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ABSTRACT As large-scale direct-drive wind turbine generator set is connected to the grid, the power system
will face problems such as reduced inertia and insufficient frequency modulation capability. The control
of wind turbine virtual inertia is an important way to solve this problem. Therefore, this paper takes the
direct-drive wind power generation system as the research object, draws lessons from the multi-time scale
modeling idea, and based on the electrical torque analysis, establishes the DC voltage time model with the
wind turbine virtual inertia control. Based on this, inertia damping characteristics of direct-drive wind power
grid-connected system are analyzed. The results show that the dynamic characteristic parameters of the
system are affected by many factors, among which the equivalent inertia coefficient of the system is mainly
affected by DC capacitance, DC bus voltage and wind turbine virtual inertia control parameters. Damping
coefficient is mainly affected by steady-state operating point and DC voltage proportional control parameter
Kpu. The synchronization coefficient is mainly affected by steady-state operating point and DC voltage
integration control parameter Kj,. The correctness of mechanism analysis of inertia damping characteristics
of the whole system is verified by simulation, which provides a certain theoretical reference for inertia
damping research of electronic power system.

INDEX TERMS Direct-drive wind power, multiple-time scale, inertia damping characteristics, power
electronics dominated power systems.

I. INTRODUCTION

Direct-driven Wind Turbine with Permanent-Magnet Syn-
chronous Generator (D-PMSG) has been widely used in wind
power grid connection due to its advantages of small size
and low operating cost [1], [2]. Considering the power con-
verter control based D-PMSG, the power control is decou-
pled from the grid frequency response [3], the wind turbine
cannot participate in the grid frequency response under the
control of Maximum Power Point Tracking (MPPT). How-
ever, large-scale ventilators are connected to the grid through
power electronic devices. Therefore, the power system is
gradually developing towards the orientation of power elec-
tronics [4]. The inertia and damping of traditional systems
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based on thermal and hydropower may gradually weaken,
thereby threatening the stability of a power system [31].

At present, many literatures are focused on the wind
turbines frequency adjustment strategy. The Virtual Syn-
chronous Generator (VSG) control is used to provide inertia
characteristics for grid-connected inverter and it has become
a research hotspot [30]. The VSG control energy storage is
required to provide inertia without the economy advantage
and does not take advantage of fast response power electronic
devices. In a wind farm, the D-PMSG inertia time constant of
megawatt level is generally 2~6s [8], [9]. When the wind
turbine is in normal operation, the stored rotor kinetic energy
of the unit is considerable [10]. In order to make use of the
kinetic energy of the wind turbine rotor, based on the MPPT
control [8], [9], the auxiliary power instruction Pyic is gen-
erated to minimize the frequency deviation by PD controlling.
So as to mobilize the kinetic energy of the wind turbine
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rotor to respond to the frequency change of the power grid
and provide inertia support for the system. In [10], a virtual
inertia coordinated control strategy for weak-grid is proposed
based on the dynamic characteristics of DC voltage. The
above literatures of the inertia characteristics of wind power
generation system are only focused on the inertia control of
the equipment itself. On the one hand, the dynamic process
under DC capacity control of grid-connected inverter is not
considered, and on the other hand, the dynamic stability of the
grid-connected wind power generation system is not studied.
In [11], [12], the method of simulating the generator rotor
motion process with DC side capacitance is proposed, and it
can also provide certain inertia characteristics for the system.
n [13], the inertia characteristics and the influencing factors
of the DC side capacitance of grid-connected inverter are
studied. In [14], [15], the inertia damping characteristics of
the system are studied based on the electrical torque method
without considering the dynamic characteristics of the new
energy units.

In order to analyze the dynamic characteristics of wind
generation system, the idea of a multiple time scale analysis is
put forward in [16], [17]. According to the characteristics of
power electronic system of wind power generation, the time
scale is divided. In [18], based on the idea of multiple time
scale division, the influence of the reactive power control
of grid connected inverter on the dynamic characteristics of
the system is studied. In order to study the dynamic stability
of the DC voltage time scale, the doubly-fed wind turbine
was analyzed in [19], [20]. The above literature analysis
focuses on the research of converter control, and does not
fully consider the effect of electromechanical time scale on
the later DC voltage time scale, so the general conclusion can
not be obtained. However, the study of converter control has
not fully taken into account the effect of electromechanical
time scale on the later DC voltage time scale, so the general
conclusion can not be obtained. In a word, the idea of multiple
time scale analysis provides a new analytical thinking to study
the dynamic stability of power electronic system.

Based on the above research, this paper takes the direct-
drive wind power grid-connected system as the research
object. Based on the idea of multi-time scale analysis,
the equivalent inertia damping characteristics of the system
with wind turbine virtual inertia are studied by using electri-
cal torque method under the control of DC voltage time scale,
and the law that influences the equivalent parameters of the
system is analyzed. The correctness of the analysis of the sys-
tem inertia damping characteristics is verified by simulation
analysis, which provides theoretical basis for inertia damping
parameter design of wind power generation system.

Il. TOPOLOGY AND CONTROL OF D-PMSG GRID
CONNECTED SYSTEM

The topology structure and control block diagram of
D-PMSG grid-connected system is shown in Fig. 1. In this
figure, D-PMSG is connected to the power grid through
a power converter. The machine-side converter controls
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FIGURE 1. Topology and control block diagram of the grid connected
system of D-PMSG.
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the wind turbines output power and realizes MPPT con-
trol and the grid-side inverter realizes stable control of DC
voltage.

In this figure, Pwrrer is the rated power of the wind tur-
bine output (including the maximum tracking power Pyippr
and the virtual inertia power Pyic), @; is the wind turbine
frequency, rotation speed isapc 1S the stator current of the
generator, ugc is the DC bus voltage, Cyc is the DC bus
capacitance, and L is the filter inductance.

A. VIRTUAL INERTIA CONTROL OF MACHINE SIDE
CONVERTER

As shown in Fig. 1, the machine-side converter control,
in order to make the wind turbine rotor participate in the
frequency response of the grid, a virtual inertia is added to
the direct power control. The differential controller is used
to introduce the variation signal of grid frequency into the
power control so that the ventilator power is coupled to the
grid frequency [28]. The equation of virtual inertia control
can be written as

Pwrret = PmppT + Pyic = Pmppr + Kydf /dt (D

where Pwrret 1S the rated active power of the ventilator, Pyppr
is the maximum tracking power of the ventilator, Py;. is the
virtual inertia control output auxiliary power, Ky is the virtual
inertia control coefficient, and f is the grid-frequency. Vector
control of stator current orientation and grid voltage orien-
tation is used in machine-side control and grid-side control
respectively, while stator current and grid-connected current
are used in inner ring for control respectively.

Formula (1) shows that when the wind turbine is running in
the MPPT control mode, the wind turbine is decoupled from
the grid frequency, namely Pwtrer = PwMmppT, and the rotor
kinetic energy cannot respond to the grid frequency change.
When the virtual inertia control is used, the variation of the
grid frequency will form the virtual inertia command Pyjc.
Meanwhile, this equation can be expressed as PwTref =
Pwmppr + Pyic, and the rotor loses part of the rotor kinetic
energy to provide frequency of support for the grid.
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B. DC CAPACITOR VOLTAGE CONTROL OF THE GRID-SIDE
INVERTER

As shown in Fig. 1, so as to maintain the stability of the
inverter DC bus, the grid-side inverter takes voltage and
current double closed-loop domination. Compared with the
DC voltage time scale of the voltage outer loop, the AC
current time scale of the current inner loop can be ignored
in dynamic analysis [14], and the inverter output current can
be described as

is = ig = (uge — Udcref)(KPu + Kiu/s) )

where iq is the d-axis component of the grid-connected cur-
rent when the grid-connected inverter is oriented according to
the grid voltage vector, K,y and Kjy are respectively the pro-
portional control coefficient and integral control coefficient
in the outer voltage loop PI-controller.

IIl. THE ANALYSIS OF INERTIA DAMPING
CHARACTERISTICS OF D-PMSG

GRID-CONNECTED SYSTEM

In the analysis of static stability and dynamic instability
mechanism of synchronous power system, the incremental
equation of generator is usually used [26]. It is expressed as

d
' drw 3)
2H5g7 = APin — APOut — DAw

where A§ is the power angle variation of the generator
system, Hgy is the inertia time constant of the generator,
APj, and AP, are variations of input and output power of
the generator respectively, and D is the damping coefficient of
the generator system. Referring to the dynamic characteristic
analysis principle of generator, the dynamic process of wind
turbine and DC capacitor is analyzed in detail below.

A. DYNAMIC CHARACTERISTICS OF WIND IN ANSWER TO
GRID FREQUENCY
When the wind is running normally, the motion equation of
the generator rotor can be written as

dw,

Jwrwr—— =Pn — Pe 4

dt
where Jwr is the inherent moment of inertia of the wind
turbine and w; is the rotational speed of the wind turbine
rotor. Py, and P, are the wind turbine input mechanical power
and output electromagnetic power respectively. Permanent
magnet generator is similar to conventional synchronous gen-
erator. When the rotor loss is set aside, the kinetic energy
reserved by the mechanical rotor can be written as [28]

JwTw? )

1
Ex = /JWTwrdwr = Jwre} = — -
2p

2

where p is the polar number of the generator and wer
is the electrical angular velocity of the wind turbines.
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When the ventilator responds to frequent change of the sys-
tem, variation of rotor kinetic energy is expressed as

LJWT I:(wer() + ACf)er)2 - wZ :I
2[72 er0

Jwt
Wer() p_2 Awer (6)

AEx =

%

where wer 1S the initial angular velocity of the wind turbine
and Awe, is variation of the wind-driven machine palstance.
To facilitate analysis, formula (6) can be expressed as

AEc 2 JWrwh Awer

ko
AE = Sy 28pp?
erQ
_ 2 HWT Awer 7
- 2 ( )
p Wer()

where Sg means the rated capacity of the system and Hwr is
the inertia time constant of the ventilator. Under the control
of virtual inertia regulation, the kinetic energy released by the
rotor and the energy of the auxiliary inertia are equal [8]. Soit
can be written as dE/dt=Py;.. When variations of the system
frequency are little, it can be obtained as

2 Hyt Aw, KyAw
dEx/dt = Pyic = ;VT ==
P° Werd 2 wo
47 Hwt
=K, = pe ke (®)

where Aw is the change of grid synchronous angular fre-
quency, wy is the grid synchronous angular frequency, k,, is
the virtual inertia adjustment depth, it can be obtained as

_ Awer [ Wer0

b= g ©)

Equation (7) shows the dynamic characteristics of the wind
turbine under the virtual inertia control. Equation (8) shows
that under the control of virtual inertia, the contribution of
ventilator rotor to frequency response of grid is not only
related to the inertia of the ventilator itself, but also related
to the modulation depth k.

B. DYNAMIC MODEL UNDER DC VOLTAGE TIME SCALE OF
DC CAPACITOR ON GRID SIDE

The direct-current capacitance of grid side inverter, as the
energy storage power electronic equipment in the system,
connects the wind turbine side converter and grid connected
inverter. Its dynamic characteristics reflect the equilibrium
state of input and output energy. As shown in Fig.2, it is
the schematic diagram of capacitor charging and discharging.
The process of capacitor charging and discharging can be
described as follows

dugc
dr

where Cy. is DC side capacitance, /4. is DC side input current
(output current of generator side converter), and i is current
injected into grid side inverter.

ic = Cyc = idc — is (10)

VOLUME 8, 2020



S. Li et al.: Characteristics Analysis of Inertia Damping of Grid-Connected System

IEEE Access

idc is »

O O

|

|
lc T Udc ¢

(e, _ O

FIGURE 2. Capacitor charging and discharging diagram.

Considering the balance of input and output power, equa-
tion (10) can be converted into power expression, and nor-
malization (voltage reference selects DC bus voltage Ugc,
and power selection system rated capacity Sp) can be
obtained as [14]

(1D

qA

jq

FIGURE 3. Voltage and current vector.

According to Fig. 3, the vector diagram of grid-connected
current control when the grid voltage is oriented. According
to the figure, the grid-connected current can be expressed as
(ignoring the filter capacitive current component)

..U

iy =1Ig= X sin & (12)
where Us expresses the output voltage of the inverter, Uy is
the grid voltage, X means the reactance of the grid-connected
transformer and connecting lines, and § is the power angle of
the system during operation.

Considering the voltage control effect, the following equa-
tions (2) and (11) can be obtained as

. Us . Kiy
ld = 7 sind = (ugc — Udcref)(Kpu + T) (13)

Similar to the analysis of rotor dynamic characteristics,
linearizing equation (13) near the steady-state operating point
can be obtained as

sK A8 = (sKpu + Kiw) Augc (14)

where K is the structural parameter of the system and
K = Ug/coss.

When input power variation is not considered, Aigc = O.
After linearizing equation (10), substitute it into equation (14)
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and eliminated Augc, the dynamic model of DC capacitance
of grid-connected inverter under DC voltage time scale can
be written as

Tyc(s)

dAw
dr

where Tjc(s), Tpc(s), Tsc(s) respectively represent equiv-
alent inertia characteristics under DC capacitance control,
damping characteristics, and synchronization characteris-
tics [14]. Tyc(s), Tpc(s), Tsc(s) are expressed as

Tic(s) = CU2 /Sp
Toe(s) = 1.5Kpu Uy
Tse(s) = 1.5KiyUg

= —Tpc(s)Aw — Tsc(s)AS (15)

(16)

Equation (16) shows that the dynamic characteristics of the
capacitor can be described by equivalent parameters Tjc(s),
Tpc(s) and Tsc(s), which characterize the inertia, damping
and synchronization effects of the system in the time scale
of DC voltage. The equivalent inertia coefficient is related to
capacitance and DC bus voltage level, the equivalent damp-
ing coefficient is related to voltage outer loop proportional
control parameter and grid voltage level, and the equivalent
synchronization coefficient is related to the integral control
parameters of the voltage outer-loop and the standard value
of the grid voltage. (The detailed derivation process of Equa-
tion (16) is given in the appendix).

C. INERTIA DAMPING CHARACTERISTICS OF D-PMSG
GRID-CONNECTED SYSTEM

In the traditional power system dominated by synchronous
generators, the grid frequency is closely related to the rotor
speed. However, due to the existence of the intermediate
DC link in the D-PMSG grid-connected power generation
system, the mechanical process of the system rotor and
the electromagnetic process on the AC side are connected,
which makes the dynamic analysis of the system complicated.
Referring to the traditional electric torque analysis method
in power system, DC capacitor is taken as the equivalent
rotor (referred to as ‘static synchronous generator’ in docu-
ment [14], [15]), and the dynamic stability of the system is
reflected by DC capacitor voltage. According to the analysis
in sections 2.1 and 2.2, equivalent Phillips-Heffron models
including virtual inertia control of the system can be respec-
tively obtained as shown in Fig. 7 [11].

Fig. 4 shows that the dynamic characteristics of DC
capacitor and synchronous generator in the D-PMSG
grid-connected power generation system have certain simi-
larities. The equivalent inertia, damping and synchronization
coefficient of the system respectively represent the dynamic
stability of the system from different angles. Note that due to
the introduction of virtual inertia, the DC capacitor voltage is
dynamically affected by the virtual inertia control as shown in
the dashed box in Fig. 4. In order to analyze the influence of
virtual inertia on multiple DC voltage time scales, the virtual
inertia action channel is equivalently transformed into inertia,
damping and synchronization effect paths, and the equivalent
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FIGURE 4. Equivalent Phillips-Heffron model for D-PMSG grid-connected
power generation system.
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FIGURE 5. Equivalent Phillips-Heffron model for D-PMSG grid-connected
power generation system.

Phillips-Heffron model of D-PMSG grid-connected power
generation system is obtained again as shown in Fig. 5.
In this figure, q, m and n respectively represent the acting
coefficients of virtual inertia acting on inertia, damping and
synchronization paths, and q+m+n=1.

The equivalent inertia, damping and synchronization
parameters of the D-PMSG grid-connected power generation
system under the virtual inertia control can be obtained from
Fig. 5, respectively

Ty(s) = Tic(s) + gK,
Tp(s) = Tpc(s) + mKys
Ts(s) = Tsc(s) + nKys?

)

Equation (17) shows that the dynamic characteristics of
the system can be described by equivalent parameters 77(s),
Tp(s), Ts(s), which characterize the inertia, damping and
synchronization effects of the system under the mechanical
time scale of the wind turbine rotor and the time scale of DC
voltage. Among them, the equivalent inertia coefficient is not
only related to the capacitance and DC bus voltage level, but
also related to the virtual inertia control parameters of the
front stage. The equivalent damping coefficient is not only
related to the proportional control parameter of the voltage
outer loop and the grid voltage level value, but also related to
the virtual inertia control parameter and the first derivative of
the frequency change. The equivalent synchronization coef-
ficient is not only related to the voltage outer loop integral
control parameter and the grid voltage level value, but also
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related to the virtual inertia control parameter and the second
derivative of power angle change.
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FIGURE 6. System frequency variation curve under the influence of

different parameters. (a) the system frequency variation curve under the
influence of Ky. (b) system frequency variation curve under the influence
of Kpu. (c) the system frequency change curve under the influence of K;,.

According to the system parameters in table 1, a D-PMSG
equivalent Phillips-Heffron model as shown in Fig. 5 is estab-
lished. Setting the system to generate a small power angle
(about 5°) disturbance at 0.5s, the system frequency deviation
curve can be obtained as shown in Fig. 6. The influence of
the virtual inertia adjustment coefficient K, on the system
frequency curve can be obtained as shown in Fig. 6(a), which
reflects the influence of the system equivalent inertia on the
frequency dynamics [26]. In Fig. 6(b), the DC voltage control
proportional coefficient Kp, on the system frequency curve.
It reflects the effect of equivalent damping on the frequency
dynamics of the system. In Fig. 6(c), the influence of the
integral voltage coefficient Kj, of the graph on the system
frequency curve reflects the influence of the equivalent syn-
chronization effect of the system on the frequency dynamics.
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It can be seen from Fig. 6 that the virtual inertia of the
fan rotor has a great influence on the equivalent inertia of
the system. It can also be found from equation (17) that
the influence of virtual inertia coefficient on damping and
synchronization is related to the first derivative of frequency
change and the second derivative of power angle change.
When the frequency changes little, it has little effect on it,
so there can be p>m and p>n.

According to the above analysis, it can be seen that
the main influence of damping is the amount of variation
in the process of frequency change, and a larger inertia
effect can alleviate the problem of large frequency variation.
Damping mainly affects the magnitude of frequency varia-
tion in the process of frequency variation. Larger damping
can reduce frequency deviation. The synchronization effect
mainly affects the oscillation frequency in the process of
frequency change. A larger synchronization coefficient can
accelerate the frequency recovery, but it will also make
change of the frequency overshoot too large.

IV. SIMULATION ANALYSIS AND RESULT VERIFICATION
A. SETTING OF SIMULATION PARAMETERS

In order to verify the correctness of the mechanism analysis
of inertia damping characteristics of direct-drive wind power
generation system and the influence law of parameters in
this paper, a single machine infinite grid simulation model
as shown in Fig. 1 is built on MATLAB/Simulink simula-
tion platform. The output of the direct-drive wind turbine
is connected to the power grid through a 0.69/10kV step-up
transformer. The main parameter settings of the simulation
system are shown in Table 1. On this basis, in order to
verify the action law of equivalent parameters, the operating
condition of the simulation system is set to generate power
angle disturbance of about 10 at 13s.

TABLE 1. Main parameters of grid connected power generation system
with direct drive wind.

Parameter Quantity Value and unit
S System capacity 2/MW
U, Power voltage 10/kV
f Grid frequency 50/Hz
U, Output voltage 690/V
Uge DC voltage 1200/V

Ko PI parameter 0.56
K PI parameter 20
C DC capacitor 0.12/F
P Number of pole pairs 30
ky virtual inertia adjustment 0.37
coefficien
kv modulation depth 2

B. ANALYSIS OF INFLUENCE LAW OF PARAMETERS

1) ANALYSIS OF INERTIA RESPONSE CHARACTERISTICS

As shown in Fig. 7, the output frequency curve of inverter and
curve of DC bus voltage are respectively under disturbance.
When the grid is disturbed, as system inertia effect of the
virtual inertia control is enhanced, the output frequency of
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the inverter changes at the lowest point of the first swing and
oscillation, then the anti-disturbance capability of the system
frequency is also enhanced in Fig. 7 (a). The variation curve
of the DC bus voltage is set out in Fig. 7(b). It can be noted
from the figure that with the increase of the virtual inertia
coefficient, fluctuation of the DC bus voltage increases. The
more violent fluctuation of the DC bus voltage, the more
kinetic energy released by the rotor and the greater the tran-
sient energy provided to the system.

1260

1240

1220

Uqge/V

1200

1180

1160
1275 13.0 1325 135 1375 140 1425 145 1475 150

t/s

(b)

FIGURE 7. Influence analysis of equivalent inertia coefficient.
(a) frequency variation curve of system. (b) capacitance-voltage change.

2) ANALYSIS OF DAMPING RESPONSE CHARACTERISTICS
As shown in Fig. 8, the output frequency curve of inverter
and curve of DC bus voltage are respectively under dis-
turbance. When the grid is disturbed, according to equa-
tion (17), the equivalent damping of the system builds up
over the increase of the DC voltage proportional coefficient.
As shown in Fig. 8(b), the smaller fluctuation of the DC
voltage, the smaller the oscillation amplitude. Compared with
Fig. 8(a), the frequency change of system is also improved.

3) CHARACTERISTIC ANALYSIS OF SYNCHRONIZATION
EFFECT

As shown in Fig. 9, the output frequency curve of inverter
and curve of DC bus voltage are respectively under distur-
bance. When the grid is disturbed, according to equation (17),
the equivalent synchronization effect of the system grows at
the increase of the DC voltage integral coefficient. As show-
ing in Fig. 9(b), with the increase of the integration coeffi-
cient, the DC voltage oscillation period obviously changes,
and the time to regain the steady state is shortened, but the
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FIGURE 8. Influence analysis of equivalent damping coefficient.
(a) system frequency variation curve. (b) capacitance-voltage change.
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FIGURE 9. Influence analysis of equivalent synchronization coefficient.
(a) the frequency variation curve of system. (b) capacitance-voltage
change.

overshoot in the oscillation process obviously increases. The
frequency changes the curve of the system corresponding to
Fig. 9(a) also has a similar change trend.
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V. CONCLUSION

In order to guarantee the correctness of the analysis of the
inertia damping characteristics of the system under the con-
trol of virtual inertia. In this paper, the direct drive wind
generation grid-connected system is used as the research
object, so then the following conclusions are obtained:

1) With regard to the D-PMSG grid connected system,
the control parameters, steady-state working points and struc-
tural parameters all have established influence on the inertia
damping characteristics.

2) In terms of control parameters, the equivalent inertia
coefficient of the system is centrally affected by the fictitious
inertia coefficient Ky of the wind turbines; the equivalent
damping coefficient is mainly influenced by the proportional
control coefficient Kp, of the DC voltage; the equivalent
synchronization coefficient is mainly affected by the integral
control coefficient Kj, of the DC voltage.

3) The dynamic performance of the system is affected by
equivalent inertia, damping and synchronization coefficient.
Compared with the steady-state action spot and structural
parameters of the system, it is the simplest way to improve the
dynamic performance of the system by changing the control
parameters.

|
. —_— |
. \
FIGURE 10. Schematic diagram of charging and discharging of DC bus
capacitor.

o

APPENDIX
As shown in Fig. 10, the charging and discharging diagram of
DC bus capacitor is shown. igc, ic, is and ug. in the diagram are
input current, capacitor current, output current and capacitor
voltage respectively.

According to the charging and discharging law of the
capacitor, the expression of capacitance current i, can be
written as

dugc .
ic = Cyc dr =ldc — Is (A.1)
Reformulated the current i. in formula (A.1) as
. dug, lCd U? dug, 2FEy dug
e = Ce—g - = T—5PC—F = =7 =% (A2)
d deC Udc t Udc d

where Ejy is the energy stored by the capacitor. Selecting
the reference voltage as the DC bus voltage Ug. and the
rated capacity Sp of the power selection system, the reference
current /g can be expressed as

Sg_ Ps

IB = =
Ugc Ugc

(A3)
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Combining equation (A.1) and dividing the two sides of
the equation by the current reference I, it can be expressed
as

L . .
2Ex d(Udc) =2ﬂduﬁc _dde s

o lc

== —_— = —— =i
¢ Is IgU, dt Pg dt Iy Iy de s
(A4)

Referring to the definition of inertia time constant of
power system, the inertia time constant of capacitance can
be defined as

2 2
CU;, _ CU;,

T, = ——
7c(8) Sk Ps

Therefore, the formula (A.1) can be reformulated as

(A.5)

duj ] ]
dtc = 11 — i (A.6)

In order to facilitate analysis, if equation (A.6) is reformu-
lated as a power expression, it can be written as

Tyc

du* * P*
TJc dc —F = de s (A7)

dr des oyt Uy

dc dc

Under the control of the voltage outer loop, the change is
small, which can be considered as approximately 1, then it
can be written as

(A.8)

i

q

FIGURE 11. Voltage and current vector diagram.

The vector diagram when grid voltage orientation
is adopted for grid-connected current control is shown
in Fig. 11. According to the diagram, the expression of grid-
connected current can be obtained as (ignoring the current
component of filter capacitor)

.U
i =1iq = X sin & (A9)

Considering the voltage control effect, from equation

(A.9), it can be obtained as

. Us . Kiy
lqg = Y siné = (ugc — Udcref)(Kpu + T) (A.10)

Equation (A.10) is linearized near a steady-state operating
point, it can be expressed as

SK A8 = (sKpy + Kin) Autge (A.11)
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where K is the structural parameter of the system, and
K = Ug/cosép. What happens when input power changes
are not considered Aigc = 0, equation (8) is linearized
sAS = Aw to consider equation (A.11) and cancel Augc
can obtain. The dynamic model of DC capacitance of the
grid-connected inverter in DC voltage time scale can be
expressed as

dAw
Tyc(s) ke —Tpc(s)Aw — Tsc(s)AS (A.12)
Among them
Tye(s) = CU; /S8
Tpe(s) = 1.5Kp, Uy (A.13)

Tse(s) = 1.5Ki, Uy
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