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Te renewable energy mobile ofshore platform, which adopts the combined power supply of renewable energy and energy
storage, is an important carrier for the development and utilization of marine resources. Te randomness of renewable energy
generation has a more prominent efect on the bus voltage stability and transient voltage deviation of the power system with small
capacity and low inertia. Considering the operation and maintenance characteristics of the ofshore platform, a virtual inertia
control method for small- and medium-sized wind turbines is proposed. Firstly, by analyzing the characteristics of the renewable
energy microgrid of the unattended ofshore platform, considering the operating environment with high average wind speed at
sea, the mechanical inertia in the wind turbine is selected as the energy source of virtual inertia. Te structure of the wind power
generation unit is analyzed, and small signal modeling is carried out. A virtual inertia control method based on power droop is
proposed, and the rotational inertia and the damping coefcient are obtained from the characteristics of transient and steady-state
analysis of the system. Finally, the DCmicrogrid experiment platform of the ofshore platform is constructed, and it is verifed that
the proposed method makes full use of the characteristics of the ofshore platform to enhance system inertia and improve the
operational stability of the ofshore platform DC microgrid system.

1. Introduction

With the continuous development of marine strategies of
various countries, ofshore platforms have become an im-
portant carrier for exploration, development, and utilization
of marine resources [1, 2]. Te development of renewable
energy power generation makes local energy extraction and
sea energy utilization the best way for ofshore platforms to
obtain electric energy and also provides the possibility for
long-term stable operation of ofshore platforms [3–5]. Te
renewable energy power generation units such as wind and
photovoltaic, energy storage units, and load units together
constitute the ofshore platform microgrid system. Renew-
able energy power generation units, energy storage units,
and load units are all connected to the system through power

electronic converters, and the system has the characteristics
of high degree of power electronization and low inertia [6].
Considering the access and load characteristics of renewable
energy power generation units, the DC bus is selected as the
common bus of the system. Te DC bus voltage is the key to
measure the stability of the system, and the transient voltage
deviation is the key performance index [7, 8]. Under the
maximum power point tracking (MPPT) control, the re-
newable energy has an efcient energy capture capability,
but it also leads to electrical decoupling of the renewable
energy from the system control, which makes the infuence
of the renewable energy intermittency on the bus voltage
stability and transient voltage deviation of the DCmicrogrid
system of the low inertia ofshore platform particularly
prominent. Terefore, the inertia enhancement control has
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become an efective measure to ensure the power supply
stability of the ofshore platform.

At present, there are many related research studies on
inertial enhancement control technology. From the appli-
cation scenario, it is mainly divided into two categories: grid-
connected converter and unit converter [9, 10]. Te ofshore
platform microgrid is a typical island microgrid, and its
inertial enhancement control technology is mainly applied
to the unit converter. Te inertial enhancement control
technology is mainly divided into three categories according
to the object: renewable energy power generation unit,
energy storage unit, and load unit [11]. From the perspective
of system transient characteristics, energy storage provides
an optimal solution for inertial support energy, which re-
quires additional energy storage equipment or upgrading
existing energy storage capacity, increasing input costs while
requiring more space and load [12–14]; the realization of
system inertia enhancement through load management
requires accurate system load model and controllability [15];
therefore, considering the limited area and load of ofshore
platform and making full use of the characteristics of high
average wind speed at sea, it is more economical and ap-
plicable to improve the power supply reliability of mobile
ofshore platform by optimizing the control structure of
wind power generation unit, releasing the energy stored in
the mechanical link of wind turbine, and efectively sup-
pressing the impact of the output power change of wind
power generation unit on the bus voltage when the wind
speed changes abruptly [16].

At present, there are many research studies on the in-
ertial control technology of wind power generation unit,
which are mainly divided into three categories: increasing
energy storage equipment, adjusting maximum power
tracking control, and using wind turbine mechanical links
[17–21]. In [17], the inertia enhancement control of the
system is realized by cascading the wind power generation
and the lithium-ion battery pack and adaptively adjusting
the power reference; in [18], the energy storage system is
installed on the DC bus, and the frequency modulation
strategy based on frequency trajectory planning (FTP) is
used to reduce the infuence of the permanent magnet
synchronous wind turbine on the system frequency when
the wind fuctuates, so as to provide inertial support for the
system. Te method of increasing energy storage devices is
directly efective for enhancing the inertia of the wind
turbine, while for the ofshore platform, it is necessary to
increase the construction cost and require more space and
load. Bastiani and de Oliveira [19] realized virtual syn-
chronous generator control by adaptive MPPT control of
type-4 wind turbine to enhance the inertia of wind turbine.
Hu et al. [20] proposed an active primary frequency regu-
lation strategy for grid-connected wind farms through
predictive information to improve the control performance
of primary frequency regulation. Te essence is to use early
or delayed MPPT to achieve system inertia and transient
performance improvement. Te control structure of the
adjusting maximum power point tracking method is com-
plex, which increases the difculty of system design and
reduces the utilization efciency of renewable energy. It is

not suitable for the system with high dependence on re-
newable energy power generation on the ofshore platform.
Terefore, the rational use of the storage inertia of the
mechanical link of the wind turbine is the optimal scheme
for the inertia enhancement control of the ofshore platform.
Tere are also related research studies on the inertial control
method of the mechanical link of the wind turbine. In [21],
a frequency droop control scheme of the wind turbine based
on rotor speed control is used to improve the support of the
wind turbine for frequency.Te inertial control is realized by
controlling the energy stored in the mechanical link of the
wind turbine. Te method of enhancing the inertia of the
system by releasing the energy stored in the mechanical link
of the wind turbine often requires detailed modeling of the
wind power generation unit, and the control structure is
complex.

In view of the above analysis, based on the operation
characteristics of the renewable energy DC microgrid of the
ofshore platform, such as low power level, low inertia,
frequent output power fuctuation, and unattended opera-
tion, this paper makes full use of the characteristics of high
average wind speed at sea and sufcient energy reserve of the
mechanical unit of the wind turbine and combines the
structural characteristics of the small direct-drive wind
turbine with the control structure of the converter of the
power generation unit. A virtual inertia control method that
uses the mechanical link of the wind turbine to store energy
to enhance the inertia of the system is proposed.Te specifc
arrangements of this paper are as follows: the frst part
introduces the DC microgrid system of the ofshore plat-
form; the second part introduces the sources and charac-
teristics of inertia in the microgrid system; the third part
focuses on the analysis of the structure of the small power
wind turbine power generation unit and establishes the small
signal model of the interface converter; in the fourth part,
the virtual inertia method based on power droop is proposed
by using the energy stored in the mechanical link of the wind
turbine to enhance the inertia of the small wind power
generation unit, the infuence of virtual inertia and damping
parameters in the control structure on the dynamic char-
acteristics and stability of the system is analyzed, and the
parameter design criteria are obtained; in the ffth part, the
experimental platform of renewable energy DC microgrid
system on ofshore platform is constructed, the proposed
method is verifed by experiments, and the experimental
results are analyzed and discussed.

2. Renewable Energy DC Microgrid System for
Offshore Platforms

Te DC microgrid system has various structural forms,
among which the single bus structure is the most typical
structure, which consists of a bus and several other branches,
with simple construction, low cost, and easy expansion.
Terefore, in this paper, the renewable energy DCmicrogrid
system of the ofshore platform is designed as a single bus
structure, as shown in Figure 1.

Small direct-drive permanent magnet wind turbines are
used for mobile ofshore platforms where large wind
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turbines cannot be installed due to factors such as area,
strength, stability, and buoyancy. Te system consists of
a wind power unit, a photovoltaic power unit, an energy
storage unit, a load unit, and a power converter required to
connect all units to the DC bus. Te wind power unit is
connected to the DC bus through a two-stage power con-
verter, with a rectifer circuit at the front and an interface
converter at the back for the control of the incoming current.
To adapt to the modular requirements, the photovoltaic unit
also uses a two-stage converter. Te front-stage power
converter realizes the maximum power tracking control, and
its output is connected to the DC bus via the rear-stage
interface converter. Te energy storage unit is connected to
the DC bus through a DC/DC bidirectional converter, which
determines the charging and discharging state according to
the bus voltage, achieving bus voltage stability and system
power balance. Te platform load unit is connected to the
DC bus via a DC/DC or DC/AC power converter according
to the needs of the power-using equipment.

3. Inertia in Microgrid Systems

In the analysis and design of virtual inertia control links in
mobile ofshore platform renewable energy DC microgrid
systems, the types and sources of inertia in microgrid systems
should be analyzed frst, and reasonable designs should be
made for diferent systems combined with diferent extra unit
characteristics. Te following is an analysis of inertia in
microgrid systems based on synchronous units andmicrogrid
systems based on renewable energy sources, providing
a theoretical basis for the analysis and design of virtual inertia
control links for small wind power units in renewable energy
DC microgrid systems on ofshore platforms.

3.1. Inertia of Synchronous Machine Microgrid Systems. In
a traditional synchronous machine-based AC microgrid
system, inertia is expressed as the system’s hindrance to
frequency changes and is an inherent property of the power
system, where the inertia of the system is measured by the
inertia constant.Te source of inertia of the system is mainly
provided by the kinetic energy stored in the synchronously
rotating masses (rotor, shaft system, and gears) and is

refected in the dynamic regulation of power/frequency. For
the microgrid system dominated by renewable energy, the
system inertia has a richer defnition. Its broad form includes
the generation-side inertia (synchronous generator inertia),
the load-side inertia (motor inertia), and the virtual inertia
introduced by the control. Te energy source of inertia
includes not only the moment of inertia provided by the
mechanical rotation link but also the electromagnetic
equivalent inertia generated by load optimization control to
suppress the voltage fuctuation of the bus and the equivalent
inertia generated by virtual inertia control. Te composition
of each kind of inertia and the relationships between them
are shown in Figure 2.

3.2. Inertia of Renewable Energy Microgrid. For the renew-
able energy-based microgrid, the power generation units are
mainly wind power generation units, photovoltaic power
generation units, and other renewable energy sources, which
have fewer or even no synchronous machines, so the system
inertia is low. Te inertial characteristics of the renewable
energy power generation unit, due to the isolation of the
power electronic converter, and the maximum power
tracking and control characteristics make the renewable
energy intermittent fuctuation quickly transmitted to the
bus, afecting the voltage stability of the bus. Depending on
the external characteristics of the power converter, the
virtual inertia control method is divided into voltage-source
virtual inertia control and current-source virtual inertia
control. Terefore, for a renewable energy microgrid, its
inertia source can be divided into a current source type
virtual inertia control unit and a voltage source type virtual
inertia control unit. For the renewable energy independent
microgrid system of mobile ofshore platform, the inertia
source is mainly from the renewable energy power gener-
ation unit using virtual inertia control of voltage source or
current source, except the inertia of synchronous machine.
Te composition structure is shown in Figure 3. Considering
the limited area and load of ofshore platforms and the
operating environment with high average wind speed at sea,
it is critical to efectively use wind power generation units to
improve the inertia of renewable energy microgrids on
ofshore platforms.
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Figure 1: DC microgrid system structure of ofshore platform.
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3.3. Inertia of Wind Power Generation Units. Te mobile
ofshore platform renewable energy independent microgrid
is diferent from other microgrid systems in that the system
electrical energy is mainly provided by the wind and light
generation units. Its inertia and inertial response are mainly
provided by the traditional inertia provided by the wind
turbine and the virtual inertia introduced by the control.
Tere is no mechanical link in photovoltaic power gener-
ation, and inertia enhancement control can only be achieved
by adjusting MPPT or adding storage devices. Due to the
existence of mechanical links in the wind power generation
unit, the “inertia response” can be achieved by efectively
using the energy stored in the mechanical rotation link of the
wind turbine to adjust the power transmission character-
istics. At the same time, the energy of the inertia response of
the wind power generation unit can also be achieved by
adjusting the MPPT or energy storage unit storage. Te
kinetic energy of the rotor is used to achieve the inertial
response, while the energy stored in the energy storage unit
can be used for both primary frequency modulation and
inertial response. Inertia response can be realized by virtual
inertia control and droop control, and primary frequency
regulation can be realized by pitch angle control and droop
control. Te structure of the wind turbine inertia response
type can therefore be represented as shown in Figure 4.

By comparing the two implementation methods and
approaches, it is clear that for the use of additional methods
to enhance the inertia of wind power unit, additional energy
storage units are required and the cost is high. Te self-
contained control method is mainly for large-scale wind
turbines with adjustable pitch angles. For small- and
medium-sized wind turbines on mobile ofshore platforms,
there is no pitch angle adjustment, and the capacity of the
energy storage unit is small due to platform constraints, so
virtual inertia control is the best option.

4. Structure Analysis and Small Signal
Modeling of Small Wind Power Units

4.1. Structure of Small Wind Turbine Units. Te structure of
the mobile ofshore platform wind power unit used in this
paper is shown in Figure 5. Te wind turbine is a low-power
fxed-pitch wind turbine. Te output alternating current of
the generator is converted into direct current by diode
rectifcation to reduce energy loss and prevent the formation
of reverse current when the output power of the wind
turbine is small, so as to realize the inverse power protection
of the wind power generation unit. Te wind power gen-
eration is connected to the DC bus through the interface
power converter after rectifcation.

According to the wind turbine wind energy conversion
mechanism, its captured power can be expressed as

PW �
1
2
ρπR

2
v
3
windCp(λ, β), (1)

where vwind is the wind speed, ρ is the air density, R is the
wind turbine blade radius, β is the blade pitch angle, λ is the
blade tip wind speed ratio, and CP is the wind energy uti-
lization factor.

According to Figure 5, the wind power unit consists of
a wind turbine, a rotating shaft, and a permanent magnet
synchronous generator. Te permanent magnet synchro-
nous generator and the wind turbine are rigidly connected
through the rotating shaft. When the friction and damping
of the rotating shaft are neglected, the mechanical model of
the wind power generation system can be simplifed as

Jeq
dωw

dt
� Tm − Te. (2)
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Figure 2: Generalized inertia structure composition diagram.
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Equation (2) is the equivalent rotational inertia of the
wind turbine, the rotating shaft, and the synchronous
generator, and ωw is the mechanical speed. Tm is the me-
chanical torque of the wind turbine, and Te is the electro-
magnetic torque of the synchronous generator. According to
the wind turbine output mechanical power expression and
the power-torque relationship expression, the wind turbine
output mechanical torque can be expressed as

Tm �
Pm

ωw

�
(1/2)ρπR

2
v
3
windCp(λ, β)

ωw

. (3)

Pm is the maximummechanical power captured by the
wind turbine. When the wind turbine is output in steady
state, it can be considered that the wind turbine has
realized the maximum power tracking; then the wind
turbine output power is consistent with the maximum
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Figure 4: Inertia response type of wind turbine.
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captured power of the wind turbine, and it can be
expressed as

Pe � PW �
1
2
ρπR

2
v
3
windCp(λ, β). (4)

Te rate of change of the electrical state quantity of the
synchronous generator is much faster than the rate of change
of the mechanical state quantity. To simplify the analysis, the
synchronous generator and rectifer are approximated as
a whole equivalent to a synchronous torque actuator; then,
the electromagnetic torque of the generator is equal to the
torque command reference value, as shown in the following
formula:

Te � Te ref . (5)

Te output power of the generator is shown in equation
(4), so the wind power system is a high-order nonlinear
system, and the transfer function expression of the wind
power system cannot be derived directly, so the small signal
perturbation is used for processing. According to the re-
lationship between torque and power T� P/ωw, the small
signal disturbance is introduced into the system mechanical
equation and linearized to give as

Jeqωw0
dΔωw0

dt
� ΔPm − ΔPe. (6)

Te mechanical power of the wind turbine Pm is
a function of the wind speed vwind and the rotational speed
ωw in equation (6). Te partial derivative of Pm gives the
expression for the change in mechanical power as

ΔPm �
zPm

zωw

 vwind0
ω0

Δωw +
zPm

zvwind

 vwind0
ω0

Δvwind. (7)

Bringing the partial diferential term into (7) gives
a small perturbation expression for the mechanical power as

ΔPm �
λ0C′p0
Cp0
Δωw − Δvwind  + 3Δvwind. (8)

Te deviations in (7) and (8), respectively, are expressed
as

λ0 �
Rωm0

vwind0
,

C′p0 �
dCp(λ)

dλ0
,

ΔPm �
ΔPm

Pm0
,

Δωm �
Δωm

ωm0
,

Δvwind �
Δvwind
vwind0

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

where λ0, ωm0, Pm0, and vwind0 are steady-state quantities,
and the same small-signal processing and linearization of the
output electromagnetic power can give a small perturbation
expression:

ΔPe �
zPe

zωm

ωmo

Δωm �
3
2
ρπR

5
Cp λopt 

λ3opt
ω3

wΔωm. (10)

When the system is in steady state, mechanical and
electromagnetic losses are neglected, and the electromag-
netic power is approximately equal to the mechanical power.

ΔPe �
ΔPe

Pm0
�
3
2
ρπR

5
Cp λopt ω3

m0

λ3optPm0
Δωm. (11)

In the steady state, the wind energy utilization factor is
the maximum; substituting (8) and (11) into (6), the me-
chanical equation of the wind energy is derived as

Jeq
ω2

m

Pm0

dΔωm

dt
� 3Δvwind −

3ρπR
5
Cp λopt ω3

w

2λ3optPm0
Δωm. (12)

Te mechanical power value at steady state is derived as

Pm0 �
0.5ρπR

5
Cp λopt 

λ3opt
ω3

w0. (13)

Substituting (13) into (12) and carrying out the Laplace
transform, the transfer function of speed fuctuations rela-
tive to wind speed fuctuations can be obtained:

H(s) �
Δωm(s)

Δvwind(s)
�

1
1 + Jeq/ 3ρπR

5
Cp λopt /2λ3opt ωm0  s

.

(14)

According to equation (10), there is an approximate
linear relationship between the output speed fuctuation and
the output electromagnetic power in small signal mode. Te
transfer function of speed fuctuation relative to wind speed
fuctuation is further derived as

Hp(s) �
ΔPe(s)

Δvwind(s)
�

(2/3) λ3opt/ρπR
5
Cp λopt ω3

m0 

1 + Jeq/ 3ρπR
5
Cp λopt /2λ3opt ωm0  s

.

(15)

When the wind power generation is running in MPPT
control, the inertia time constant of the wind turbine can be
approximately derived as

TMPPT �
Jeq

3ρπR
5
Cp λopt /2λ3opt ωm0

. (16)

According to equations (4)–(16), the response of the
system speed and output electric power to fuctuations in
wind speed under maximum power tracking control using
the optimum blade tip speed ratio is approximated as a frst-
order inertial link. As the wind turbine system contains
mechanical links such as the wind turbine and rotor for
power generation, it has some inertia to be able to respond to
fuctuations in the input with some inertia. However, for
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small direct-drive wind turbines in mobile platform
microgrid systems, their rigid connections have less inertia
of their own and cannot efectively suppress the impact on
the bus voltage when the wind speed changes.Terefore, it is
necessary to further enhance the inertia of the wind turbine
unit to weaken the impact on the bus voltage during sudden
changes in wind speed and improve the system voltage
stability.

4.2. Small Signal Modeling of Interface Converter. Te wind
power unit is connected to the bus through the interface
converter. In order to further analyze the characteristics of
the wind power generation unit, small signal modeling is
needed for the wind power unit interface converter.
According to the circuit principle, the DC interface con-
verter can be equated to a two-port network at this time, and
the corresponding equivalent circuit structure of the con-
verter is shown in Figure 6.

According to the topological structure of Figure 6, it can
be seen that when the switch Qwd1 is on, there is

vLwd1 � L
diLwd1

dt
� vwdin − RLwd1iwdin,

Cwd2
dvwdo

dt
� − iwdo,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(17)

and when the switch Qwd1 is of, there is

vLwd1 � L
diwd1

dt
� vwdin − RLwd1iwdin − vwdo,

Cwd2
dvwdo

dt
� iwd1 − iwdo.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(18)

Ten the voltage and current balance equation of the
converter after averaging it in one switching period is

Lwd1
diwdin

dt
� vwdin − (1 − D)vwdo − RLwd1iwdin,

Cwd2
dvwdo

dt
� (1 − D)iwdin − iwdo,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(19)

where RLwd1 is the inductor internal resistance and D is the
switching tube steady-state duty cycle. A small signal per-
turbation of the above equation results in a small signal
expression of

Lwd1s + RLwd1( iwdin � vwdin − (1 − D)vwdo + dVwdo,

Cwd2svwdo � (1 − D)iwdin − dIwdin − iwdo,

⎧⎨

⎩

(20)

where d is the converter duty cycle disturbance,iwdin andiwdo
are the input and output current perturbations of the in-
terface converter, respectively, vwdin and vwdo are the input
and output voltage perturbations of the interface converter,
and Iwdin and Vwdo are the converter input current and
output voltage steady-state values, respectively. Based on the
small signal expression and the circuit structure, the transfer

function expression for the input current perturbation to the
input voltage can be further obtained as

Gin(s) �
iwdin

vwdin
�

Cwd2s

Lwd1Cwd2s
2

+ RLwd1Cwd2s +(1 − D)
2.

(21)

Te expressions for the transfer function of the input-
side current disturbance with respect to the duty cycle and
the output current disturbance can be obtained from the
equivalent transformation as

Gid(s) �
iwdin

d
�

(1 − D)Iwdin + Cwd2sVwdo

Lwd1Cwd2s
2

+ RLwd1Cwd2s +(1 − D)
2,

Gii(s) �
iwdin
iwdo

�
(1 − D)

Lwd1Cwd2s
2

+ RLwd1Cwd2s +(1 − D)
2.

(22)

Ten, the transfer function of the output voltage dis-
turbance to the input voltage and duty cycle is

Guu(s) �
vwdo
vwdin

�
(1 − D)

Lwd1Cwd2s
2

+ RLwd1Cwd2s +(1 − D)
2,

Gud(s) �
vwdo

d
�

(1 − D)Vwdo − Lwd1sIwdin + RLwd1Iwdin( 

Lwd1Cwd2s
2

+ RLwd1Cwd2s +(1 − D)
2 .

(23)

Te equivalent output impedance of the converter is
expressed as

Zo �
vwdo
iwdo

�
− Lwd1s + RLwd1( 

Lwd1Cwd2s
2

+ RLwd1Cwd2s +(1 − D)
2. (24)

5. Virtual Inertia Control Method Based on
Power Droop and Its Key Parameter Design

5.1. Virtual Inertia Control Method Based on Power Droop.
Compared with the traditional generator, the power
electronic converter has low inertia. Based on the DC
characteristics of the interface converter of the wind
power generation unit, the inertia response characteris-
tics of the traditional DC motor are considered to sup-
press the impact on the system when the input power of
the wind turbine changes abruptly, and the inertia re-
sponse characteristics of the wind power generation unit
are improved.

+

–

+

–

vwdin

iwdin

Cwd2 vwdo

iwdo

Input
Port

Output
PortDwd2

Dwd1

Qwd1

Lwd1Rwd1

Figure 6: Two-port equivalent circuit of the interface converter.
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In order to efectively simulate the inertial response of
DC motor, it is necessary to analyze its mechanical inertia
principle to provide reference for optimizing the controller
structure. Te DC motor armature equivalent schematic is
shown in Figure 7 where ra is the armature resistance, ia is
the armature current, La is the armature winding in-
ductance, Ea is the armature voltage, and vdc is the DC
motor-induced electric potential.

Writing the circuit equation for the armature voltage, we
obtain

Ea � La

dia

dt
+ raia + vdc. (25)

According to the principle of electromagnetic induction
in motors, the expression of the induced potential and the
angular speed of motor rotation can be expressed as

Ea � kpω. (26)

From equation (26), it can be seen that the induced
electric potential is linearly proportional to the angular
speed of motor rotation.

In order to ensure the good tracking of the voltage and
current of the output port of the wind unit, the interface
converter adopts double loop control. Te voltage reference
value of the voltage control loop is generated by the power
outer loop of the droop control, and its equivalent equation
can be expressed as

Vref � Vo − kw Po − Pref( . (27)

Te equation for the mechanical speed of a motor in
relation to its power can be expressed as

JωN

dω
dt

� Pm − Pe − D ω − ωN( , (28)

where Pm and Pe are the input mechanical power and output
electromagnetic power of the motor, respectively, J is the
rotational inertia, ωN is the rated angular speed of the DC
motor, ω is the angular speed of the rotor movement, and D
is the damping factor.

By comparing the equivalent equation of the interface
converter power control with the armature voltage equation,
it can be seen that the two expressions have certain simi-
larities. Terefore, by adding a motor mechanical link to the
interface converter power control link to simulate the motor
inertia link, the power converter can equate the inertia
response externally, thus efectively reducing the impact of
the wind power unit output power fuctuation on the system
stability.

Terefore, if a virtual inertia control link is added to the
control structure of the wind power unit interface converter,
part of the control structure is shown in Figure 8.

After the virtual inertial control is embedded into the
wind turbine control, the control structure of the wind
power generation unit is shown in Figure 9.

After the virtual inertia control is added, the transient
response speed of the power loop is much lower than that of
the voltage and current loop due to the infuence of the

virtual inertia link. At this time, the dynamic process of the
interface converter is approximately the dynamic process of
the power loop. Terefore, there is

Δvo

ΔPo

�
1

Jwds + Dwd

. (29)

Combined with the inertia characteristics of wind tur-
bine, there is

H′(s) �
Δvo(s)

Δvwind(s)

�
1

1 + Jeq/ 3ρπR
5
Cp λopt /2λ3opt  ωm0 s

1
Jwds + Dwd

.

(30)

When the virtual inertia control satisfes (31), the
dynamic response of the wind power generation system is
dominated by the characteristics of the wind turbine.

Jwd

Dwd
≪

Jeq

3ρπR
5
Cp λopt /2λ3opt ωm0

. (31)

Te inertia time constant of wind power generation is
approximately

Tvi �
Jeq

3ρπR
5
Cp λopt /2λ3opt ωm0

. (32)

When the virtual inertia control satisfes (33), the dy-
namic response of the wind power generation system is
dominated by the

4 ·
Jeq

3ρπR
5
Cp λopt /2λ3opt ωm0

≥
Jwd

Dwd
≥
1
4

·
Jeq

3ρπR
5
Cp λopt /2λ3opt ωm0

.

(33)

La+

– –

+ia

Ea

ra

vdc
M

Figure 7: Schematic diagram of the armature of the motor.
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Po
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–
kω

ωN
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Dwd

1
Jwds

Figure 8: Structure diagram of the converter virtual inertia control.
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When the virtual inertia control satisfes (34), the dy-
namic response of the wind power generation system is
dominated by the characteristics of the interface converter.

Jwd

Dwd
≫

Jeq

3ρπR
5
Cp λopt /2λ3opt ωm0

. (34)

Te inertia time constant of wind power generation is
approximately

Tvi �
Jwd

Dwd
. (35)

From the above analysis, it can be seen that the key to
improving the inertia characteristics of wind power gen-
eration units through virtual inertia control method is the
design of key parameters Jwd and Dwd, and the steady-state
characteristics of the system introduced by the virtual inertia
link need further analysis.

5.2. Key Parameter Design Method. In order to further an-
alyze the design principles of the key parameters Jwd and
Dwd of the virtual inertia control and the infuence of the
virtual inertia control on the stability characteristics of the
system, according to the transfer function of the small signal
model of the converter and the control structure diagram,
the small signal model diagram of the converter control
including the virtual control is shown in Figure 10.

According to Figure 10 and the transfer function ex-
pression, the closed-loop transfer function of the converter
output voltage to the power disturbance can be obtained as

Gvp vir �
vo

Po

�
kωGwdvGudGwdi

Jwds + Dwd(  Vm + GidGwdi + GwdvGudGwdi( 
.

(36)

According to the transfer function of output voltage
and power, the rotational inertia and the damping factor
are in the denominator and therefore have an important
infuence on the dynamic and steady-state characteristics
of the converter response. Te higher the damping factor
for the generator, the stronger the damping efect of the
motor on the oscillations, the better the power response
of the motor, and the more stable the system. However,
for the control of the power converter, the virtual inertia
and damping is not as good as it could be, so it needs to be
designed and selected in conjunction with the re-
quirements of the system and the stability of the power
converter control.

According to the control structure and the small signal
transfer function of the converter control, the rotational
inertia Jwd and the damping coefcient Dwd are the key
parameters of the control structure. Terefore, to further
optimize the design of these two key parameters, the in-
fuence of the key parameters on the output characteristics of
the converter needs to be analyzed and determined.

Firstly, the infuence of two parameters on the sensitivity
of bus voltage to power fuctuation is analyzed. By drawing
the Nyquist curve of the closed-loop transfer function after
adding the virtual inertia control, the change trend of the
two parameters can be efectively characterized and ana-
lyzed. Te system parameters used for the analysis and
experimental validation are shown in Table 1.

Te selection of Jwd in the virtual inertia control method
is the key to afect the virtual inertia of the system. Con-
sidering that the inertial energy source of the method used in
this paper is the mechanical energy stored by the wind
turbine rotor, the energy released under the premise of
ensuring stable operation needs to be taken as the key
infuencing factor of its design. Te relationship between the
virtual inertial energy and the mechanical storage energy is
shown as follows:

1
2
Jeqω

2
w �

1
2
Jwdω

2
. (37)

When the system state changes, the inertial energy is
released as

ΔQ �
1
2
Jeq ω2

w0 − ωw0 − Δωw( 
2

  �
1
2
Jwd ωN

2
− ωN − Δω( 

2
 .

(38)

After further simplifcation,
1
2
Jeq 2ωw0Δωw − Δωw

2
  �

1
2
Jwd 2ωNΔω − Δω2

 . (39)

Considering that the speed fuctuation value is much
smaller than the steady-state value of the speed, it can be
approximately obtained.

Jeqωw0Δωw � JwdωNΔω. (40)

Further available.
Jwd

Jeq
�
ωw0Δωw

ωNΔω
. (41)

Considering that Δωw should not be too large during the
operation of the wind turbine, the value of Jwd should not be
too large while satisfying (36).

kω

ωN
vwind
R
ρ
Cp

Eq.(3)
Tm

Teωw

–+ ÷×
ΔT

Jeq

∫
ωw

MPPT Pref

– – –+

Pdc

÷×

voref
+ PI

vo

ioref
+

io

PI PWM1
Jwds

Dwd –+

Virtual inertia

Figure 9: Control diagram of the wind power unit interface converter.
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Based on the wind unit interface converter small signal
model transfer function and the parameters in Table 1,
a Nyquist diagram of the closed-loop transfer function for
converter control as the rotational inertia Jwd varies with the
damping factor Dwd can be plotted, as shown in Figures 11
and 12.

As seen from Figure 11, when Dwd � 100 and the value of
Jwd varies from 0 to 1, virtual inertia control is used in the
converter control link to reduce the sensitivity of the bus
voltage to power fuctuations. As Jwd increases, the Nyquist
curve of the closed-loop transfer function moves away from
the unstable region of the left half plane. Te Nyquist curve
of the closed-loop transfer function of the control system
does not enclose the (− 1, j0) point, efectively enhancing the
stability of the closed-loop control system.

From Figure 12, it can be seen that when Jwd � 0.1 and
Dwd � 100∼1200, the distance of the Nyquist plot from the
left half-plane does not change signifcantly as the damping
factor increases, and the damping factor has no efect on the
stability of the voltage at the output port of the converter.

Te efect of the virtual inertia link on the transient
response of the power converter is further analyzed by using
the step response characteristics of the system.Tis is used to
investigate the step response of the port voltage corre-
sponding to diferent rotational inertia and damping co-
efcients. Figures 13 and 14 show the step response
deviations of the control link for varying rotational inertia
and damping coefcients, respectively.

From Figure 13, it can be seen that when Dwd � 100
and the value of Jwd varies from 0.01 to 1, as Jwd increases,
the response of the closed-loop transfer function slows

down and the amount of deviation is smaller, which
can better weaken the voltage fuctuations caused by
sudden changes in power at the input. However, when Jwd
is too large, the dynamic response of the system is slowed
down, and good dynamic performance cannot be guar-
anteed. Terefore, the value of Jwd should not be too
large to ensure a good inertia response and dynamic
response speed.

Figure 14 shows that when Jwd � 0.1 and Dwd � 100 to
1000, the response time of the converter increases slightly
with increasing damping factor, but it does not afect the

Eˆ

+
––

+P̂o

Giu Gii

Gid

Guu Zo

Gud

++

îref

––

–

v̂in

vo

1
Jwd s

Dwd

kω Gwdv
Gwdi

îo

1
Vm

Current LoopVoltage LoopPower Loop

ω

Figure 10: Small signal diagram of interface converter control.

Table 1: Parameters of the wind unit converter.

Parameter Symbol Value
DC bus voltage Vo 400V
Output inductance Lwd 2e − 3H
Output capacitor Cwd 500e − 6F
Virtual rated speed ωn 314 rad/s
Moment of inertia Jwd 0.1
Damping coefcient Dwd 100
Sampling frequency fs 10 kHz
Gwdvp scale factor kwdvp 0.3
Gwdvi integral factor kwdvi 0.005
Gwdip scale factor kwdip 0.1
Gwdii integral factor kwdii 0.02
Droop coefcient Kw 2 Dwd=100 Jwd=0~1 kg.m2
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Figure 11: Nyquist diagram of diferent Jwd closed-loop transfer
functions.
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Figure 12: Nyquist diagram of diferent Dwd closed-loop transfer
functions.
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response speed of the system. At the same time, as the
damping factor increases, the deviation value of the step
response decreases, so the damping factor can also reduce
the voltage impact on the output caused by the sudden
change in power at the input to a certain extent. According
to the linear system stability criterion, the zero-pole dis-
tribution of the open-loop transfer function can characterize
the stability of the system.

As seen from Figure 15, when Jwd � 0.1 and
Dwd � 100∼1000, the poles of the transfer function are lo-
cated in the left half plane, and the system is always stable. As
Dwd increases, the poles move in the direction away from the
imaginary axis, so the higher Dwd is, the greater the stability
of the converter control system is.

From Figure 16, it can be seen that when Dwd � 100
and the value of Jwd varies from 0.01 to 1, there is
a dominant pole in the power converter control system.
As Jwd increases, the dominant pole of the transfer
function moves in the direction of the imaginary axis but
is always located in the left half-plane, and the system

always remains stable. Terefore, Jwd is too large to re-
duce the response speed of the system, resulting in re-
duced system stability.

6. Experiment and Analysis

To verify the efectiveness of the proposed control strategy,
an experimental platform based on DSP-TMS320F28335
and HIL (hardware-in-the-loop) is used for experimental
verifcation. Te composition of the experimental platform
is shown in Figure 17. Te experiment simulates the in-
termittent change of wind speed in the ofshore platform
wind power generation unit and compares the output re-
sponse of MPPT control and the proposed virtual inertia
method when the same wind speed changes. Te specifc
experimental parameters are shown in Table 1.
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Te HIL is a hardware-in-the-loop simulator, where the
hardware-in-the-loop is a real-time processor running
a simulation model to simulate the operating state of the
controlled object connected to the object under test via the
I/O interface. Compared to mathematical simulation, it is
closer to the actual situation and is better able to correctly
check and debug the performance of the designed controller.
Te simulator and controller are connected to the measured
and controlled objects via an I/O interface board, allowing
real-time data interaction between the model and the actual
control system, and the experimental results have the ad-
vantage of being intuitive and reliable.

Figure 18 shows the experimental waveform of the wind
unit port output voltage during intermittent wind speed
changes without the virtual inertia link control and with the
addition of the virtual inertia control link. Te comparison
shows that the lack of inertia of the wind turbine itself leads
to shocks and oscillations after sudden changes in power
during sudden changes in wind speed, reducing the stability
of the system. With the addition of the virtual inertia link,
the port voltage variation is reduced by 60%, and the re-
sponse regulation is increased by 0.24 s. Tis efectively
enhances the inertia of the wind turbine and achieves an
inertial response, reducing port voltage shocks and im-
proving port voltage stability.

Figure 19 shows the busbar voltage with and without
virtual inertia control. Te experimental comparison shows
that the smaller power of the wind turbine, which accounts
for a low proportion of the system capacity, has a smaller
impact on the bus voltage during sudden changes in wind
speed. However, with the addition of virtual inertia control,
the inertia of the wind unit is enhanced. Te impact on the
bus voltage is reduced by 50%, while the voltage recovery
response time is increased by 50%, the bus voltage is
smoother, and the power quality is improved.

Figure 20 shows the wind turbine port currents with and
without virtual inertia control. Te comparison shows that
the addition of virtual inertia control to the control link
efectively weakens the sudden changes in port current

during power changes. Te wind unit output current is
smoother, enabling a smooth and orderly injection of energy
into the system. Current spikes are also reduced by 50%, and
current regulation times are further extended. System sta-
bility is enhanced, resulting in a smooth and orderly supply
of power to the platform.

Figure 21 shows the variation of the bus current for the
two control methods. By comparison, it can be seen that the
sudden change in wind output power for the bus current is
approximately eliminated by adding the virtual inertia link,
and the current changesmore smoothly.Te reliability of the
system power supply has been signifcantly improved.

To further analyze the efect of adding virtual inertia
control on the wind turbine unit, the variation of wind
turbine output torque is measured separately for both
controls.

Figure 22 shows the variation in the wind turbine output
mechanical torque under both controls. Te comparison
shows that after adding the virtual inertia link to enhance the
inertia of the wind unit, the change in torque is smoother
when the wind speed changes and the regulation time in-
creases by 66.7%, efectively slowing down the sudden
change in output power, achieving an inertial response,
avoiding output power oscillations, and improving the
performance of the wind turbine.

Figure 23 shows the change in generator output elec-
tromagnetic torque under both controls. Te comparison
shows that the wind unit inertia is enhanced after the ad-
dition of the virtual inertia link, and the torque changes
more gently when the wind speed changes.

A comparative analysis of the above experimental
waveforms shows that the addition of a virtual inertia link to
the wind unit interface converter control loop efectively
enhances the inertia of the wind unit and achieves an inertial
response during sudden changes in wind speed. Compared
to the control without the addition of virtual inertia, the
wind unit output port characteristics are efectively en-
hanced, slowing down the rate of power change and ef-
fectively suppressing the impact on the busbar. Te dynamic

Simulation Model
Display Screen

DSP Controller Host
Computer

Scope
Ordinary Probe and Differential

Probe

HIL Experiment
Platform

I/O interface
boardDSP ContollerHIL Host Computer

Figure 17: Experimental platform.
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Figure 18: Port voltage of the wind unit under two kinds of control. (a) Without virtual inertia control. (b) With virtual inertia control.
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Figure 19: Bus voltage of the wind unit under two kinds of control. (a) Without virtual inertia control. (b) With virtual inertia control.
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Figure 20: Port current of the wind unit under two kinds of control. (a) Without virtual inertia control. (b) With virtual inertia control.
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Figure 21: Te bus current of the wind unit under two kinds of control. (a) Without virtual inertia control. (b) With virtual inertia control.
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response of the busbar voltage under intermittent wind
speed changes is improved, the power quality is optimized,
the reliability of the platform power supply is efectively
improved, and the stability of the DC microgrid system of
the ofshore platform is enhanced.

7. Conclusion

Te renewable energy DC microgrid system of mobile
ofshore platform shows low inertia characteristics due to
its small capacity, low inertia, no large power grid, and
synchronous generator to provide inertia support. Te
problem of low stability of DC bus voltage caused by
frequent fuctuation of ofshore wind speed is particularly
prominent. In view of this, the structural characteristics of
platform small wind power generation units are analyzed.
By combining the interface converter control mechanism
with the mechanical structure characteristics of the motor
inertial response, the mechanical response of the motor is
added to the converter power control loop to achieve
virtual inertial control of the wind power unit. Te small
signal model of the converter control system is established
after the virtual inertia control is added, and the structural
parameters are analyzed and designed by analyzing the
Nyquist diagram of the closed-loop control system and
the step response of the system. Te following conclusions
are obtained through simulation and experimental
verifcation:

(1) By adding a virtual inertia link to the wind power
unit interface converter control loop, the inertia of
the wind power unit is enhanced, and the inertia
response is achieved during sudden changes in
output power, providing inertia support power to the
system.

(2) When the wind speed changes intermittently, the
wind turbine as a system with mechanical links can
provide a certain inertia. However, due to the small
rigidity of the small wind turbine, the impact cannot
be completely efectively suppressed. After adding
the virtual inertia control, the virtual inertia of the
system is enhanced, which efectively suppresses the
fuctuation of the bus voltage caused by the in-
termittent change of the wind speed and improves
the stability and power supply reliability of the re-
newable energy DCmicrogrid system on the ofshore
platform.

(3) Te use of virtual inertia control in the converter
control loop efectively reduces the shock to the bus
voltage caused by intermittent changes in wind speed
and enhances system inertia. However, the link
changes the main loop of the control structure, in-
creasing inertia damping while also slowing down the
system response speed to reasonably select the value of
the damping inertia coefcient to ensure dynamic
performance and steady-state performance balance.
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400 ms/div

Tm
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ts=0.64 sts=2.08 s
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Figure 22: Mechanical torque of the wind turbine under two kinds of control. (a) Without virtual inertia control. (b) With virtual inertia
control.
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Figure 23: Electromagnetic torque of the wind turbine under two kinds of control. (a) Without virtual inertia control. (b) With virtual
inertia control.
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