedance and, therefore, a low SCR at any particular
node, e.g., PCC. According to the literature, AC nodes with
SCR<3 are considered weak connection points [37]. SCR is
calculated as the ratio of the electric network’s short-circuit
capacity at the PCC to the rated power of the wind turbine,
which is expressed in [38] as:

SCR =
v2pcc, nom

Pt, rated |Zg|
(65)

By increasing the electric network impedance in (65),
the proposed electric network connected SPMSG dynamic

performance under stiff and weak-electric network con-
ditions can be evaluated. To gain a better understanding
of the proposed system’s stability, a reduced-order small-
signal model [39], has been used to analyze Fig. 1. The
corresponding system input dynamic state and coefficient
matrix are provided in equations (66) and (67), respectively.
The eigenvalues, which can be calculated by manipulating
equation (67), indicate the system’s stability based on their
distribution.[
pPspQspv2dcpPgpQg

]′

(66)
−
R
L (ωrLs

L + sωe) 0 0 0
−(ωrLs

L + sωe) −
R
L 0 0 0

−
1
Cdc

0 −
1
Cdc

0 0

0 0 0 −
Rg
Lg

ωe

0 0 0 −ωe −
Rg
Lg


(67)

VI. RESULTS AND DISCUSSIONS
To examine the viability and dynamic performance of the
proposed DPC model, a specific 30kW SPMSG has been
modeled and implemented in MATLAB/SIMULINK soft-
ware. An OWT is used to drive the SPMSG rotor at zero pitch
angle, and the resulting stator out power is connected to the
electric network through a full AC-DC-AC converter.

A. PROPOSED MSC-DPC AND GSC-DPC STEADY-STATE
AND TRANSIENT PERFORMANCE
The steady-state and transient response of the proposed DPC-
based electric network-connected SPMSG system control is
compared with the conventional VCC shown in Fig. 2. The
outer loop controller model has a bandwidth of 500Hz, while
the inner loop has double times higher bandwidth, which is
calculated in reference to equations (47), (51), (56), (59),
(61) and (64). The average wind speed is initially set to
6 m/s during the simulation and then changes to 10 m/s at
4 sec to examine the transient dynamics of the system. Fig. 6
shows the controlled rotor speed (wr ) and electromagnetic
torque (Te) performance of the two different control models
to sudden wind speed (Vw) step-change. The results show
that the DPC controller has a faster transient response than
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FIGURE 6. Controlled rotor speed and electromagnetic torque dynamic
response to sudden wind speed step-change.

FIGURE 7. Controlled SPMSG stator active power and current dynamic
response to sudden wind speed step-change at unity pf.

the traditional VCC method. It can be inferred that the MSC-
DPC generator rotor speed followed the reference dynamic
response more closely, even after the transient dynamic test
when the rotor speed suddenly changed from 400 rpm to
720 rpm at 4 sec simulation time. This sudden change neces-
sitated a ramping action that caused the VCC controller more
time to track the reference than DPC method. Also, the DPC
Te showed a faster response when compared to the VCC
counterpart. Figure 7 illustrates the controlled SPMSG stator
output active power and αβ-current operating at unity power
factor (pf), which also changed in relation to the wind speed
atMPPT. The results indicate that theMSC-DPC’s decoupled
active power exhibits a faster response compared to the active
power of the VCC method.

Fig. 8 compares the GSC power output between the
proposed DPC model and the VCC method. The transient
response results show that the sudden step-change in wind
speed at 4.0 sec simulation time impacted the VCC method
more adversely. Additionally, it can be seen from the decou-
pled GSC-DPC αβ-current that the sudden change in wind

FIGURE 8. Controlled GSC output dynamic response to sudden wind
speed step-change at unity pf.

speed had minimal effect on current injection into the electric
network. The performance of the designed GSC-DPC con-
troller in providing a fast response to maintain a constant
DC link voltage is also shown in Fig. 8. The average wind
speed sudden step-change hadminimal impact on the DC link
voltage magnitude, with only a small swell observed during
the sudden change of rotor speed from 400 rpm to 720 rpm at
4 sec, which settled within 0.5 sec. Overall, it is not readily
apparent that there are significant differences in the steady-
state performance of both methods for sudden step change in
SPMSG rotor speed.

B. PERFORMANCE OF THE PROPOSED MSC-DPC AND
GSC-DPC UNDER DIFFERENT WIND SPEED
To provide a more thorough analysis of the proposed model,
a simulation was conducted to evaluate the control perfor-
mance of the proposed MSC-DPC and GSC-DPC dynamics
at different wind speeds, both in high and low regions. The
simulation results are presented in Figs. 9 and 10. During
the simulation, the SPMSG is operating at unity pf, and the
average wind speed available to the turbine changes from
7 m/s to 5 m/s and vice versa in steps of 1 m/s, and the system
operation is evaluated.

Fig. 9 shows the MSC electromagnetic torque and current
response to different wind speed levels, and it is observed
that the controlled current response to the average wind
speed changes is adequate. The response exhibited minimal
overshoot, and the transient recovery rate is fast in relation
to the reference value. Moreover, from the decoupled MSC-
DPC active and reactive power dynamics, it is observed that
the proposed method’s transient response and steady-state
performance are not significantly affected by the variations
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FIGURE 9. MSC-DPC and DC link voltage performance under varying wind
speed.

FIGURE 10. GSC-DPC performance under varying wind speed.

in available wind speed. Furthermore, the transient dynamic
overshoot of the DC link voltage on speed step changes is due
to the power flow transients on the GSC side.

The corresponding effect of varying wind speed step
changes on the GSC-DPC is presented in Fig. 10. The results

FIGURE 11. MSC-DPC performance under different coupling MSC line
length.

show that the electric network injected current and power
response changed in proportion with the variations in wind
speed, while the PCC voltage (v2αβ ) remained fairly constant.
The decoupled active power, operating at the unity power
factor, exhibited a rapid transient recovery, even in the face
of sudden wind speed fluctuations.

Overall, the simulation results demonstrated the satisfac-
tory performance of the proposed MSC-DPC and GSC-DPC
dynamics in adapting to wind speed variations and maintain-
ing proper power output.

C. PERFORMANCE OF THE PROPOSED DPC UNDER
DIFFERENT COUPLING MSC LINE LENGTHS
To assess the control performance of the proposed DPC for
various MSC coupling conductor lengths, a simulation is
conducted, as depicted in Fig. 11. Given that the proposed
model entails removing the BTB-converter from the turbine’s
nacelle and situating it at a specific distance (either onshore or
within the deck of an oil or gas rig platform, depending on the
application), the coupling MSC line impedance is increased
per km in 3-second simulation time steps at an average wind
speed of 8 m/s.

By evaluating the enlarged MSC voltage and current
dynamic results, it is apparent that the proposed method’s
transient response and steady-state performance remain rel-
atively unaffected by an increase in line distance up to 6 km.
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The transient dynamics of the injected active and reactive
power suggest that the proposed DPCmodel delivers superior
performance and remains unaffected by changes in MSC
coupling impedance, in contrast to the VCC model, which
is significantly influenced. Moreover, the power loss per-
centage per line km increment demonstrates that extending
the line length beyond 3 km would result in considerable
power loss above 10%. The DC link voltage performance also
responded satisfactorily to line variations for both DPC and
VCC models.

FIGURE 12. Performance of the proposed DPC SPMSG system under
different electric network SCR values.

D. PERFORMANCE OF THE PROPOSED DPC TO ELECTRIC
NETWORK PARAMETER CHANGES
The control performance of the proposed DPC scheme for
the SPMSG system is evaluated under varying SCR values,
as shown in Fig. 12. At the start of the simulation; the SPMSG
is connected to a stiff electric network with an SCR value of
8. After 5 seconds, the electric network impedance doubles,
reducing the SCR to 4. Following that, at 6 seconds, the SCR
value is further decreased to 2, representing a weak electrical
network. From the simulation results, it is clear that operating
the wind turbine when connected to a weaker strength system
(SCR = 2) leads to higher magnitude transient oscillations in
the injected active and reactive power and the BTB-converter
dc-link voltage. This happens due to the increased voltage
sensitivity at DPC-GSC at PCC when the SCR decreases,
which in turn adversely affects the performance of various
control loops in the BTB-converter control system. However,
the results show satisfactory steady-state performance despite
the varying SCR values, demonstrating the effectiveness of

FIGURE 13. Eigenvalues of the system as rotor speed 0≤ wr ≤377 rad/s.

FIGURE 14. Eigenvalues of the system as MSC coupling impedance
Z1 increases with length 1 km ≤ l ≤ 20 km.

the proposed DPC approach. The robustness of the OWT-
SPMSG system is investigated in the next section.

E. STABILITY ANALYSIS RESULTS
In this subsection, an eigenvalue analysis of (67) is presented
to demonstrate the stability of the proposed model under
varying system parameters. Fig. 13 shows the distribution of
the system’s eigenvalues as rotor angular speed is increased
from zero to the gird-rated angular frequency value. It is
observed that the conjugate pairs that dominate the distribu-
tion of the eigenvalues moved closer to zero. This implies
that operating the SPMSG wr close to the electric network we
value increases the system stability profile. Fig. 14 presents
the impact of increasing the impedance of the short-distance
line connecting the offshore SPMSG to the onshore converter.
The result shows that the dominant eigenvalues conjugate
pair moved farther away from the origin as the line distance
increased from 1 to 20 km. This result is consistent with the
dynamic analysis shown in Fig. 11, which showed a longer
settling time as line distance increases.
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FIGURE 15. Eigenvalues of the system as GSC coupling DC link
capacitance increases 10 mF ≤ Cdc ≤ 100 mF.

FIGURE 16. Eigenvalues of the system as electric network SCR changes
from stiff to weak electric network (2 ≤ SCR ≤ 8).

Additionally, Fig. 15 shows how variations in Cdc value
affect the system’s eigenvalues distribution. It is observed
that the dominant eigenvalue moved closer to the origin
as Cdc value increased to 10 times its rated value, leading
to increased system stability. Fig. 16 shows the impact of
increasing electric network impedance, such that the SCR
value decreases from 8 to 2. It can be observed that the dom-
inant eigenvalues conjugate pair moves further away from
the origin as the SCR decreases. However, in general, the
eigenvalues are located in the left half-plane, suggesting that
the proposed wind turbine-connected SPMSG technology
and control structure can produce a suitable performance for
a wide range of system conditions, particularly weak systems
of the future.

F. DISCUSSION
The proposed DPC method for an electric network-
connected SPMSG wind turbine has been simulated under
different conditions. The steady-state performance of the
DPC has been compared with that of the traditional VCC

method, which has the same control bandwidth. Overall,
the simulation results demonstrate that similar steady-state
performance is exhibited by the proposed DPC method as
the VCC. Furthermore, a fast transient response is exhibited
by the DPC method in controlling the SPMSG electromag-
netic torque and active power under varying rotor speeds.
Additionally, the proposed DPC is shown to be robust against
variations in system parameter conditions and works well
under weak electric network conditions.

However, the accuracy of the proposed method can be
influenced by any current offset errors, leading to peri-
odic ripples in the controlled electromagnetic torque and
power during the transient state [40], which can result in
degraded system performance. Additionally, any unbalanced
current can introduce negative sequence components and
second-order harmonics in the stator currents [41], decreas-
ing steady-state performance. Dual-sequence controllers and
compensation terms can be implemented in the control loops
to mitigate these issues, as suggested in [42] and [43].
However, exploring the impact of unbalanced voltage and
grid-side faults on SPMSG direct power control is beyond the
scope of this paper and requires further discussion. Notably,
implementing field-weakening control strategies could mit-
igate the inherent drawback of SPMSGs, i.e., insignificant
reluctance torque generation, and improve the system stabil-
ity at high rotor speeds [44].

VII. CONCLUSION
This paper considers OWT-SPMSG system direct power con-
trol as an effective method for offshore applications. The
OWT is located offshore and connected to the electric net-
work through a short-distance line and full BTB-converter.
This arrangement is anticipated to reduce the construction
and maintenance costs of the OWT infrastructure. Unlike the
conventional VCC method, the proposed DPC uses Clarke’s
transformation, feed-forward, and PI control structures to
ensure effective instantaneous power control. The system
dynamic models are used to design the MSC, DC link, and
GSC controllers. The approach is straightforward to imple-
ment and does not require complex calculations for reference
current or fine-tuned inner current control loops. Simulation
results demonstrate that the proposed method extracts the
maximum available wind power and ensures power delivery
at unity power factor to the electric network. Additionally, the
eigenvalue stability analysis results indicate that the proposed
model maintains stability in response to variations in sys-
tem parameters, which may occur due to different operating
conditions, including stiff and weak electrical network con-
ditions. Future research may focus on developing a sequence
DPC-SPMSG controller to investigate its performance during
electric network fault events.
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