Wiley

International Transactions on Electrical Energy Systems
Volume 2024, Article ID 3886096, 15 pages
https://doi.org/10.1155/2024/3886096

Research Article

Virtual Inertial Control of Small- and Medium-Sized Wind
Turbines on Mobile Offshore Platforms with DC Microgrids

Ruifang Zhang,"* Guoling Wang ©,"? Zhenyu Li,"* Fuqiao He,"” Chenghan Luo,"?

and Wensheng Cao*

!School of Marine Engineering, Jimei University, Xiamen 361021, China

2Fujian Key Laboratory of Naval Architecture and Ocean Engineering, Xiamen 361021, China
3China Classification Society Fuzhou Branch, Fuzhou 350008, China

*College of Marine Equipment and Mechanical Engineering, Jimei University, Xiamen 361021, China

Correspondence should be addressed to Guoling Wang; wgl@jmu.edu.cn

Received 14 September 2023; Revised 20 May 2024; Accepted 27 May 2024

Academic Editor: C. Dhanamjayulu

Copyright © 2024 Ruifang Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The renewable energy mobile offshore 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. The randomness of renewable energy
generation has a more prominent effect 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 offshore 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 offshore 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. The 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 coefficient are obtained from the characteristics of transient and steady-state
analysis of the system. Finally, the DC microgrid experiment platform of the offshore platform is constructed, and it is verified that
the proposed method makes full use of the characteristics of the offshore platform to enhance system inertia and improve the
operational stability of the offshore platform DC microgrid system.

1. Introduction

With the continuous development of marine strategies of
various countries, offshore platforms have become an im-
portant carrier for exploration, development, and utilization
of marine resources [1, 2]. The development of renewable
energy power generation makes local energy extraction and
sea energy utilization the best way for offshore platforms to
obtain electric energy and also provides the possibility for
long-term stable operation of offshore platforms [3-5]. The
renewable energy power generation units such as wind and
photovoltaic, energy storage units, and load units together
constitute the offshore 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. The 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 efficient energy capture capability,
but it also leads to electrical decoupling of the renewable
energy from the system control, which makes the influence
of the renewable energy intermittency on the bus voltage
stability and transient voltage deviation of the DC microgrid
system of the low inertia offshore platform particularly
prominent. Therefore, the inertia enhancement control has
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become an effective measure to ensure the power supply
stability of the offshore 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]. The offshore
platform microgrid is a typical island microgrid, and its
inertial enhancement control technology is mainly applied
to the unit converter. The 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 offshore
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
offshore platform by optimizing the control structure of
wind power generation unit, releasing the energy stored in
the mechanical link of wind turbine, and effectively 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 influence of the permanent magnet
synchronous wind turbine on the system frequency when
the wind fluctuates, so as to provide inertial support for the
system. The method of increasing energy storage devices is
directly effective for enhancing the inertia of the wind
turbine, while for the offshore 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. The essence is to use early
or delayed MPPT to achieve system inertia and transient
performance improvement. The control structure of the
adjusting maximum power point tracking method is com-
plex, which increases the difficulty of system design and
reduces the utilization efficiency of renewable energy. It is
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not suitable for the system with high dependence on re-
newable energy power generation on the offshore platform.
Therefore, 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 offshore platform.
There 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. The inertial control is realized by
controlling the energy stored in the mechanical link of the
wind turbine. The 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
oftshore platform, such as low power level, low inertia,
frequent output power fluctuation, and unattended opera-
tion, this paper makes full use of the characteristics of high
average wind speed at sea and sufficient 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. The specific
arrangements of this paper are as follows: the first part
introduces the DC microgrid system of the offshore 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 influence 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 fifth part, the
experimental platform of renewable energy DC microgrid
system on offshore platform is constructed, the proposed
method is verified by experiments, and the experimental
results are analyzed and discussed.

2. Renewable Energy DC Microgrid System for
Offshore Platforms

The 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.
Therefore, in this paper, the renewable energy DC microgrid
system of the offshore platform is designed as a single bus
structure, as shown in Figure 1.

Small direct-drive permanent magnet wind turbines are
used for mobile offshore platforms where large wind
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Figure 1: DC microgrid system structure of offshore platform.

turbines cannot be installed due to factors such as area,
strength, stability, and buoyancy. The 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. The wind power unit is
connected to the DC bus through a two-stage power con-
verter, with a rectifier 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. The 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. The 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. The 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 offshore platform renewable energy DC microgrid
systems, the types and sources of inertia in microgrid systems
should be analyzed first, and reasonable designs should be
made for different systems combined with different extra unit
characteristics. The following is an analysis of inertia in
microgrid systems based on synchronous units and microgrid
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 offshore 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. The 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

reflected in the dynamic regulation of power/frequency. For
the microgrid system dominated by renewable energy, the
system inertia has a richer definition. 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. The 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 fluctuation of the bus and the equivalent
inertia generated by virtual inertia control. The 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. The 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 fluctuation quickly transmitted to the
bus, affecting 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. Therefore, 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 offshore 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.
The composition structure is shown in Figure 3. Considering
the limited area and load of offshore platforms and the
operating environment with high average wind speed at sea,
it is critical to effectively use wind power generation units to
improve the inertia of renewable energy microgrids on
offshore platforms.
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FIGURE 3: Inertia and inertia response of a renewable energy
microgrid on an offshore platform.

3.3. Inertia of Wind Power Generation Units. The mobile
offshore platform renewable energy independent microgrid
is different 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.
There 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 effectively
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. The
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. The 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. The self-
contained control method is mainly for large-scale wind
turbines with adjustable pitch angles. For small- and
medium-sized wind turbines on mobile offshore 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. The structure of
the mobile offshore platform wind power unit used in this
paper is shown in Figure 5. The wind turbine is a low-power
fixed-pitch wind turbine. The output alternating current of
the generator is converted into direct current by diode
rectification 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. The wind power gen-
eration is connected to the DC bus through the interface
power converter after rectification.

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

1
Py = EP”RZVizinde W\ B), (1)

where v,;,4 is the wind speed, p is the air density, R is the
wind turbine blade radius, § is the blade pitch angle, A is the
blade tip wind speed ratio, and Cj 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. The 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 simplified as

dw
]eqd—tw =T,-T,. (2)

m
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FIGURE 5: Structure diagram of the wind power unit.
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‘ Equathn (2) is the equlvalent rotational inertia of the P, (1/2)pnR V2indCo (L B) 5
wind turbine, the rotating shaft, and the synchronous == . (3)
generator, and w,, is the mechanical speed. T, is the me- @ @
chanical torque of the wind turbine, and T, is the electro- P, is the maximum mechanical power captured by the

magnetic torque of the synchronous generator. Accordingto ~ wind turbine. When the wind turbine is output in steady
the wind turbine output mechanical power expression and  state, it can be considered that the wind turbine has
the power-torque relationship expression, the wind turbine  realized the maximum power tracking; then the wind
output mechanical torque can be expressed as turbine output power is consistent with the maximum



captured power of the wind turbine, and it can be
expressed as

P, =P, = 7an vwde A, ). (4)

The 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 rectifier 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)

The 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/w,, the small
signal disturbance is introduced into the system mechanical
equation and linearized to give as

]equOdAd“t’ = AP, — AP, (6)

The mechanical power of the wind turbine P,, is
a function of the wind speed v,;;,4 and the rotational speed
w,, in equation (6). The partial derivative of P,, gives the
expression for the change in mechanical power as

AP _O0P, oP

w,, +
m aw wmdU w avwm d

m

AVwind' (7)

Vwindo
Wy

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

R Ho
AP, = —" (A&)w - Avwmd> + 3AV04- (8)
Co

The deviations in (7) and (8), respectively, are expressed

as
(), = Rew
Vwindo
. dC, ()
nETa,
~ AP
1 AP =—""
" P m0 (9)
A
A®,, = ﬂ,
Wino
Av
A7wind = w1nd,
wind0
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where Ay, w0, P, and vy;,qo are steady-state quantities,
and the same small-signal processing and linearization of the
output electromagnetic power can give a small perturbation
expression:

oP 3 pnR°C,(A
| Aw, = Piwmwm. (10)

W, ==
3 w
awm Wino 2 Aopt

AP, =

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.

5 3
_ AP, 3 pnR’C,(A,.,)w
Apez_‘f:_wAg,m. (11)
Pmo 2 Aopt

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

3pnR°C (/\Opt)a)3

dAG v
W dBDy, _ AG,. (12)

]eqP dr wind — ZA

opt mO
The mechanical power value at steady state is derived as

5
0.5pnR°Cy(Aope)
m0 — 3 Wyo-
A

opt

(13)

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

_Aw, (s) 1

s () 1+ (el (3P1RCy (Mo )220 )00 ) )
(14)

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

APE(S) (2/3)( opt/an C (AOPt)w;O)

8yia(9) 1+l (G (M) 2050 )0mn) )
(15)

H,(s) =

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

Jeq
(3pmR°C (A )20

opt

Typpr =

(e
Jno

According to equations (4)-(16), the response of the
system speed and output electric power to fluctuations in
wind speed under maximum power tracking control using
the optimum blade tip speed ratio is approximated as a first-
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
fluctuations 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 effectively suppress the impact on
the bus voltage when the wind speed changes. Therefore, 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. The 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 Q,4; is on, there is

— diLwdl — .
VLwdl =L dt = Vidin ~ RLwdllwdin’
(17)
C dedo _
wd2 dt - _lwdo,
and when the switch Q,4, is off, there is
di g .
vadl =L C‘ivt = Vwdin — RLwdllwdin ~ Vwdo>
(18)
CddVWdozid—id.
wd2 dt wdl wdo

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

di

di .
wdl :i’tm = Viwdin — (1 - D)deo - RLwdllwdin’
(19)
dv d . .
deZ% = (1 - D)dein ~ lwdo>

where R4, 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

{ (Lwdls + RLwdl )‘i\wdin = Awdin - (1 - D)vwdo + a‘/wdo’

deZS?wdo = (1 - D)?wdin - dedin - iwdo’
(20)

where d is the converter duty cycle disturbance, 7,4, and 7,4,
are the input and output current perturbations of the in-
terface converter, respectively, V,.4;, and V4, are the input
and output voltage perturbations of the interface converter,
and Iy, and V4, are the converter input current and
output voltage steady-state values, respectively. Based on the

small signal expression and the circuit structure, the transfer

iwdm 1 N ! o
+ : R Lwdl I/| U-{.
} wdl wdl :
I
I;g:ttt Y wdin i QWdJ ( Dwdz —_ Cmﬂi Ydo O;(?:;l !
I

| |

N N E— «=o

FiGURE 6: Two-port equivalent circuit of the interface converter.

function expression for the input current perturbation to the
input voltage can be further obtained as
?wdin
Gin (S) = = =
Vwdin

deZS
2 2°
Lwdlcwdzs + RLwdlcwdzs + (1 - D)
(21)

The 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

(1 = D)ygin + Cyvt28V wdo

7o .
Gy(s) = wdin _ wdin X
1 Lyi1Cyirs” + Riyyai Cyos + (1 - D)’
G~(S)_?Wdin— (1_D)
i1 N - 2 2
Lwdo Lwdlcwdzs + RLdedeZS + (1 - D)

(22)

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

(1-D)
2 P
LwdlcdeS + RLwdlcdeS + (1 - D)

Guu (S) — i’wdo —
Vwdin
Gua(s) = AV—WdO = (1-D)V 4o - (LdeSdein + RLdedein)
" Lwdlcwd252 + Ryyq1 Cyaps + (1 - D)’
(23)

The equivalent output impedance of the converter is
expressed as

7 = fwdo _ _(Lwdls + RLwdl) (24)

> 2 2°
? 1 Lwdlcwdzs + RLdeCWdZS + (1 - D)

wdo

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.



In order to effectively simulate the inertial response of
DC motor, it is necessary to analyze its mechanical inertia
principle to provide reference for optimizing the controller
structure. The DC motor armature equivalent schematic is
shown in Figure 7 where r, is the armature resistance, i, is
the armature current, L, is the armature winding in-
ductance, E, is the armature voltage, and v, is the DC
motor-induced electric potential.

Writing the circuit equation for the armature voltage, we
obtain

di,
“:L“dt+“ + . (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

E, =k,w. (26)

E

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. The 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)

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

d
]de—‘: =P, - P,-D(w-wy), (28)

where P,, and P, are the input mechanical power and output
electromagnetic power of the motor, respectively, J is the
rotational inertia, wy is the rated angular speed of the DC
motor, w 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. Therefore, 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 effectively reducing the impact of
the wind power unit output power fluctuation on the system
stability.

Therefore, 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 influence of the
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FIGURE 8: Structure diagram of the converter virtual inertia control.

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

Ay, 1

= (29)
APO ]wds+Dwd

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

AV, (s)

Avwind (5 )

H' (s) =

1 1
+((]eq/(3an5Cp()lopt)/2)&0}“)) )s Jwas + Dy
(30)

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

Juwd Jeq

Dya * (3pnR°C, Ay 1200,

- (31)
)@o

The inertia time constant of wind power generation is
approximately

Jeq
(3pmR°C (A )20,

opt

vi T

~ (32)
o

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

Teq
+ (3pﬂR5cp(Aopt)mgpt)

(33)
z Jeq

2 Jwa
Df 4 (3p7‘[R5Cp (Aopt)/zAzpt)
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FIGURE 9: Control diagram of the wind power unit interface converter.

When the virtual inertia control satisfies (34), the dy-
namic response of the wind power generation system is
dominated by the characteristics of the interface converter.

Jwa > Jeq :
Dy~ (3pnR°C,(Aop )/2A300 ) @mo

(34)

The inertia time constant of wind power generation is
approximately
J wd

T, =<
i 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 J, 4 and D,4, 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 J, 4 and
D4 of the virtual inertia control and the influence 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

_ kadeGudG
(Jwas + Dya) (Vin + GiaG

wdi

G =
+G

vp_vir

e"u)|°<)

Gudedi).
(36)

wdi wdv

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
influence on the dynamic and steady-state characteristics
of the converter response. The higher the damping factor
for the generator, the stronger the damping effect 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 J,4 and the damping coeflicient D,y are the key
parameters of the control structure. Therefore, to further
optimize the design of these two key parameters, the in-
fluence of the key parameters on the output characteristics of
the converter needs to be analyzed and determined.

Firstly, the influence of two parameters on the sensitivity
of bus voltage to power fluctuation 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 effectively characterized and ana-
lyzed. The system parameters used for the analysis and
experimental validation are shown in Table 1.

The selection of ] 4 in the virtual inertia control method
is the key to affect 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
influencing factor of its design. The relationship between the
virtual inertial energy and the mechanical storage energy is
shown as follows:

|

7]equ

1
5 =] . (37)

2

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

AQ = %]eq(wio —(wwo — A“-’w)z) = l]wd(“’Nz —(wy - Aw)z)'

2
(38)

After further simplification,
1 2y _ 1 2
E]eq(wakow - Aw, ) = E]wd(szAw - Aw ) (39)

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

Jeq@uwoBwy, = JyqwnAw. (40)

Further available.

T w, Aw
Jwd _ w0 w (41)
Jeg wnAw

Considering that Aw,, should not be too large during the
operation of the wind turbine, the value of ], 4 should not be
too large while satisfying (36).
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TaBLE 1: Parameters of the wind unit converter. 0.02
Parameter Symbol Value 0.015 - 1
DC bus .voltage V, 400V , ooty J .o Incy ]
Output mduc_tance L4 2e-3H <§ 0.005 L |
Output capacitor Cia 500e - 6F =
Virtual rated speed w, 3l4rad/s E 0r S ]
Moment of inertia Towd 0.1 P .0.005 L i
Damping coefficient D4 100 E 001 T L
Sampling frequency fs 10kHz el 1
Gyayp Scale factor Kyavp 0.3 -0.015 1
G4 integral factor kvavi 0.005 0.02 . . . . . . .
G scale factor Kuaip 01 -0.04 -0.03 -0.02 -0.01 0 0.0l 002 003 0.04
wdip Wi *
Gqii integral factor ki 0.02 Real Axis
Droop coefficient K, 2 D, =100] =0~1kg.m?
FIGURE 11: Nyquist diagram of different J, 4 closed-loop transfer
. - . functions.
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 0.015
converter control as the rotational inertia ], 4 varies with the
damping factor D 4 can be plotted, as shown in Figures 11 0.01r 1
and 12. 2 0,005 - D, Increases
As seen from Figure 11, when D, 4 = 100 and the value of i '
Jwq Varies from 0 to 1, virtual inertia control is used in the g of 1
converter control link to reduce the sensitivity of the bus S
voltage to power fluctuations. As J 4 increases, the Nyquist E -0005F D, Increases 1
curve of the closed-loop transfer function moves away from 001 L |
the unstable region of the left half plane. The Nyquist curve
of the closed-loop transfer function of the control system -0.015 : : : ‘ ‘
. . . . -0.03 -0.02 -0.01 0 0.01 0.02 0.03
does not enclose the (-1, jO) point, effectively enhancing the Real Axi
eal AXIS

stability of the closed-loop control system.

From Figure 12, it can be seen that when /4 =0.1 and
D, 4 =100~1200, the distance of the Nyquist plot from the
left half-plane does not change significantly as the damping
factor increases, and the damping factor has no effect on the
stability of the voltage at the output port of the converter.

The effect 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. This is used to
investigate the step response of the port voltage corre-
sponding to different rotational inertia and damping co-
efficients. Figures 13 and 14 show the step response
deviations of the control link for varying rotational inertia
and damping coeflicients, respectively.

From Figure 13, it can be seen that when D4 =100
and the value of J 4 varies from 0.01 to 1, as ], 4 increases,
the response of the closed-loop transfer function slows

J,.=0.1 kg.m* D, ;=100~1200

FIGURE 12: Nyquist diagram of different D 4 closed-loop transfer
functions.

down and the amount of deviation is smaller, which
can better weaken the voltage fluctuations caused by
sudden changes in power at the input. However, when J 4
is too large, the dynamic response of the system is slowed
down, and good dynamic performance cannot be guar-
anteed. Therefore, the value of ] 4 should not be too
large to ensure a good inertia response and dynamic
response speed.

Figure 14 shows that when ], ,4=0.1 and D 4 =100 to
1000, the response time of the converter increases slightly
with increasing damping factor, but it does not affect the
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0.005

D =100] ;=0.01~1kg.m2

FIGURE 13: Port voltage step response of different J 4.

0.04
0.03

0.02

Step response A V/v

J,.=0.1 kgm2 D _,=10~1000

FIGURE 14: Port voltage step response of different D, 4.

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 J 4=01 and
D, 4=100~1000, the poles of the transfer function are lo-
cated in the left half plane, and the system is always stable. As
D,,q increases, the poles move in the direction away from the
imaginary axis, so the higher D is, the greater the stability
of the converter control system is.

From Figure 16, it can be seen that when D4 =100
and the value of J,4 varies from 0.01 to 1, there is
a dominant pole in the power converter control system.
As J,q 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
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always remains stable. Therefore, J, 4 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 effectiveness of the proposed control strategy,
an experimental platform based on DSP-TMS320F28335
and HIL (hardware-in-the-loop) is used for experimental
verification. The composition of the experimental platform
is shown in Figure 17. The experiment simulates the in-
termittent change of wind speed in the oftshore 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. The specific
experimental parameters are shown in Table 1.
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HIL Experiment
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FiGURE 17: Experimental platform.

The 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.
The 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. The 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 0.24s. This effectively
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. The 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. The 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. The comparison shows that
the addition of virtual inertia control to the control link
effectively weakens the sudden changes in port current

during power changes. The 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 changes more smoothly. The reliability of the
system power supply has been significantly improved.

To further analyze the effect 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. The 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%, effectively 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. The 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 effectively
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 effectively en-
hanced, slowing down the rate of power change and ef-
fectively suppressing the impact on the busbar. The dynamic
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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.

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 effectively
improved, and the stability of the DC microgrid system of
the offshore platform is enhanced.

7. Conclusion

The renewable energy DC microgrid system of mobile
offshore platform shows low inertia characteristics due to
its small capacity, low inertia, no large power grid, and
synchronous generator to provide inertia support. The
problem of low stability of DC bus voltage caused by
frequent fluctuation of offshore 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. The 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. The following conclusions
are obtained through simulation and experimental
verification:

(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 effectively suppressed. After adding
the virtual inertia control, the virtual inertia of the
system is enhanced, which effectively suppresses the
fluctuation 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 DC microgrid system on the offshore
platform.

(3) The use of virtual inertia control in the converter
control loop effectively 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 coefficient to ensure dynamic
performance and steady-state performance balance.
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