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Abstract: Micro-grid has received extensive attention as an effective way to absorb new energy.
Compared to large power systems, the micro-grid system consisting of power electronics is relatively
weak due to the lack of support for synchronous machines. In this paper, the direct-drive wind
turbine (WT) is connected to the low-inertia micro-grid as the research background. Based on the
virtual inertia control of the WT, the inertia source and the physical mechanism of the WT connected
to the micro-grid system are studied. The inertia characteristics of the rotor of the WT on the
electromechanical time-scale, the DC side capacitor on the DC voltage time-scale, and the simulated
grid under the droop control are analyzed. The research results show that under the control of the
system, the inertia of the system is derived from the WT, DC capacitor, and the micro-grid simulated
by droop control converter. The equivalent inertia of each link is determined by the control parameters,
steady-state operating point, and structural parameters. The resulting inertia characteristics will have
frequency domain characteristics under control. Finally, the correctness of the system inertia analysis
conclusion is verified by simulation and experiment.

Keywords: micro-grid; electromechanical time-scale; DC voltage time-scale; DC capacitor inertia;
low-inertia power system; power electronics dominated power system

1. Introduction

As an effective means of new energy consumption and utilization, micro-grid has received wide
attention in recent years. The wind turbine (WT) is connected to the micro-grid through the power
electronic converter, which makes the micro-grid system show the trend of electronic power (see
Figure 1) [1,2]. The inertia and damping levels of the micro-grid system lacking synchronous machine
support are weakened, and the safe and stable operation of the system is threatened [3,4].

Wind turbines (WTs) power generation systems of full-power converter control and frequency
response of the power system are nearly decoupled [5,6]. Permanent-magnet synchronous generator
(PMSG) based WTs with maximum power point tracking (MPPT) control is regarded as inertia-less in
power systems due to no response to disturbances from the grid. In order to enable the WTs to provide
auxiliary inertia for the grid, virtual synchronous generators (VSGs) have been proposed [7-9] so that
the grid-connected inverter has certain inertia characteristics. However, VSG control requires energy
storage to provide inertial support, which is economically inefficient and does not adopt advantage of
the rapid response of power electronics. A portion of the kinetic energy is saved in the rotor during
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steady-state operation [10-13]. If this part of energy can be utilized, the inertia that the WTs can provide
is also considerable for the wind farm. Based on maximum power control, in [10,11], WTs generate an
auxiliary power command Pyjc through PD control, providing inertial support in response to grid
frequency changes. In [12], the PD virtual inertia control law is analyzed, which serves as a theoretical
basis for the adjustment of virtual inertial control parameters. In [13], frequency support capability of
WTs power system is defined, and a control strategy for inertia coordination between units is proposed.
The above literature only studies the inertia characteristics of the WTs power system from the WTs
side, but does not take into consideration the dynamic characteristics of the DC side capacitor and
the grid-connected inverter. References [14,15] point out that when the WTs apply the stator voltage
phase-locked loop (PLL), its dynamic characteristics can influence the power system inertia. In [16],
the impact of doubly fed induction generator wind turbines with virtual inertia control on power
system small-stability considering the effects of PLL is studied. Considerable studies have proved that
the inertia constants of WTs generator are comparable to synchronous generators [17,18]. The above
literature studies the virtual inertia characteristics of large-capacity wind turbines connected to the
grid. There is little literature on the inertia characteristics of small-capacity wind turbines connected to
micro-grid systems.
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Figure 1. The future power electronics dominated power systems.

In [19,20], the grid-connected converter of the inertia and damping characteristics are analyzed
by using the electric torque analysis method. References [21,22] combined the converter with energy
storage devices to examine the effects of two different control strategies on the inertia and damping
characteristics of grid-connected energy storage systems. In [23,24], the concept of distributed power
system virtual inertia by grid-connected power converters was offered. As mentioned, WTs incline
to equip inertia control, but the mechanism studies about the impact of inertia characteristics of the
renewable energy sources’” (RESs) supply side energy is not enough.

Based on the multi-time-scale analysis idea of this paper, the transient process of rotor and DC
side capacitance of WT power system is analyzed from electromechanical time-scale and DC voltage
time-scale. The action path and the physical mechanism of the system inertial source are studied,
and an effective way to increase the system virtual inertia is compared and analyzed. The technological
economy of the effect generation method fully and accurately understands the inertial characteristics
of the direct-drive WT power system, which lays a foundation for the low-cost inertial control of the
WT power system.
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2. Inertial Source Analysis of WT Accessing Micro-Grid System
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In order to analyze the inertia characteristics of the system, the direct-drive wind power system is
connected to the low-inertia grid. The overall structure of the system is shown in Figure 2, where the
low-inertia grid is replaced by a converter system with conventional droop control.
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Figure 2. The micro-grid system and renewable energy sources.

In WT’s micro-grid system, energy storage devices (WTs rotors, DC side capacitors) can be
used to provide additional inertia for the system under the action of additional virtual inertia
control [10-13,17-20]. At the same time, the micro-grid under the droop control can also provide a
certain inertia [19,25]. The following is a detailed inertia analysis of the system from the WT, capacitor,
and micro-grid simulated by droop control converter.

2.1. WTs Side Inertia Characteristic

The principle of virtual inertia control on the WTs side is illustrated in Figure 3. In the figure,
Wy is the WTs speed, wyyref is the WTs rated speed, Pyc is the virtual inertia power command, ig,p. is
the stator current, P, is the MPPT power command, 0 is the pitch angle of the wind turbine, and kopt
is the coefficient that makes the WT reach the maximum available power [13]. Due to the limitation of
the article length, the pitch angle control of the fan can be referred to in the literature [13].
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Figure 3. The virtual inertia control of the wind turbines (WTs).

In the MPPT mode, due to the decoupling between the WTs rotor and the system frequency [5,6],
the rotor kinetic energy is not involved in the system frequency adjustment. Therefore, on the MPPT
control, by introducing the system frequency and PD control, the WTs” auxiliary power command Pyic
for grid inertia support can be generated [13,17]. This power will drive the rotor speed up or down
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during the transient process to achieve dynamic frequency support. Among them, the auxiliary power
command Pyjc can be rewritten as
dAw
PVIC = —kpAa) - kd? (1)
where Aw is the system frequency deviation, k, and kq are the PD parameters of the virtual inertia
control. When the WTs does not participate in the power grid primary frequency modulation, Equation
(1) can be rewritten as
Pyic = —kqdAw/dt &)

For wind turbines with mechanical angular velocities wy, electrical angular velocities wew, and
poles p, regardless of WTs losses, the rotor kinetic can be expressed as

1

1
o= [ Fuaowdun = 3lua, = 2T, ®

When the WTs respond to the system frequency changes, the rotor kinetic change can be expressed as
Mk = = o (e + Bt = g0 = 5 o (w0 + 80)* — o] @
kr = 2P2 w| (Wew0 Wew Wewo| = sz vr| (@0 w W

where wewo and wy are the WTs initial angular frequency and the system synchronization angular
frequency, respectively, Awey is the WTs angular frequency increment, and J; is the equivalent moment
of inertia under the virtual inertia control. |y, is expressed as

(2wew0 + AC‘)ew)Awew N Awew Wew0

= ~ 5
Jor =T (2w + Aw)Aw Y Awwy ©)

The virtual inertia adjustment parameter k. can be defined as
ke = Awewwewo / Dwwy (6)

It can be observed in Equations (4)—(6) that the inertia that the WTs rotor can exhibit is not only
related to its own inertia, but also related to the adjustment parameter k; when virtual inertia control is
employed. Compared with synchronous generators, due to the large adjustment range of the WTs
speed, it can exhibit an equivalent inertia larger than the inherent inertia.

It is considered that the kinetic energy released by the rotor is equal to the auxiliary energy
according to the principle of conservation of energy (dAEy,/dt = Pyc) [13]. When the system frequency
does not change much, the relationship between the adjustment coefficients k; and k4 can be obtained

as follows ) )
! (wo +Aw)]w — wolw
According to the definition of the inertia time constant in the power system [26], the equivalent

inertia time coefficient of the WTs system can be expressed as

. ]Vra)é _ Awew}wwewow% _ kr]ww%
N 2]9253 N 2p2Aa)a)OSB N ZPZSB

Hvr - er‘/N (8)

From Equation (8), the equivalent inertia coefficient under a certain power rating is limited by the
following factors: WTs inherent inertia J,, (inertia time constant is H}, ), the virtual inertia adjustment
parameter k;, and the steady-state operating point (weo) of the system. For a 20 kW wind power system
with frequency deviation Af = 0.2 Hz (50 Hz power system), the inertia time constants Hy, versus J.,
kr, and the steady-state operating point (WTs speed wep) is illustrated in Figure 4.
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Figure 4. Analysis of factors affecting virtual inertia.

It is evident from Figure 4 that the equivalent inertia exhibited by the WTs, under the action of
virtual inertia control, is related to multiple parameters, and H,, increases along with the increases of
Jw, Wewo, and k;. Furthermore, it is possible for WTs power to generate even larger equivalent inertia
than the inertia produced by synchronous generators. However, larger [y and wewo will inevitably
increase the system size and cost, and a higher k; may bring in over modulation issues. Therefore,
these factors should be considered comprehensively in practical applications. Since the inherent inertia
of the generator rotor has been determined at the time of rotor manufacture, in order to allow the
wind power system to participate in system frequency adjustment without increasing energy storage,
a feasible solution is to artificially control the rotor speed and system frequency.

2.2. DC Capacior Side Inertia Characteristic

The principle of virtual inertia control of DC capacitors for grid-connected inverters is illustrated
in Figure 5. Where Uy, is the DC side capacitor voltage, Ls and Cs, respectively, are the filter inductor
and capacitor, w is the system real-time frequency, and k.(s) is the DC side of virtual inertia controller.
By artificially coupling the system frequency, the capacitor involves the system frequency regulation
through the dynamic charging and discharging process, in which the charge and discharge effect of the
capacitor is externally expressed as the inertia characteristic [17]. Among them, the auxiliary voltage
regulation command under the virtual inertia controls as

AUge = ke(s)Aw ©)

As a typical energy storage equipment component, the capacitor itself can store a certain amount
of electric energy. To respond to the system frequency disturbance, this part of energy can be utilized
by the virtual inertia control, forcing the capacitor to participate in the dynamic response of the

grid frequency.
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Figure 5. DC capacitor virtual inertia controller.
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In steady-state operation, the electrical energy stored in the capacitor can be calculated by

1
B = [ CacllacdU = 3Cacli, 10)

where Cq. is the capacitance of the DC side capacitor and Uy, is the DC capacitor voltage.
When the DC capacitor responds to the system frequency change, the capacitor’s energy variation
AEy. can be expressed as

1 1
AEx = 5 Cac| (Uaeo + Alge)” = U] = 5 Cic[ (@0 + 8w)? - ] (11)

where Uq is the DC capacitor voltage rating, and C/,_is the equivalent capacitance under the control
of virtual inertia, which is given by

(2Ugco + AlUgc)AUge . AUgcUgo

Cc,. =C 12
de de (2wp + Aw)Aw ¢ Away (12)
Similarly, the capacitor virtual inertia adjustment factor k. can be defined as
ké = Audcudco/Aa)a)o (13)

Substituting Equation (9) into Equation (13), the relationship k. between and k. can be obtained

as follows:
ki = kUgeo/ wo (14)

So, the equivalent inertia time coefficient Hy. can be reorganized as

c ded _
ZSB ZAa)a)oSB 28]3

C’, U? AU4.CqcUgoU? k.CgqU>
d ¢ ¢ C dCO — C c dCO — k(l:H(/: (15)

Hyc =

Learning from the analysis method of [17], from Equation (14), the equivalent inertia coefficient

is affected by the following factors: DC-link inherent capacitance Cq. (Inertia time constant is HY),

the virtual inertia adjustment parameter k., and the steady-state operating point Uy, of the system. For a

20 kW power converter system with frequency deviation Af = 0.2 Hz (50 Hz power system), the inertia
time constants Hy. versus Cq, k., and the steady-state operating point is illustrated in Figure 6.

6 2.5
s U, =1320v 5
4 >>=0.28mF
= 1.5
z 3 O
X 2 g !
1 0.5
0
0.6
0.5 !
045 1400 1500 450 1500
CocmF) 02 ¢ 1200 1% K 2" s 1
d .
¢ 0 1000 1100 Use (V) G 0 1000 1100 Use (V)
’
(a) kc =152 (AU4c =50 v) (b) Cdac=0.05 mF

Figure 6. Analysis of factors affecting C virtual inertia.

It is clear from Figure 6 that the equivalent inertia exhibited by the capacitor, under the action of
virtual inertia control, is related to multiple parameters, and Hy. increases along with the increases of
Cgcs Ugeo, and ke. Furthermore, it is possible for power converters to generate even larger equivalent
inertia than the inertia produced by synchronous generators. Similarly, larger C4. and Ugq will
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inevitably increase the system size and cost, and a higher k. may bring in over modulation issues. So,
these factors should be examined comprehensively in practical applications.

In order to make the capacitor to participate in the system frequency adjustment without increasing
the energy storage, a feasible solution is to artificially couple the DC voltage with the system frequency.

2.3. Micro-Grid Side Inertia Characteristic

The grid is simulated by the converter with droop control. So the inertia that the grid can
provide is very weak. Figure 7 shows the droop control schematic where P, and P are rated power,
output electromagnetic power, respectively; 1/D and 1/M are active-frequency droop coefficient and
reactive-voltage droop coefficient of the power grid, respectively; and w. denotes the cutoff frequency
of the low-pass filter in the droop control loop.

-'|'Vdc_ A Z |
d I i iLq
= iq
Yo — Vaa
Vaq
I T Tt ; v
A R T R S i
L il oty Trle e | PO
i VATV dq Pl Pl i Calculation
i Figer - K+ 0,
1 H
1 i

Figure 7. Micro-grid droop control principle.

According to Figure 7, the expression of the system frequency under the action of the droop
mechanism can be obtained as follows:

Pm —Pe). 16
B (P = Pe) (16)
Without considering the input power command change, linearizing Equation (16) can be

obtained as
1 wc

Aw = ——=
@ D s+ w.

AP.. (17)

According to the droop mechanism, the system frequency changes when the load is disturbed,
and the power command generated by the system frequency change under the droop action is

S+ w¢

AP, = D( )Aw _ D(i ¥ 1)Aw — AP, + AP, (18)

We W¢

where AP;, and AP are transient power and steady-state power, respectively. Equation (18) shows that
under the action of the droop mechanism, the power in response to the frequency change of the system
consists of two parts, wherein the transient part corresponds to the inertia effect of the system, and the
steady-state part corresponds to the damping part of the system. The transient power AP, is

D
AP, = = pw. (19)
Wc

For Equation (19), the transient support energy under the droop control is

AEgk = BAQ). (20)
@Wc
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So, the inertia time constant corresponding to the droop control can be defined as

_AEgk_ D
8 S Spwc

Aw. (21)

For the same reason, it can be known from Equations (19)—(21) that the droop control analog grid
has a certain inertia effect. Equation (21) denotes that the equivalent inertia coefficient is affected by the
following factors: the droop coefficient D and the cutoff frequency w.. For a 20 kW power converter
system with frequency deviation Af = 0.2 Hz (50 Hz power system), the inertia time constants Hg
versus D, and w is illustrated in Figure 8.

0.03 w =188

D=14x10°

Hys)

Figure 8. Analysis of factors affecting grid inertia of droop control.

According to the analysis of Sections 2.1-2.3, the factors affecting the system inertia are related
to the steady-state operating point of the system and the structural parameter control parameters.
However, it is worth noting that the maximum power of the WT is closely related to the steady-state
operating point of the WT, that is, the optimal operating point is determined by the WT itself,
and cannot change arbitrarily. Similarly, the frequency modulation system and structural parameters
of the micro-grid are not arbitrarily changeable. It is financially feasible to increase the system to obtain
hidden inertia by means of control without increasing the operating cost.

3. Analysis of Inertia Characteristics of Direct-Drive Wind Power Grid-Connected System

3.1. System Inertia Characteristic Mechanism

According to the system structure diagram shown in Figure 2 and Equations (8), (15) and (21),
the equivalent Heffron-Philips model can be obtained, as shown in Figure 9.
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Figure 9. Equivalent Heffron-Philips model for grid-connected systems.
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According to the equivalent model shown in Figure 9, using the electrical torque analysis method,
the mathematical expression of the system equivalent Heffron—Philips model can be obtained as

{ % = woAw

22
Tjp 98¢ = —TpAw — TsAS (22)

where T}y is the equivalent inertia time coefficient of the system, Tp, is the equivalent damping time
coefficient of system, and Ts is the equivalent synchronization time coefficient of system. T}y, Tp,
and T's can be expressed, respectively, as

kJww?  kK.CacU?
T]Z = Hvr +ch +Hg = Sl_B( ép;)o + d2 dc0 + Da_ia))
Tp =D (23)

U,
Ts = 3= cos &g

From Figure 9 and Equation (23), the system inertia Ty effect has three active paths.

Path (a) corresponds to the droop control of the low-inertia grid. As shown in Figure 7, the droop
mechanism in the frequency outer loop control of grid side can slow down the frequency variation to
provide frequency support for the system.

Path (b) corresponds with the DC capacitor inertia effect, which is generated by the intrinsic
inertia and the inertia control of DC capacitor simultaneously. The DC capacitor actively charges
and discharges in response to the system frequency change to provide transient support for the
system frequency.

Path (c) corresponds with the rotor inertia effect (inherent inertia and control). WTs rotor speed
transient increases or decreases to provide transient support for the system frequency (by action of
virtual control).

3.2. System Inertia Analysis

According to the equivalent model shown in Figure 9, the transfer function of the load and system
frequency response can be expressed as

Aw 1 1
— = 24
AP, Dle/DS+1 ( )
The equivalent inertia coefficient has frequency domain characteristic when the DC capacitor
control function k¢(s) has a frequency characteristic. The characteristic of k¢(s) under different property
function is analyzed as follows:
(1) The function k.(s) is a proportional coefficient, that is to say

ke(s) = kp. (25)

The capacitor voltage under proportional control is changed to participate in system frequency
support. When the system is subjected to load disturbance, the frequency curve under different control
parameters is shown in Figure 10.
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Figure 10. Frequency variation curve during load disturbance.

It can be observed in Figure 10 that the frequency change rate tends to infinity when subjected to
load disturbance due to the lack of inertia of the system. A large rate of change of frequency (RoCoF)
may trigger a relay protection action, which does not contribute to safe and stable operation of the
system. A larger inertia can cause the RoCoF to decrease as shown by the green and red curves in
Figure 10.

(2) The function kc(s) is a high-pass filter link, namely

WgS
S+ wg

ke(s) = kp (26)
where w; is the cutoff frequency of the high-pass filter.

The inertia exhibited by the system will no longer be a constant parameter because of the flexibility
and controllability of the power electronics system (bring Equation (26) into Equation (23)). In other
words, the inertia changes with time-scale and frequency change. The amplitude-frequency and
phase-frequency characteristics of the system are shown in Figure 11.
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Figure 11. Equivalent inertia amplitude and phase characteristics.

It is clear from Figure 11 that the system equivalent inertia has frequency characteristic (blue,
green, and red curves indicate that control parameters increase in turn). The amplitude-frequency
characteristic of the system inertia is positive in the middle and high frequency bands. The frequency
changes rapidly during the transient process when a load shock occurs in the system. The high
frequency signal under the control of the virtual inertia excites large inertia effect, forcing the capacitor
to react to the frequency change. The frequency is almost constant when the system enters steady state.
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The low frequency signal under the virtual inertia control can hardly excite the inertia effect, that is,
the capacitor does not reply to the system frequency change during steady state.

The capacitor voltage is forced to rise or fall during the transient process in response to the system
frequency change. When the system is subjected to load disturbance, the frequency curve under
different control parameters is shown in Figure 12.
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Figure 12. Frequency variation curve during load disturbance.

Both proportional control and high-pass filter control allow the DC capacitor to provide inertia to
the system through voltage changes, as shown in Figure 12. When the load disturbance occurs (the
grid secondary frequency modulation does not work), the capacitor voltage cannot be restored to the
rated value under proportional control. At the same time, the capacitor voltage may affect the normal
operation of the inverter. As shown by the red line in Figure 12, the high-pass filter control avoids
voltage drops, but the frequency response time increases from 2.3 s to 3.8 s, and the lowest frequency
deviation varies from 0.1 Hz to 0.12 Hz. In realistic applications, the DC capacitor control function kc(s)
should be selected according to the system operation requirements.

4. Simulation Result and Analysis

4.1. Simulation Settings

The correctness of the system inertia characteristics is verified by the MATLAB/Simulink, and the
experimental platform is built by simulink real-time. The parameters of real-time simulation platform
are consistent with the parameters of MATLAB/SIMULINK simulation model. The real-time simulation
platform is shown in Figure 13. The real-time simulation platform comprises of main frames, monitors,
a date acquisition board, and an interface board. The simulation model is calculated and run by the
upper computer main frame; MATLAB/SIMULINK was used to implement the control algorithms
of both the WT system and micro-grid; and the curves are shown by the lower computer monitor.
The oscilloscope records the relevant waveform through the interface board. The structure of the
simulation system is illustrated in Figure 2. The simulation and experiment parameters of the system
are shown in Table 1.

Table 1. System parameter values.

System Parameters Value Parameters Value

S 20 kVA Ugc 1200 V

Wind power Cyc 3.4 mF kq 1x 104
Jw 3.6 x 10* kg m? ke 750

Py 20 kW Lg 3 mH

Grid power 1/D 12x107° Cs 50 uF

Uy 690V f 50 Hz
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At startup, the wind power system and the grid share a 40 kW load, and the load increases by
20 kW in 3 s, and the load is removed at 6 s. During this period, the secondary frequency modulation
of the grid and the primary frequency modulation of the WT are not considered.

‘/‘ 3 =
Upper computer Lo omputer
monitor main frame

Ne o o = Data acquisition board
e s
< | Lower computer i AN
N monitor k‘, ‘ ‘ Upper computer
TN

\

‘ . | main frame
Vs ; A

¥ Interface card

/A:

oscilloscope

Figure 13. The real-time simulation platform.

4.2. Inertia Characteristic Analysis and Verification

4.2.1. Analysis of Side Inertia Characteristics of WT

When the load disturbance occurs in the system, under the virtual inertia control of the WT,
the simulation results of the system response curve are illustrated in Figure 14. Figure 14a is the
WT generator rotor speed curve; Figure 14b is the system frequency curve; Figure 14c is WT power
coefficient; and Figure 14d is the WT output power curve. The blue curve in the figure indicates the
output characteristic curve when the system is not using virtual inertia control, and the red curve
indicates the output characteristic curve when the WT is monitored by virtual inertia.

3.89 50.1
3.889 A 50.0
3.888 /\ = 499
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t/s t/s

(c) Power coefficient curves (d) Power curves
— No virtual control —— WT inertia control, kg =1x10" 4

Figure 14. Inertia characteristic analysis and verification of WT.

As shown in Figure 14a, when the WT is subjected to virtual inertia control under load disturbance,
the rotor speed changes in response to the system frequency change. At this time, the system frequency
RoCoF decreases as shown in Figure 14b, and the speed change makes the wind turbine utilize the
coefficient Cp, changes as shown in Figure 14c. At this time, WT output transient power does increase
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(or decrease) as shown in Figure 14d, indicating that the rotor responds to the system frequency change
by releasing or storing kinetic energy.

Experimental results in Figure 15a shows the output characteristic curve when the WT is not
added with the virtual inertia control, and Figure 15b the output characteristic curve when the WT
side adopts the virtual inertia control, including the system frequency curve, the DC voltage curve,
the rotor speed curve, and the WT output power curve. Consistent with the above analysis, the virtual
inertia control of the WT can increase the system inertia at the cost of fluctuations in the WT speed.
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Figure 15. Inertia characteristic analysis and verification of WT.

4.2.2. Analysis of Side Inertia Characteristics of Capacitor

Shown in Figure 16a—c is the DC voltage curve, the system frequency curve, and the WT output
power curve when the DC capacitor voltage is drooped. It can be seen from Figure 16a that the
frequency deviation is maintained at 0.2 Hz under load disturbance, which causes the DC bus voltage
to go to a low level (1050 v). This is the same as the virtual inertia of the rotor of the WT, and the
system frequency response is improved as shown in Figure 16b. The output power of the wind power
system increases (or decreases) as shown in Figure 16c.
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Figure 16. Inertia characteristic analysis and verification of DC capacitor.

As shown in Figure 16a, although DC inertia control by DC voltage droop control can increase
the system inertia, it will cause deviation of the DC bus. If the frequency changes greatly, the lower
bus voltage is not involved in system operation. In order to enable the DC bus voltage to recover
to the rated value, the DC voltage virtual inertia control uses a high-pass filtering link, as shown in
Figure 16d-f, for the frequency disturbance, and the high-pass filter link for the wind power generation
system. DC voltage curve, system frequency curve and output power curve.
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Experimental results are shown in Figure 17 when the virtual inertia control of the WT is
not considered. Figure 17a is the output characteristic of the DC capacitor voltage droop control,
and Figure 17b is the output characteristic curve when the DC capacitor voltage loop adopts the
high-pass filter link.

Load Load ¥ — - Load Load ¥ mmw.mm ........
disturhance /- yormoval : _\'A v - dlsturbancék’\ gem@m ‘i W
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100¥ € 10V Jz1.00s )& 000y <10Hf153456 | 100 € 100 Jz100s J&® <000y <10H153113 )
. b) DC capacitor voltage loop adopts the
(a) DC capacitor voltage droop control ®) pa 8¢ J00p adop
high-pass filter link

Figure 17. Inertia characteristic analysis and verification of WT.

When the DC voltage is controlled by the high-pass filter, the DC bus voltage can be restored to
the rated value when subjected to load disturbance, as shown in Figure 16d (or Figure 17b), and the
frequency characteristics of the system can be improved (frequency change first pendulum). The rate
of change is reduced as shown in Figure 16e; however, the trouble caused by such control is that the
system will oscillate, including DC bus voltage oscillation, system frequency oscillation, and output
power oscillation.

4.2.3. Analysis of Inertia Characteristics under the Coordination of WT and Capacitor

In WT power systems, both WT rotors and DC capacitors provide auxiliary inertia characteristics
to the system. To take full advantage of the energy of these two components, both the rotor and DC
capacitors of the WT are inertially controlled. For the WT rotor, the kinetic energy retained by the rotor
has a high energy density, but the release rate is slow, and the capacitor energy density is low but the
release speed is extreme. As shown in Figure 18, the output characteristics of the rotor and capacitor
are controlled by inertia. Load disturbances (Figure 18a—e) are rotor speed curves, the DC voltage
curves, the micro-grid system frequency curves and the WT energy utilization coefficients, and the WT
system curves of output power. As can be seen from the figure, when the rotor and capacitor voltages
are controlled by inertia, the system can obtain large inertia characteristics, as shown by the red line
in the figure. With the support of rotor energy, compared with the unique capacitive inertia control,
the DC bus voltage fluctuation is also reduced, the system frequency change rate is also significantly
decreased, and the system dynamic performance is improved.

Experimental results in Figure 19 show the output characteristics when the virtual inertia of the
WT is coordinated with the DC capacitance inertia. Comparing Figure 16, it can be seen that after
making full use of the WI’s moment of inertia and capacitive inertia, the output characteristics of the
system and the inertia level is improved.
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Figure 18. Inertia characteristic analysis and verification.
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Figure 19. Inertia characteristic analysis and verification.
5. Conclusions

In this paper, the direct-drive WTs power generation system is taken as the research object,
and inertia characteristics of the WTs connected to the micro-grid are analyzed. The following
conclusions are obtained by theoretical analysis and simulation comparison:

(1) Under the virtual inertia control, the energy storage device in the system—the rotor of the
WT and the DC-side capacitor can exhibit inertial characteristics. The inertia characteristics of WT
and capacitors depend on the state of the system during steady-state operation and the control action.
The inertia of the WT can cope with relatively large frequency changes, while the capacitor can respond
to small frequency changes.

(2) Compared with the inherent inertia of generator in traditional power system, under the
control of virtual inertia, the equivalent inertia of the micro-grid system will be generated by multiple
channels (WT rotor, DC capacitor, and droop mechanism), not limited to a single unit of the power
generation system.

(3) Compared with the additional energy storage device, by utilizing the energy storage equipment
in the micro-grid system, a certain inertia characteristic can be provided only by simple control action,
and no additional energy storage device is used to reduce the economic cost.
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