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Abstract. With the development of new energy power generation technology,
more and more regions are increasing the construction of new energy power gen-
eration facilities. However, due to the unstable factors in the source of new energy,
the traditional modeling methods require a lot of work. Modeling the impedance
of the system in a d-q frames has become a new option, but there is no reference
for the derivation process of the system impedance, control model and mathemat-
ical model. In order to reduce the amount of tasks of more complex impedance
modeling, this paper correspond the control model and mathematical model of
Grid-connected inverters in Matlab/Simulink. Among them, the most important
part of the control model is the model building of PLL, which includes power
control and current control.

Keywords: Grid-connected inverters - Small signal model - Impedance
modeling

1 Introduction

Grid-connected inverters are the key components that deliver renewable energy to the grid
[1,2]. In the process of grid connection, harmonic pollution will occur, which pollutes the
electricity. The frequency and phase of the output current of the grid-connected inverter
are delayed from the frequency and phase of the system, so the phase-locked loop is
needed to achieve synchronization [3]. Compared with state space equation method,
impedance-based method has advantages that analysis of high-order equations can be
avoided and model doesn’t have to be rebuilt when system structure changes [4].

Recently, the impedance model-based analysis [5—7] has been proposed to provide
insights into this instability issue.

Because the Grid-connected terminal is a three-phase AC system, it cannot be studied
in the static coordinate system. The existing methods need to carry out Park transfor-
mation and Clark transformation, so as to realize from three-phase static coordinate
system to two-phase static coordinate system or to d-q frames. Impedance model is eas-
ier to establish in this paper in d-q frames. The model equivalent input is given in this
paper considering rotor current controllers and PLL. And use the small signal method
to analyze the stability of the system [8—10].
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This paper is organized as follows. Section 2 is the topology, mathematical model
and control model of Grid-connected inverters. Section 3 is the mathematical model and
control model of PLL. Section 4 is the model with current control and power control.
Section 5 is based on MATLAB/Simulink, which corresponds the simulation model to
the control model and deduces the equivalent impedance. Section 6 concludes this paper.

2 Impedance Modeling of Grid-Connected Inverter

Figure 1 is the structure diagram of three-phase Grid-connected inverter, which can be
divided into main power route control circuit. In the main circuit, U,, U, and U, are
the three-phase voltage measured with grid entry point; I, I, and /.. are the three-phase
current measured with grid entry point; ug,u,,0 are the d-axis g-axis grid entry point
voltage output by the PLL in the controller coordinate system; iy, igref, iq and iy are
the d-axis g-axis grid entry point current and its reference value; PQ are the active power
and reactive power calculated by the measured data in the power control; Pyer, O are
the active power reference quantity of power and reactive power [11].
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Fig. 1. The structure diagram of three-phase Grid-connected inverter

The small signal model in d-q frames is shown in Fig. 2. In the Fig. 2, the D, U and /
respectively represent duty ratio, voltage and current in stable state, and d, « and i are the
small signal disturbance values. Among them, the main circuit parameters are indicated
by superscript s, and the subscript d and q corresponds to the d-axis g-axis respectively.
uge = Uge + lge; ug, iq, ug, ig represents the voltage disturbance value of d-axis
parallel node, the current disturbance value of parallel node, the voltage disturbance
value of g-axis parallel node and the current disturbance value of parallel node in the
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main circuit coordinate system respectively; Dy, Dy, dg, d, represents the duty ratio
steady value of d-axis and g-axis and the small signal disturbance value respectively.
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Fig. 2. Small signal model of Grid-connected inverter in d-q frames

From the small signal model in Fig. 2 (a),

uge = d3I5, + DYis, +d3Is, + Dyis, (1

Its matrix form is

wie| {2 Oy || i || il || 4 .
0 00 |E.]"] o o l|]d

From Fig. 2 (b), we can see the small signal model of AC measurement, and the
small signal disturbance of grid entry point voltage is

# | _[sL+R. —oL |5y | Pr 0[] | [Uae © d; 3
i oL sL+Rp]| %, D)0 (L0 0 Ug ]| d
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Based on (2) and (3)

iy | _ sL+ R + DS} —oL+DyD; Z:’L | Vae Dty 1Dy ds
i} oL+ DyD; sL+Ry+D3 || iy I, Dy U +Dyly || dg

“4)

The transfer function matrix of the voltage to the current at the grid entry point is

sL+ R, + D? —wL + D%D?
G = [ d d 4 (5)

oL+ DyD; sL+ Ry + DS

The matrix of current transfer function from duty ratio to grid entry point is

-1
L+ R DsZ —wlL + D% D* U, — DI I5. D
Gid:|:s + Rp + d oL + d q:| |: dc dtdrL gL”d ] (6)

oL+ DD} sL+ Ry + D IDy Ui =Dl

Figure 3 depicts the open-loop input admittance model.
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Fig. 3. Control program block diagram of main circuit

3 Control Model of PLL

From [12], the function of phase-locked loop is synchronize the control system with the
main system and the control system, the PI control method is used in the phase-locked
loop. A grid-connected converter usually needs PLL to synchronize with the grid.

The transfer function between two systems can be expressed as

cosf sinf
Ty = 7
¢ [—sin@cos@} @

When the output small disturbance of the PLL between the main system and control
system is small enough, cosé = 1,sinf = 6, we can get

e _[ 1915
o= | 407 ®)
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Fig. 4. Control block diagram of PLL in d-q frames

It can also be written as
Uj + ’7‘2 _ 106 Uj + ﬁfi
Uqc + ﬁfl T l-01 U[‘; + 12‘;
|:ud:| N [ Uso + i }
~C s iy
u, —UqG + iy,

e 1
0 = u,Kprr—
S

From Fig. 4

Where Kpyp = kpprr + ]%, so (11) can also be written as

_ KprL e
s+ UjKprL 1

Similarly,

; 0 IGprL
G = [o G
GPLL
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Fig. 5. Control block diagram with PLL
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_Ds
G, = 0 =DyGprL (14)
0 DZGPLL

The control block diagram with PLL is as shown in the Fig. 5

4 Model with Current Control and Power Control

According to the main circuit structure, the PI current loop control mode is adopted and
the current loop control matrix is

ki + 50
G.: = Pl s B 15
“ [ 0 kpi+&:| ()

N

Since the current loop control contains coupling, the d-axis and g-axis are decoupled,

the matrix form is
0 — 3wL
Gaei = Ve (16)
dei 3oL

Ude

After the current controller is added, the power controller is add to achieve more
accurate control effect. The transfer function matrix of power control is

ki
Gupp = |Frret758 0 (17)
0 kaQ 4 —irQ

N

Through linearization, the transfer function of active power and reactive power in
d-q frames can be obtained

. U U*
Gpp = d 4 (18)
¢ [—U;U;
IS IS
Gpp = | ¢4 1 (19)
Q [1; -1

The control block diagram including current control, power control and PLL is shown
in Fig. 6.
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Fig. 6. Control block diagram including current control, power control and PLL

5 Matlab/Simulink Partial Simulation Model and Equivalent
Impedance Derivation

From the control block diagram in Fig. 6, we can get

[g} - G;Q[Zé}w;g[ﬁ%ﬂ 20)
q q

%p = Gerg(POry — PO) 1)
d° = Gaeily, + Geiig,ep —17) (22)

Based on (15) to (19), the simulation model of duty ratio of control system can be
obtained as follows

~ kipg ~ ki; 3oL~
d¢ = |:(Pref — P) (kaQ + T — lgyL kp,’ + ? — Use lcC]L

kip ~ kij 3woL~,
+ |:(Qr6f -0) <kaQ + Z_Q> - l;L] (kpi + _l> + ar (23)
S N Udc

The simulation model in Matlab /Simulink is (Fig. 7).
Continue to derive the control model based on (21), (22)

© =T 4+Gh i (24)
B = GaGud* + Guit* (25)

C~1S = &C + GgLLﬁS (26)
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Fig. 7. Simulation model of duty ratio d° of control system in Matlab/Simulink

If the reference value of active power and reactive power is 0, then

d‘ = (Gdei —Gei — GciGcPQG;)Q)7z — GciGepoGpp Gpoit’ (27)
Substituting Eq. (24) into Eq. (27)

ac = (Gdei — Gy — Gc,-G(.PQG},Q)ﬁ + (Gde,-cj;,LL = GeiGlpyy, — GepoGioy Gy — chgc;;LLG;’,Q)aS

(28)
& = (Gas — Gei = GaGeraGig 1t

+ (GdEiG;’ 11— GeiGprr, = GeiGepGpGpg — GeiGeroGriiGro + GgLL)ﬁS
(29)
Based on (29) and (25)
i, = GaeGia (Gdei - G — GcichQG;',Q)Z{

+ [Giu + GaerGia (GaeiGhrr, — GeiGhry, — GeiGepoGpy1Gig — GeiGepGriGho + Gy ) [i*

(30)
So the equivalent impedance is
, [E + Gue1Gia (Gci + GciGcPQGﬁaQ - Gdeiﬂ
out — - N . .
[Giu + Guer1Gia (GdeiGjDLL - GciG;)LL - GciGcPQGfDLLG;)Q - GciGcPQG}})LLG}})Q + G;i)LL)]
(31)

Simulation verification is carried out in MATLAB/Simulink, the results are as follow
Figure.
From the Fig. 8, the theoretical results of the model are in good agreement with

the actual results of frequency sweep the reliability of the impedance model has been
deduced.
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Fig. 8. Simulation result

6 Conclusion

In this paper, the solution process of the impedance model of the Grid-connected inverters
in the d-q frames is deduced. According to the small signal model in the d-q frames, the
transfer matrix of the main circuit with disturbance is derived firstly, then the influence
of the phase-locked loop in the control system is considered, same as the influence of
the current control and the power control. Finally, the output equivalent impedance is
derived. It provides a bridge for the later establishment and research of impedance model,
reduces the workload of model understanding, and lays foundation for the subsequent
stability analysis in a longer term.
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