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Abstract

Low-frequency alternating current (LFAC) transmission has attracted increasing attention
for medium- and long-distance offshore wind power transmission, as this application
scenario is typically characterized by long transmission distance and large installed capac-
ity. Converting offshore low-frequency alternating current into onshore power-frequency
alternating current requires a dedicated frequency conversion device. Compared with
power—electronic converter-based schemes represented by the modular multilevel matrix
converter (M3C), grid connection via a motor—generator pair (M-G) enables the renewable
energy port to retain intrinsic synchronous-machine characteristics, including inertial sup-
port, voltage support, and fault isolation. This paper elaborates the operating principles
and mathematical models of the two types of frequency conversion solution for LFAC
transmission systems, and systematically analyzes the frequency support, voltage support,
and fault-isolation capabilities of the M-G scheme. Simulation results demonstrate that
under a sudden increase in onshore active power load, the M-G system can provide strong
frequency support by releasing rotor kinetic energy, and a larger inertia time constant
mitigates the frequency drop more effectively. Under a sudden increase in onshore reactive
power load, the M-G scheme offers a greater reactive power margin benefiting from its
strong short-term overcurrent capability. Moreover, increasing the excitation gain on the
motor side and installing shunt reactors at both ends of the submarine cable can effectively
improve the voltage profile along the cable.

Keywords: offshore wind power; LFAC transmission; motor-generator pair; modular
multilevel matrix converter; inertia support; electromagnetic isolation

1. Introduction

Wind power resources in coastal regions are an important component of clean energy
systems [1-3]. To transmit offshore wind power to onshore power-frequency grid, three
technical schemes are commonly adopted: voltage source converter-high voltage direct
current (VSC-HVDC) transmission, low-frequency alternating current (LFAC) transmission,
and power-frequency alternating current transmission [4]. Compared with VSC-HVDC
transmission, LFAC transmission requires less complex and less costly offshore platform
equipment [5]. Compared with power-frequency alternating current transmission, LFAC
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transmission enables longer transmission distances [6]. Therefore, LFAC transmission
systems for offshore wind farms shown in Figure 1 have attracted increasing attention [7].

|
l 50/3Hz Transformer

]
|
|
- DD e,
| i <_
|

Transformer €2 © -

i | Transformer ¢301¢ — —— — ~<
\ J :| M-G |/| Converterﬂ

—_—— = — = = = = =

Offshore wind farm

Figure 1. Schematic diagram of LFAC transmission for offshore wind power.

To achieve the efficient conversion of offshore low-frequency voltage to onshore
power-frequency voltage, the modular multilevel matrix converter (M3C) can be adopted
for frequency conversion. The M3C enables flexible regulation of frequency and voltage,
presenting promising application prospects in offshore wind power low-frequency trans-
mission systems. References [8-10] investigate the topologies of offshore wind power
LFAC transmission systems, verifying that the M3C can realize direct AC-AC conversion,
bidirectional power flow, and operation at a controllable power factor. Refs. [11,12] review
the applications of M3C in high-power AC-AC conversion scenarios, and point out that the
M3C features modularity, flexible controllability, and excellent power quality performance.
Nevertheless, the power output capability of the M3C is constrained by device ratings
and modulation margin. Ref. [13] studies the arm power balance and critical frequency
operation of the M3C across the full frequency range, indicating that both voltage stress and
arm current stress constraints should be considered when the M3C operates at the critical
frequency point. Ref. [14] reveals that existing M3C control strategies may induce instability
under weak grid conditions, and accordingly proposes a grid-forming control strategy
to enhance system stability. However, the M3C lacks inherent physical inertia. Ref. [15]
explores the coordinated inertia response between the M3C and low-frequency offshore
wind farms, pointing out that the inertia support provided solely by the capacitive energy
storage of the M3C is limited, and designs a coordinated control strategy that leverages
offshore wind farms to enhance inertia support. Ref. [16] further proposes an M3C virtual
synchronous generator control strategy applicable to fractional-frequency offshore wind
power systems. It is demonstrated that the converter can emulate inertia and damping
characteristics through control design, and contribute to frequency regulation.

To address the limitations of converter-based grid connection, including the lack
of physical inertia, limited overcurrent capability, and insufficient inherent electromag-
netic isolation, motor—generator pair (M-G)-based grid-connection methods have been
investigated as an alternative solution for renewable energy integration [17,18]. Existing
studies have shown that M-G systems can retain certain synchronous-machine character-
istics and provide physical inertia and damping for renewable-energy grid-connection
systems [17,18]. The control methods of M-G systems have also been studied through
simulation and experiment, showing that the M-G can track active-power references and
transmit renewable power stably [19]. In addition, M-G systems have been investigated
for improving small-signal stability, transient stability, inertial response, and frequency
regulation capability in power systems with high renewable-energy penetration [20-22].
The fault isolation and fault ride-through performance of the M-G systems have also been
analyzed under grid voltage disturbances [23]. However, most existing studies focus on
general renewable-energy grid integration or local M-G test systems, where the converter
or renewable-energy interface is typically arranged near the motor terminal through a
local filter or short electrical interface [19,24]. Recent studies have also discussed M-G
systems as a grid-forming technology for improving transient stability, but the investigated

https://doi.org/10.3390/pr14132109


https://doi.org/10.3390/pr14132109

Processes 2026, 14, 2109

30f19

configurations are still different from offshore wind power LFAC transmission systems [25].
These studies do not consider the scenario in which the offshore wind-farm converter is
electrically separated from the M-G motor terminal by a long submarine cable. In such a
system, the offshore wind-farm converter, the LFAC submarine cable, the motor excitation
system, and the onshore generator-side grid support are mutually coupled. Therefore, the
grid-support mechanisms and control requirements of an M-G-based offshore wind power
LFAC transmission system are different from those in existing studies. To fill this gap, this
paper introduces the M-G into an offshore wind power LFAC grid-connection system as
both a frequency-conversion device and a grid-support device, and further investigates its
frequency support, voltage support, and fault isolation mechanisms.

This paper analyzes the applications of the M-G and M3C in LFAC transmission
systems. Firstly, the control strategies for both frequency conversion devices in LFAC
transmission systems are presented, followed by a comparative analysis of their frequency
support, voltage support, and fault isolation capabilities. Based on this, simulation valida-
tion is conducted. The results indicate that the M-G can enhance the support abilities for
grid frequency and voltage by leveraging their physical inertia and excitation regulation
capability. Meanwhile, the coordination between the excitation system of the motor in the
M-G and the high-voltage reactor (HVR) compensation of the submarine cable can improve
the voltage profile along the low-frequency submarine cable.

2. LFAC Transmission System of Offshore Wind Power Based on M3C
2.1. Operation Principles of M3C

As illustrated in Figure 2, the M3C topology consists of nine arms, where each arm is
composed of an inductor L series with N cascaded sub-modules (SM). The three-phase AC
systems on both sides of M3C are interconnected by these nine arms. The sub-modules of
the M3C generally adopt a full-bridge configuration, consisting of one capacitor and four
switching devices. By controlling the ON-OFF state of the switches, each sub-module can
operate in three modes: positive insertion, negative insertion, and bypass. By combining
the operating states of all SMs in each arm, the actual arm voltage can be regulated to
closely track its reference value, thereby controlling the currents on both the low-frequency
and power-frequency sides of the M3C.
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Figure 2. Topology of M3C.
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2.2. Control Strategy of M3C

In LFAC systems, the low-frequency side of the M3C is responsible for establishing the
voltage for the offshore wind farm, while the power-frequency side facilitates the power
injection into the grid. Therefore, the low-frequency side of the M3C employs constant AC
voltage control, while the power-frequency side can operate under either grid-following
or grid-forming control strategies. The voltage outer loop for the low-frequency side, the
grid-following power outer loop for the power-frequency side, and the grid-forming power
outer loop for the power-frequency side are illustrated in Figure 3a, Figure 3b and Figure 3c,
respectively. Here, usq and usq represent the voltages in the low-frequency side under
synchronous rotating reference frame, and u44 ref denotes the reference value for the d-axis
voltage on the low-frequency side.
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Figure 3. Outer loop control of M3C: (a) Voltage outer loop on low-frequency side; (b) Grid-
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following power outer loop on power-frequency side; (¢) Grid-forming power outer loop on power-
frequency side.

Due to the constraints of device stress on the power output capability of M3C, the
power reference values must be limited; the resulting limited power references are denoted
as Pref jim and Qyef jim- When the apparent power reference S¢ exceeds the limit Syef fim,
the power references are constrained based on the ratio of the current active and reactive
power references, as illustrated in the power limiting strategy in Figure 4. Therefore, the
overall control block diagram of the M3C is presented in Figure 5.

Figure 4. Power limitation control of M3C.
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Figure 5. Overall control block diagram of M3C.
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During grid frequency disturbance, the M3C under grid-following control fails to
provide frequency support. Grid-forming control emulates the grid-connection operating
mechanism of synchronous generators. It adjusts the active power according to the phase
angle difference between the output voltage and grid voltage, and it can actively provide
inertial support for the grid. However, the frequency support capability of the M3C is
constrained by the energy storage capacity of its sub-module capacitors and the design of
its control strategy, resulting in limited inertial support.

During grid voltage disturbance, the M3C under grid-following control can adjust
its reactive power by regulating the current at the point of common coupling (PCC) so as
to provide voltage support for the onshore power-frequency grid. Under grid-forming
control, voltage support can be naturally realized through reactive power-voltage droop
characteristics. However, regardless of the control, the voltage support capability of the
M3C is constrained by its capacity and transient overcurrent capability, and it also relies on
the rational design of the control strategy and its parameter configuration.

3. LFAC Transmission System of Offshore Wind Power Based on M-G
3.1. Operation Principles of M-G

The structure of the M-G is illustrated in Figure 6. The rotors of the synchronous
motor and synchronous generator are coaxially connected, with the stator terminals of the

synchronous motor linked to the offshore low-frequency grid and those of the synchronous
generator connected to the onshore power-frequency grid.

Excitation Excitation
system 1 system 2
(AVR,PSS)| |(AVR,PSS)[9

Q
Onshore power
frequency grid

Q
Offshore low
frequency grid

Synchronous Synchronous
motor generator

(AVR: Automatic voltage regulator ; PSS: Power system stabilizer . )

Figure 6. Structure of M-G.

Unlike power electronic-based frequency conversion technology, the M-G achieves
frequency transformation by presetting the ratio of pole-pair numbers between the motor
and the generator. The relationship between the frequency and the number of pole pairs
for the synchronous motor and the synchronous generator can be expressed as:

n
f onshore — %gc (1)
__ MPM
f offshore — ~ g0

where f onshores 11G, and pg represent the onshore grid frequency, the mechanical speed, and
the number of pole pairs of the synchronous generator, respectively; fottshore, 1M, and pm
denote the offshore grid frequency, the mechanical speed, and the number of pole pairs of
the synchronous motor, respectively.

Since the rotors of the synchronous motor and the synchronous generator are coaxially
connected, i.e., 1y = g, substituting this into Equation (1) yields:

f onshore PiG (2)
f offshore Pm

https://doi.org/10.3390/pr14132109


https://doi.org/10.3390/pr14132109

Processes 2026, 14, 2109

60f19

Consequently, the LFAC power from the offshore wind farm is fed into the stator wind-
ings of the synchronous motor, where the stator generates a rotating magnetic field to drive
the rotor at a corresponding speed, thereby converting electrical energy into mechanical
energy. The mechanical torque generated by the motor is transmitted via the shaft system
to the generator rotor, driving its rotation. Under the regulation of the excitation system, the
synchronous generator induces power-frequency AC power compliant with grid standards
at its stator terminals, effectively converting mechanical energy into electrical energy. This
entire process leverages the physical coupling characteristics between the rotating machines
to achieve electromagnetic isolation and frequency conversion from the low-frequency
system to the power-frequency system through the electrical-mechanical-electrical energy
conversion chain.

3.2. Mathematical Modeling of M-G

In the M-G, there is no electrical connection between the stator windings of the motor
and the generator; consequently, their electromagnetic variables, such as flux linkages,
voltages, and currents, are decoupled [23], which signifies inherent electromagnetic iso-
lation. Meanwhile, the rotors of the motor and generator are linked via a common shaft,
establishing a significant coupling relationship between their rotational speeds, which
represents mechanical coupling.

The mathematical model of the M-G is described by flux linkage equations, voltage
equations, and rotor motion equations [24]. Considering the inherent electromagnetic
isolation and mechanical coupling characteristics of the M-G, this paper focuses on the
analysis of the rotor motion equations.

The rotor motion equations for the motor and generator in the M-G can be expressed as:

wm = g7 (Tve — Tvim — Dmdww) 3
w6 = 7715 (Tom — Tee — DoAwg)

where wy and wg are the mechanical angular speeds of the motor and the generator; Hy
and Hg are the inertia time constants; Tyje and T, are the electromagnetic torques; Tim
and Tg, are the mechanical torques; Dy and D are the damping coefficients; Awys and
Awg are the mechanical angular speed deviations of the motor and generator, respectively.

Assuming a rigid coupling between the motor and generator and neglecting the
mechanical losses of the shaft system, i.e., wym = wg, Tvmm = Tom substituting these into
Equation (3) yields the overall rotor motion equation for the M-G as:

. 1
WM-G = e [Tve — Tge — DmcAwmG] (4)

where wy.g is the mechanical angular speed of the M-G; Hyyg is the inertia time con-
stant, defined as Hy.g = Huy + Hg; and Dy is the damping coefficient, defined as
Dwym.g = Dm + Dg.

3.3. Operating Characteristics of M-G

The operating characteristics of the M-G, referred to as power-angle characteristics, pri-
marily comprise both active and reactive power-angle relations. Due to the mechanical shaft,
which blocks reactive power exchange between the low-frequency and power-frequency
grids, the reactive power-angle characteristics of the motor and the generator are relatively
independent. Meanwhile, the mechanical shaft facilitates active power transmission from
the low-frequency grid to the power-frequency grid, resulting in inherent coupling between
the active power-angle characteristics of the motor and the generator. Consequently, this
paper focuses on the analysis of the active power-angle characteristics of the M-G.
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The phasor diagrams and equivalent circuits of the M-G are shown in Figure 7, and the
corresponding active power-angle characteristic expression of the synchronous machines is
given by:

Py = Egulm

. u3 1 1 .
Ume 1 _ 1
Pt sin Im+24( X XdM) sin 20y

5)
E u . 2 1 (
P _%sm(gc_,_%c(ﬁ ﬁ)st(SG

where Py and Pg are the electromagnetic power of the motor and the generator; Epy
and Uy are the excitation electromotive force (EMF) and terminal voltage of the motor,
respectively; E¢; and Ug are the excitation EMF and terminal voltage of the generator,
respectively; Xgqv and Xy are the d-axis reactance of the motor and generator; Xqv and
XqG are the g-axis reactance of the motor and generator; and dy; and d¢ are the power
angles of the motor and generator, respectively.
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(a) (b)
Figure 7. Phasor diagrams and equivalent circuits: (a) Phasor diagrams; (b) Equivalent circuits.
Neglecting mechanical losses, i.e., | Ppp | = | Pg |, and substituting this into Equation (5)
yields:
Epilnm . uz, 1 1 .. EicUc . Uz, 1 1 ..
sin|om|+—=5 (— — sin|2dy| = sin|dg|+—2(—— — ——) sin|2dg (6)
et sinlo + (  — )sinf2au a5 (3 o = g Sl

As indicated by Equation (6), when Egy (E¢g) and Uy (Ug) remain constant, the power
angles of the motor Jy; and generator g vary synchronously; the magnitudes of these
power angles are determined by the active power transmitted from the offshore wind farm
to the onshore grid.

4. Analysis and Assessment of Grid Support Capabilities Based on M-G

4.1. Analysis of the Frequency Support Capability of M-G
4.1.1. Analysis of the Frequency Support Mechanism

The frequency support provided by the M-G-based LFAC system consists of two parts:
the inherent support from the M-G itself and the coordinated support from the offshore
wind farm. In particular, the frequency support of M-G to the onshore power-frequency
grid can be divided into two stages: the electromagnetic response stage and the inertial
response stage.

During the electromagnetic response stage, the disturbance-induced active-power
imbalance is distributed between the synchronous generator in the M-G and the onshore
synchronous generator according to their respective synchronizing power coefficients.
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According to the definition of the synchronizing power coefficient [26], the synchronizing
power coefficient of the M-G synchronous generator side K¢, can be expressed as:

_ JP'g _ E'cUc

Kg =
aéG b‘GO X/dG

€os dgo (7)

where P'g is the transient synchronizing power of the M-G synchronous generator; E'(G is
the transient EMF; X’ g is the transient d-axis reactance.

During the inertial response stage, to compensate for the power imbalance caused by
the sudden increase in electromagnetic power, the M-G, similar to onshore synchronous
generators, spontaneously provides frequency support to the grid by decelerating its rotors
and releasing stored kinetic energy.

As indicated by Equation (2), a decrease in rotor speed leads to a simultaneous decline
in the frequency of the offshore low-frequency grid. In this case, if the offshore wind farm
is equipped with virtual inertia control, the wind turbines can release their rotor kinetic
energy to achieve a transient increase in active power output. The reference power for the
wind turbines with supplementary virtual inertia control, Py ¢ is expressed as:

{ Pyt et = Pmppr + APy ®)
APyp = —Kyi(dfprL/dt)

where Pyppr is the reference power under maximum power point tracking (MPPT) control;
APy is the additional active-power reference provided by virtual inertia control; Kyj is the
virtual inertia coefficient; and fpy 1, is the frequency of the offshore grid measured by the
phase-locked loop (PLL).

Consequently, the M-G-based LFAC system can not only provide frequency support
to the onshore grid by leveraging the rotor inertial response of the M-G, but also further
enhance the overall frequency support capability of the integrated system by designing
frequency regulation control strategies for the offshore wind farm.

4.1.2. Quantitative Analysis of Frequency Support Capability
To quantify the inertial support capability of the M-G, an equivalent inertia char-
acterization is required. Based on the definition of the inertia time constant in [27], it

follows that:
AEiner

H=——7—
255G A fpu

where AEj; is the additional kinetic energy released by the M-G to provide inertial

©)

support following a frequency event; Afpy is the per-unit (p.u.) value of the frequency
deviation of the onshore synchronous generator; and Ssg is the rated capacity of the onshore
synchronous generator.

mer

g 1
AENS = EJM-G(CUIZ\T - wizner) (10)

where ]\ is the physical inertia of the M-G; wy is the rated mechanical angular speed of
the M-G; wiper is the mechanical angular speed of the M-G after inertia support.

When a frequency event occurs in the power grid, the M3C can also provide inertia
support like the M-G. However, due to the absence of a mechanical shaft, all the energy for
its inertia support is derived from its internal capacitor energy.

1
AENSE = ~Coq(UF — U2

mer 2 mer )

(11)
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where Ceq is the equivalent capacitance of the M3C, Uy is the rated capacitor voltage of the
M3C, and Ujiper is the capacitor voltage after inertia support.

4.2. Analysis of Voltage Support Capability of M-G
4.2.1. Analysis of Voltage Support Mechanisms

The voltage support provided by the M-G to the onshore grid encompasses an inherent
fast response from the machine itself at the onset of a voltage sag [28], and followed by
sustained voltage support facilitated by the excitation system through the modulation of
the excitation EMF. Furthermore, owing to the electrical isolation between the synchronous
motor and the synchronous generator within the M-G, their respective excitation systems
independently perform voltage regulation for the offshore and onshore grids.

The excitation system comprises an excitation control unit and an excitation power
unit, the overall architecture of which is illustrated in Figure 8. Specifically, the inputs to the
excitation control unit include the terminal voltage reference Ug ,f, the terminal voltage
Ug, the terminal current I, and the output of the excitation power unit is the generator
excitation EMF Egg.

Electric
power system

Input
1nf0rmation

| Excitation
| | control
unit

T‘*

Excitation power unit

Figure 8. Excitation system of M-G.

During a sudden surge in reactive load on the onshore grid, and prior to the response
of the excitation system, the system suffers from a deficit in reactive power sources, causing
the grid to converge toward a reactive power balance at a reduced voltage level [29]. This
leads to a decline in the bus voltages of the onshore grid. The relationship between the
reactive power Qg of the synchronous generator and the excitation EMF E¢g within the
M-G is formulated as:

cos?éc  sin®ég

Eclg 2
Qg = ———"coség— U
XdG el XdG XqG

) (12)

As indicated by Equation (12), upon detecting a decrease in the terminal voltage Ug,
the excitation system of the synchronous generator within the M-G, augments the excitation
EMEF E(; to increase the reactive power of the generator. Consequently, the onshore grid
can re-establish reactive power balance at a voltage level closer to the nominal voltage.

4.2.2. Quantitative Analysis of Voltage Support Capability

To quantify the reactive power support capability, assumptions are made based on the
different overcurrent characteristics of the M-G and the M3C. The synchronous machines
in the M-G are assumed to withstand up to 1.5 times the rated current for a short duration
without damage, whereas the short-term current limit of the M3C is assumed to be 1.1 times
the rated current.

https://doi.org/10.3390/pr14132109
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Assuming a voltage of 1.0 p.u. at the PCC, the relationship between the per-unit

. . pu . . pu .
maximum reactive power Qmax, maximum reactive current IQmaX, maximum total current

1PV, and the current active current component Igu is defined as follows:

OB = B = (185" = ()’ 1)

When the M-G and M3C have the same rated capacity and both operate at 0.8 p.u.
of rated active power, the short-term voltage support capability of the M3C is 0.754 p.u.,
while that of the M-G is 1.269 p.u., which is 68.3% higher than that of the M3C.

4.3. Analysis of the Fault-Isolation Capability of M-G

A previous study has demonstrated the fault-isolation function of the M-G in renew-
able energy generation systems through simulation and experimental results. Under grid
voltage sag, overvoltage, and multiple voltage sag conditions, the M-G can isolate grid
faults on the generator side, reduce the disturbance transmitted to the motor side, and
provide voltage support to the grid during faults [23]. Due to the mature excitation control
and transient regulation mechanism, the M-G can, to some extent, isolate the interactions
between source-side and grid-side electrical faults through its mechanical shaft and electro-
magnetic isolation. This weakens the direct impact of power-frequency-side faults on the
low-frequency-side grid and helps maintain the voltage and power stability of the offshore
grid. Therefore, the M-G-based offshore wind power low-frequency grid-connection system
generally exhibits stronger fault-isolation capability.

In contrast, when a fault occurs on the power-frequency side of the M3C, the low-
frequency-side converter will continue to output power normally if no fault ride-through
control strategy is configured. This may cause a power imbalance between the M3C and
the offshore wind farm, leading to an overvoltage risk in the converter and threatening
system safety.

In addition to the aforementioned key performances such as inertia support, short-
term voltage support and fault isolation, there are also certain differences between the M3C
and the M-G in terms of dynamic performance, service life and other aspects. The overall
technical characteristics of the M3C and the M-G are compared in Table 1.

Table 1. Comparison of technical characteristics between the M3C and M-G.

Comparison Items M3C M-G
Inertia support capability Weak Strong
Source of inertia Virtual inertia provided by capacitor Physical inertia
Short-term voltage support capability Weak Strong
Short-term overcurrent capability Weak Strong
Fault isolation capability None Available
Dynamic response Relatively fast Relatively slow

Service life

Relatively short Relatively long

5. Simulation Verification of LFAC Transmission System Based on M-G

The simulation structure of the LFAC system is shown in Figure 9. The electric
powerfrom the offshore wind farm passes through a step-up transformer, and is then
transmitted to the frequency conversion device via submarine cable and a step-down
transformer. The frequency conversion device, together with the synchronous generator
representing the grid, provides power to the loads. The parameters of the LFAC system,
M3C, and M-G are listed in Tables 2—4. The loads consist of a 25 MW fixed active load, a
2.5 MW switchable active load, a 3 MVar fixed reactive load, and a 10 MVar switchable
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reactive load. Taking the variation of active loads as an example, the frequency support

capability of the M-G is analyzed.

10kV
Offshoré T | 10kV/35kV  35kV/10kV Frequer?cy Synchronous machine
wind farm [_| conversion
= Cable L device 1

Pload+j Qload

Figure 9. Schematic diagram of LFAC system in simulation.

Table 2. Parameters of the LFAC transmission system.

Parameters Value
RMS line voltage at low-frequency side/kV 10
Frequency of offshore grid/Hz 16.6
RMS line voltage at onshore grid/kV 10
Frequency of onshore grid/Hz 50
Capacity of frequency conversion device/MVA 13
Droop coefficient of onshore grid synchronous generator 0.08
Inertia time constant of onshore grid synchronous generator/s 7.5
Table 3. Parameters of M3C.
Parameters Value
Submodule capacitance/mF 4.8
Submodule capacitor voltage/kV 2
Number of submodules per bridge arm 6
Bridge arm inductance/mH 10
Capacity of frequency conversion device/MVA 13
Table 4. Parameters of M-G.
Parameters Value
Stator resistance/pu 0.0025
Stator leakage inductance/pu 0.14
d-axis armature reaction inductance/pu 1.66
Field winding resistance/pu 0.00043
Field winding leakage inductance/pu 0.2004
d-axis damping winding resistance/pu 0.0051
d-axis damping winding leakage inductance/pu 0.0437
g-axis armature reaction inductance/pu 091
g-axis damping winding resistance/pu 0.00842
g-axis damping winding inductance/pu 0.106
Inertia time constant/s 2~8

5.1. Simulation Verification of Frequency Support Capability of M-G

To study the frequency support capability of the M-G, the load was increased by 10%
at 40 s; that is, the active load increased abruptly from 25 MW to 27.5 MW. Figure 10a shows
the variation curves of the total active load, the active power from the LFAC system, and
the grid frequency when the offshore wind farm operates in MPPT mode.
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Figure 10. Frequency support waveforms of M-G and M3C under different load variations with
constant wind farm output power: (a) Load increase by 10%; (b) Load increase by 5%; (c) Load
increase by 15%.

A comparative analysis was conducted between the M3C and the M-G under the
grid-following and grid-forming control strategies, respectively. When the load changes
abruptly, the M3C with the traditional grid-following control strategy will not change the
output current reference value with the change of grid frequency, so there is no obvious
change in the output active power Pgpr.. Both the M3C under grid-forming control and
the M-G can provide inertia support, so they will naturally increase active power output
when the load increases abruptly. However, since the M3C lacks real mechanical inertia
support, its instantaneous increased power in Pgry is still smaller than that in Pyy.g. Since
the active power from the offshore wind farm remains unchanged, the energy released
during the inertia support process mainly comes from the energy stored in M3C capacitors
or the M-G rotor kinetic energy. Limited by the inability of the capacitor energy storage and
rotor kinetic energy to be continuously released, the system is difficult to provide long-term
frequency support. Therefore, the output active power drops after a short-term increase
and stabilizes at 12.5 MW after 100 s.

Since the droop coefficient of the onshore gird synchronous generator is consistent
in the three groups of simulations, and the offshore wind farm does not participate in
primary frequency regulation, the grid frequency in both groups of simulations returns
to 49.81 Hz after dropping. However, during the frequency-drop process, according to
the calculation method in Section 4.1.2, the inertia time constant of the M-G is 6.92 s, and
the lowest frequency point is 49.40 Hz. In contrast, due to the limited capacitor energy
storage of the M3C, its inertia time constant is 0.49 s, and the lowest frequency point drops
to 49.31 Hz. The simulation results show that inertia support effectively alleviates the
onshore grid frequency drop. The M-G has stronger support capability because it has
natural physical inertia and can store more energy.
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To verify whether the above conclusions remain valid under different load variations,
the control strategy is kept unchanged, and the load is varied by 5% and 15%. The
simulation results are presented in Figure 10b,c, which shows that the frequency drop
becomes more severe as the load increment grows. Nevertheless, the M-G system still
exhibits a stronger frequency support capability than the M3C converter.

To further enhance the inertia support capability of the LFAC system, the offshore
wind farm can adopt virtual inertia control, adjusting the active power output according to
the frequency change rate of the low-frequency side. When the grid frequency changes,
the mechanical rotating shaft of the M-G naturally has the ability to transmit the frequency
change to the low-frequency side. In contrast, the M3C can proportionally map the grid
frequency to the low-frequency side through control strategies, thereby obtaining a structure
similar to the M-G virtual inertia control.

Figure 11 shows the waveforms of the active load, LFAC power, grid frequency, and
wind farm power under virtual inertia control. It is found that compared with the case
without virtual inertia control, the frequency response fyim.g of the M-G under virtual
inertia control has the lowest frequency point raised from 49.40 Hz to 49.42 Hz. After the
M3C adopts virtual inertia control, although the wind farm output power Pygm3 is greater
than Pwgnp.g when the load increases abruptly, the frequency drop is still significantly
larger than that of the M-G because the energy that can be released by the capacitor is much
less than that of the real mechanical rotating shaft.

Active 273
load
MW) 25
13.5 — Pyimc
LFAC power | 213 AVA — Pvivsc
(MW) >
50
Grid frequency
(Hz) 49.6 — MG
49 7] — Jvimsc
Wind farm 12-7 :IIZWF,M-G
h WF M3C
power 12.5 ‘
MW) 123 ‘ . ‘
0 40 80 120 160

t/s

Figure 11. Waveforms of frequency support of the M-G and M3C under virtual inertia control.

To compare the differences in the frequency support capability of the M-G under
different inertia time constants, the wind farm operated in MPPT mode, other parameters
were kept unchanged, the inertia time constant was adjusted from 2 s to 8 s, and the grid
frequency drop was observed. The comparison of the frequency support of the M-G under
different inertia time constants is shown in Figure 12. The simulation results show that
with the increase of the inertia time constant, the active power increased by the M-G during
the abrupt increase of grid load increases, thereby suppressing the grid-frequency drop.
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Figure 12. Waveforms of frequency support of the M-G under different inertia time constants.

To compare the influence of wind farm-side virtual inertia control on the frequency
support performance of the M-G, the virtual inertia coefficient is varied from 0.5 to 2, and
the corresponding simulation curves are presented in Figure 13. The simulation results
reveal that as the virtual inertia coefficient increases, the instantaneous additional active
power output of the wind farm grows gradually under sudden load increase, while its
suppression effect on grid frequency drop is relatively limited. This indicates that the
system inertia support mainly relies on the inherent inertia response of the M-G.

Active 27
load
(MW) 25
13.5 — Kyi=0.5 Kvi=1
LFAC power 121g — Ky=1.5 —Kvi=2
(MW) 5
. 50
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12.45 s s s
0 40 80 120 160
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Figure 13. Waveforms of frequency support under different virtual inertia coefficients.

5.2. Simulation Verification of Voltage Support Capability of M-G

To compare the difference in voltage support capabilities between the two frequency-
conversion devices, the reactive load was suddenly increased by 10 MVar at 10 s. The
M-G increases its reactive power through its excitation system, while the M3C adjusts the
reactive power reference value through a proportional link according to the degree of grid
voltage drop. Figure 14 shows the variation curves of the total reactive load of the LFAC
system, the reactive power by the frequency conversion device, and the grid voltage. It can
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be seen from the comparison that after the sudden increase in reactive load, the M3C has
a faster reactive power increase rate and stabilizes at 6.95 MVar of reactive power output.
However, its output capacity is limited by the rated current, and the maximum reactive
power output cannot meet the system demand. In contrast, although the M-G has a slower
reactive power increase rate, it has strong overcurrent capacity. After about 8 s of the load
sudden change, the stable reactive power output can reach 9.6 MVar, which is significantly
higher than that of the M3C. The difference in the short-term reactive power output of
the two devices leads to different degrees of grid voltage drop. The effective value of the
line voltage of the M3C drops to 9.92 kV, while the line voltage of the M-G only drops to
9.96 kV. The simulation results show that the M3C can provide faster voltage support, but
its output capacity is limited; the M-G has slower response speed but stronger short-term
voltage support capacity, which can better suppress the grid voltage drop and maintain the
stability of the power system.

13 |
Reactive load
(MVar) 3
10f
LFAC reactive -
power 5¢ r
(MVar) of —0cr. —0Omac
10
Grid voltage
(kV)
9.4 . i VGFLI — Vv
15 30 45 60
t/s

Figure 14. Waveforms of voltage support of M3C and M-G.

To analyze the impact of the amplification coefficient K5 of the excitation system
on the motor side of the M-G on the voltage distribution along the submarine cable,
four simulation working conditions were designed, considering the differences in HVR
configuration methods. Specifically, K5 = 50 for Case 1 and Case 2, and K4 = 100 for Case
3 and Case 4; a 54 MVar HVR was only configured on the shore-side of the submarine
cable in Case 1 and Case 3, while a 27 MVar HVR was configured at both ends of the cable
in Case 2 and Case 4. The voltage distribution along the submarine cable under these
four conditions is shown in Figure 15. By comparing Case 1 and Case 3, it is found that
increasing K can lift the voltage on the motor side. Since the HVR is only installed on the
shore side, the capacitive charging reactive power of the cable accumulates gradually with
the increase of cable length, leading to an overall upward trend of the voltage along the
line. In contrast, comparing Case 2 and Case 4, it is clear that configuring HVRs at both
ends of the cable can effectively suppress the overall upward trend of the voltage along the
submarine cable. Among all working conditions, the voltage along the cable in Case 4 is
the closest to the rated value. This proves that in the M-G system, appropriately increasing
K4 of the excitation system on the motor side and reasonably arranging HVRs at both ends
of the submarine cable can achieve coordinated cooperation between the excitation system
and HVR reactive power compensation. This coordination can effectively improve the
voltage distribution along the submarine cable and keep it around 1.0 p.u.
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Figure 15. Voltage distribution along the submarine cable under different excitation-system gains
and shunt reactor configurations.

5.3. Simulation Verification of Fault-Isolation Capability of M-G

To compare the performance of M3C and M-G under fault conditions, a three-phase
voltage sag fault is adopted as the test case. The grid voltage drops from 10 kV to 5 kV and
recovers after a duration of 300 ms. The operating states of M3C and M-G are investigated
accordingly. The relevant waveforms during the fault are presented in Figure 16.

wmm | B
ff?s%zy Tn J{Ii jﬁm”‘n“ Iﬂl Umiﬂlm”M ffsguzgcyo ’n”’ﬂ}'ﬂhWn 1lWllW\'hWl[l’l'l’l'l’l’l'l‘l‘l’l‘l’l‘l
@ (b)

Figure 16. Waveforms of M-G and M3C under three-phase voltage sag: (a) Waveforms of M3C;
(b) Waveforms of M-G.

It can be seen that when a fault occurs, the current limiting of the M3C restricts its
ability to deliver active power to the grid. Meanwhile, the offshore wind farm operates
under constant power control, causing the capacitor voltage to rise rapidly. Once the
voltage reaches the limit, the submodules are blocked to protect the converter from dam-
age, causing the M3C to lose its ability to establish the low-frequency-side voltage. The
resulting instability of the offshore grid may disturb the normal operation of the offshore
wind turbine converters and, in severe cases, threaten their safe operation or damage the
converter hardware.

Furthermore, as shown in Figure 16b, during the power-frequency-side voltage sag,
the voltage on the power-frequency side decreases significantly, whereas the low-frequency-
side voltage only exhibits limited fluctuations. This indicates that the disturbance caused
by the power-frequency-side fault is not directly transferred to the offshore low-frequency
grid. As a result, the impact on the offshore grid voltage is effectively weakened, and the
operating condition of the offshore wind farm is less affected. Therefore, the simulation
results further verify that the M-G scheme can suppress the direct propagation of power-
frequency-side faults to the low-frequency side and exhibits better fault-isolation capability.
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5.4. Simulation Verification of Weak-Grid Operation Capability of M-G

To compare the performance between the M3C and M-G under weak grid conditions,
the short-circuit ratio (SCR) is stepped down from 10 to 1.5 at 5 s. The corresponding results
are shown in Figure 17. It is demonstrated that both grid-following and grid-forming
M3Cs are highly sensitive to control parameters and tend to become unstable when the
grid short-circuit ratio is low. In contrast, the M-G adopts synchronous machines for grid
connection and therefore exhibits much better stability.

< SCR=10><«————— SCR=15 >
1L TNPGFL Porv —— Pumg
Power
MW)
07
0 5 10 1s 15 20 25

Figure 17. Active power waveforms of M3C and M-G when the short-circuit ratio changes from 10
to 1.5.

6. Conclusions

This paper focuses on the application of the M-G in LFAC system of offshore wind
power. It presents the basic principle and mathematical model of the M-G, analyzes
its capabilities in frequency support, voltage support, and fault isolation, and conducts
simulation verification. The results show that:

In terms of frequency support, due to its real physical inertia, the M-G can provide
strong frequency support when the active load of the onshore power grid suddenly in-
creases. Increasing the inertia time constant of the M-G can further improve the lowest
frequency point.

In terms of voltage support, the M-G has strong short-term overcurrent ability and
large reactive power output margin, which can effectively suppress the voltage drop of the
onshore power grid when the reactive load suddenly increases. In addition, the simulation
results of the voltage along the submarine cable show that reasonably configuring the
high-voltage reactor at both ends of the submarine cable and appropriately increasing the
amplification factor of the excitation system on the motor side of the M-G can improve
the voltage distribution along the submarine cable, keeping the cable voltage close to the
rated value.

In summary, the M-G low-frequency grid-connected system has strong capabilities
in frequency support, voltage support, and low-frequency side voltage regulation, which
can effectively maintain the stable operation of the power system and meet the operation
requirements of the offshore wind power transmission system.
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Abbreviations

The following abbreviations are used in this manuscript:

VSC-HVDC  Voltage Source Converter-High Voltage Direct Current
LFAC Low-Frequency Alternating Current

M3C Modular Multilevel Matrix Converter

M-G Motor-Generator Pair

HVR High Voltage Reactor

SM Submodules

PCC Point of Common Coupling

EMF Electromotive Force

MPPT Maximum Power Point Tracking

PLL Phase-Locked Loop
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