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ABSTRACT Small-signal stability problems often occur when the inverter for renewable energy generation
is connected to weak grid. A small-signal transfer function integrated model reflecting the interaction of
grid impedance, phase locked-loop (PLL), and current control loop is established in this paper. Based on
the established model, the oscillation mechanism of the grid-connected inverter system is revealed: the
inductance current flowing through the grid impedance can produce a voltage disturbance, which will
eventually affect the inductance current through PLL and current control loop. Therefore, the loop composed
of the grid impedance and PLL can easily lead to the oscillation of the grid-connected inverter system under
weak grid condition. To suppress the oscillation, a control parameters design method of the grid-connected
inverter is proposed. Without changing the control method, the proposed control parameters design method
can ensure the stable operation of the grid-connected inverter system under the very weak grid condition
when the short-circuit ratio (SCR) is 2. Finally, the experimental results verify the correctness of the stability
analysis and the effectiveness of the control parameters design method proposed in this paper.

INDEX TERMS Small-signal transfer function integrated model, small-signal stability, grid-connected

inverter, weak grid.

I. INTRODUCTION

Renewable energy generation has been developed rapidly in
response to the crisis of energy shortage and increased envi-
ronmental pollution [1]. However, the capacity of power elec-
tronic device is increasing with the development of renewable
energy generation [2]. The grid-connected power electronic
devices affect the operation characteristics of the grid and
weaken the grid [3]. Thus the small-signal stability problems
occur one after another when inverters are connected to the
weak grid [4], [5], which seriously threatens the safe and
stable operation of the grid.

It is well known that there are three main methods to ana-
lyze the small-signal stability of the grid-connected inverter:
impedance-based method [6], state-space method [7], and tra-
ditional transfer function method [8]. The impedance-based

The associate editor coordinating the review of this manuscript and

approving it for publication was Giambattista Gruosso

40474 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

method is to divide the interconnected systems into two inde-
pendent subsystems and establish the impedance models of
the two subsystems, which reduces the complexity of system
modeling. Then, the system stability is analyzed based on the
impedance stability criterion. However, because of the exis-
tence of the coupling impedance [9], [10], the stability anal-
ysis based on impedance model becomes complicated [11].
The state-space method establishes the state-space model of
the system, and then judges the stability of the system by the
characteristic equation [12]. This method enables to identify
the influence of each component on the system stability. The
traditional transfer function method is widely used in control
parameters design and system stability analysis [13]. It is the
most basic and important method in classical control theory
because of its simplicity and the ability to clearly reveal the
interaction between various components in the system [14].
In order to improve the stability and suppress oscillation of
the grid-connected inverter system, there are also three main
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methods: parameters design method [15], improved control
strategy [16], and additional special equipment [17]. The
parameters design method is the simplest and easiest oscil-
lation suppression method to implement. By designing the
parameters, the method can enhance the system stability with-
out changing the control structure of grid-connected inverters
or increasing additional equipment. At present, many param-
eters design methods are proposed. A tuning approach guided
by the eigenvalue parametric sensitivities is proposed to
enhance the system stability in [18]. Taking pulsewidth mod-
ulation transport and controller sampling delays into account,
an analytical method is presented to determine the best pos-
sible gains in [19]. To obtain the stable regions, the stability
analysis methods can be repetitively applied for all the param-
eters [20]. What’s more, a novel parameters design method
of dual-loop control strategy for grid-connected inverters is
proposed in [21]. However, the above studies do not consider
the impact of grid impedance, nor do they involve the interac-
tion between weak grid, PLL, and internal loop control. It is
pointed out in [22] that the grid impedance varies widely and
the fluctuating grid impedance will have adverse effects on
the system stability. The parameters design method which
regards the grid impedance as zero is no longer applicable
to grid-connected inverters under weak grid condition. At the
same time, the larger the grid impedance is (the weaker the
grid is), the more difficult the control parameters design of
inverters is. Considering the influence of weak grid, an idea
reducing PLL bandwidth to improve system stability is pro-
posed [23]. In the further research, an adaptive control param-
eters adjustment method based on on-line measurement of the
grid impedance is proposed [24]. But it is difficult to realize
the real-time measurement of the grid impedance. The design
method of current control loop parameters has not been given
in the above studies [22]-[24]. These existing studies on
the design of control parameters under weak grid condition
is either simply optimized parameters for current control
loop [19]-[21], or only designed PLL parameters [23]-[25].
There is no research on the design method of control parame-
ters including current control loop and PLL under weak grid
condition.

To address the above issues, a control parameters
design method of the grid-connected inverter
considering the interaction between PLL and current loop
under weak grid condition is proposed in this paper.
By changing the control parameters of the grid-connected
inverter, the stable operation of the system under weak
grid condition can be guaranteed. Firstly, considering the
influence of grid impedance and PLL, a small-signal trans-
fer function integrated model of current control loop is
established, and the interaction mechanism between PLL
and current loop is analyzed in section II. In section III,
a control parameters design method is proposed to deter-
mine the parameters of current control loop and PLL based
on the established small-signal transfer function integrated
model. Then, an experimental platform is built to verify the
correctness of the proposed parameters optimization method
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in section IV. Finally, some conclusions are obtained in
section V.

Il. MODELING AND ANALYSIS OF THE GRID-CONNECTED
INVERTER SYSTEM

A. THE GRID-CONNECTED INVERTER SYSTEM

Fig. 1 shows the topology and control of a typical grid-
connected inverter system. Cg. is DC-side capacitor. vgc is
DC-side voltage of inverter, which can be considered as a
constant. e,, ep and e; are mid-point voltages of inverter
bridge leg; v,, vy and v, are point of common coupling (PCC)
voltages. iy, ip and i are inductance currents of inverter; ig,,
igh and iy are grid-connected currents of inverter. ica, icp and
icc are filter capacitor currents. Ly, and R are the equivalent
inductance and resistance of grid, respectively. Cr and Ry
are filter capacitor and its damping resistance, respectively.
L¢ and Ry are filter inductance and its equivalent resistance,
respectively. c,, cp and ¢, are the modulation signals. iff* and
iflfk are the d-axis and g-axis components of the reference
inductance current in the control frame, respectively. Sub-
scripts “d” and “q” represent the d-axis components and
the g-axis components, respectively, and the superscript “cf”
represents the variable in the control frame.

Ry
= = =(; Q E}Q @Q
PCC 1 3 ]
P P S P e T +
Vgb ’; } Vd Iy, o Cae
. I v - =m b _ Vi
£ Lo I =M 3
[ Ve o _
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FIGURE 1. Topology and control scheme of the typical grid-connected
inverter system.

The control equations are shown in (1). Gj(s) is the PI
controller of current control loop. Gi(s) = kp i + ki_i/s;
Ky = a)1Lf/prm; Kr = 1/prm§ Kowm = vdae/2; wy is the
fundamental angular frequency of the grid.

cgf =i - i;f )Gi(s) — Kais + knd | o
o =G —iHGis) + Kai + Kpvi]

OprL is the output of PLL. Its expression [9] can be obtained
from Fig. 1.
OprL = v Gpr(s) 2
where GprL(s) = (kp_pLL + ki_pLL/S)/s.
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FIGURE 2. The control frame and the system frame.

B. SMALL-SIGNAL TRANSFER FUNCTION INTEGRATED
MODEL

As can be seen from Fig. 1, the mathematical model of the
main circuit can be derived as

{ngigd = —Ryiga + 01 Lgigq + va — vea 3
SLglgq = —Rglgq — w1Lgigd +vq — Vgq

sLiq = —Rfig + w1 Lsiq + eq — vd @)
sLgiqg = —Rfiqg — w1Lgig + eq — vq

According to Kirchhoff’s current law, we can obtain the
equations

{igd =4 — lcd )

lgq = Iq — leq
where

icd = A1va — Azvg ©)

leq = Avd + A1vg
_ sCy (sCfRq + 1) + CZRqw}

1 =
(sCeRa + 1) + (CeRaw1)? %
Crw1

Ar = 2 2
(sCtRq + 1)* + (CtRyw1)

Because of the small-disturbance in the output phase angle
of PLL, there exists a deviation Afpy, between the control
frame and the system frame, as shown in Fig. 2 [9].

Therefore, the transformations between the control frame
and the system frame are defined as

xa| _ [cos ABpLL  —sin Afpry ] xsf
Xq - L sin AQPLL

Cos AQPLL 1 x(;f
_ of ]
~ 1 AQPLL X ‘Zf ( 8)
| AfpLL 1 Xg
x;f _ i Ccos AQPLL sin AQPLL 1 Xd
x;f - | — sin AGpr1.  cos AfprL 11 %q
1 ABpLL || Xd
~ 9
| —AbpLL 1 ] |:xq ©

where the variable x can represent the PCC voltage v,
the inductance current of inverter i and the modulation
signal c.

eq and eq can be expressed as

f
ed | 1 _AQPLL C;
|:eqi| ~ Gdel(S)prm |:A9PLL 1 :| |:C;f (10)

40476

where the delay transfer fuction Ggej(s) is 1/(1.5Tss+1), sam-
pling period Ty is 5x 107> s.

The grid-connected inverter system is a nonlinear system.
In order to study the stability of the grid-connected inverter
system, it is necessary to linearize it. The prefix sign “A”
denotes the small-disturbance of variables, and the subscript
“0” denotes the steady state of variables. Combing (1), (4),
(8) and (10), in addition, the variables are substituted by the
form of x = xp + Ax and xg are eliminated, we can derive
the linearized closed-loop expression of current control loop
which considering the effect of PLL as

Aia=| Gaer()Kpum Gi(s) (A i) AprL)
+ (Gaer(s)—1) x (Avd—a)lLfAiq)] (sLe-+Ry
+Gaet () KpwmGi(s)) ™!
Aig= [Gdel(s)prmG[(s) (Aigf* +ich AepLL)
+(Gaa9)— 1) x (Avg+orLy Aig) | (sLe+Ry
+Get (DK puwm Gi(s)) ™!

Since Gyel(s)—1 = 0, the term containing (Gge1(s)—1) can
be ignored. Equation (11) can be simplified as

(1D

Gaal(9KpumGi(s) ((AiST — ie5 AdpL)
sLt + Rf + Ger(9)Kpwim Gi(s)
Gaer(KpumGils) ((AIEF -+ i5h AL )
sLt + Rt + Gae($)Kpwim Gi(s)

Grid impedance and PLL can affect the stability of the grid-
connected inverter system. In order to explore the interaction
mechanism between grid impedance, PLL, and current con-
trol loop, a small-signal transfer function integrated model of
current control loop considering the effect of grid impedance
and PLL is established.

From (9), we can get the relationship in (13).

Aig =

12)
Aig =

ng = —AbfpLLVd + Vg (13)

In order to obtain the small-signal transfer function inte-
grated model, the variables in (2), (3), (5), (6) and (13)
ignored the quadratic term and eliminated xg, are expressed
in the form of x = xp + Ax:

Avg = (sLg + Rg) Aigg — @1 LgAigg (14)
Avq = (sLg + Rg) Aigq + w1 LgAigq
Aigg = Aig — Alcg (15)
Aigq = Aig — Aigg
Aicg = A1Avg — Ay Avg (16)
Aleqg = Az Avg + A1Avqg
G
Abpr . = L@Avq (17)

I +vaoGprr(s)

Combining (14), (15) and (16), we can establish the rela-
tionships between the d-axis, g-axis small-disturbance com-
ponents of PCC voltage Avq, Avq and the d-axis, g-axis
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FIGURE 3. Small-signal transfer function integrated model of current control loop.

small-disturbance components of inductance current Aig,
Aiy.
Avg | | Az —Ay Aig
[A"q} B [A“ A3 } [Aiq} (1%)
where

A3 = {((sLg+Ro)[1+A1 (sLg +R)l+A1 (@1 L)} {[1 + Ay
X (SLg+Rg) —Ar01 Lg1* +[A2(sLg+Rg)+A 11 Lg]*} !
(19)
Ag = [01Lg(1 —Ar01 Lg) — Aa(sLg+Re)* 1 {[1+A;
X (SLg+Rg) —Ar01 Ly 1> +[A2(sLg+Rg)+A1 w1 Lg*} ™!
(20)

Substituting (18) into (17), the expression of the relation-
ship between Afpr, Aig, and Aiq can be obtained as

AbpLL = AsA4Aiq + AsAzAig 21

where

As = Gpri(s) 22)
14 vaoGprL(s)

‘We can derive the small-signal transfer function integrated
model of current control loop between the reference induc-
tance current and inductance current as

_ Gel (S)prmGi ()
© Z(1+Ag—Ag)
i = Gdel(S)prmGi(s)
17 Z (1 + 46— Ag)

[(1 — Ag) AL — A7Aigf*]

[Agmff‘ + (1 + Ag) Aigf*]
(23)

where

Z = sLt + Rt + Gael(9)Kpwm Gi(s);

As = i AsA4G e () Kpwm Gi(5)/Z;

A7 = i55 A5A3G et ()KpwmGi(9)/ Z; (24)

As = 0 AsA4G o1 (5)Kpwm Gi(5)/ Z;

Ag = 5 AsA3G o1 (5)Kpwm Gi(9)/Z

VOLUME 8, 2020

C. INTERACTION BETWEEN PLL AND CURRENT CONTROL
LOOP UNDER WEAK GRID CONDITION

According to (12), (17), and (18), the small-signal transfer
function integrated model of current control loop consider-
ing the effect of grid impedance and PLL can be obtained,
as shown in Fig. 3.

It can be seen that the voltage disturbance will occur when
the inductance current passes through the grid impedance.
The voltage disturbance affects the output of the current
control loop through PLL, and finally acts on the inductance
current. The loop composed by grid impedance and PLL
easily lead to the oscillation of the grid-connected inverter
system under weak grid condition. When the grid can be
regarded as stiff grid, L, ~ 0 mH, R, ~ 0 €. Therefore,

Az = Ay = 0. Thatis, Ag = A7 = Ag = A9 = 0.
Equation (23) can be simplified as
Aig = AL Gael(5)KpwmGi(s) / Z 25
Aig = AT Gael(9)KpwmGi(s) [ Z

Under this condition, the PLL does not affect the output
of the current control loop. The d-axis component of the
reference inductance current only affects active current con-
trol loop. The g-axis component of the reference inductance
current only affects reactive current control loop. There-
fore, the control parameters without considering the influ-
ence of grid impedance can meet the stability requirements
of the system under stiff grid condition. When the grid is
weak, the influence of Ly and R, cannot be neglected. Grid
impedance and PLL affect current control loop together,
which will have a negative impact on the stability of the grid-
connected inverter system. In general, the grid-connected
inverter for renewable energy generation only generates
active power. Therefore, this paper only discusses the case
that the reactive power reference value of the inverters i 0
is 0 A. According to Flg 3, it can be seen that the grld
impedance, PLL, and iy, ™ have an impact on the reactive cur-
rent control loop. The control parameters without considering

40477



IEEE Access

Z. Xie et al.: Modeling and Control Parameters Design for Grid-Connected Inverter System

this impact are difficult to meet the grid-connected inverter
system stability requirements under weak grid condition.

IIl. CONTROL PARAMETERS DESIGN METHOD OF THE
GRID-CONNECTED INVERTER
A. PARAMETERS DESIGN OF CURRENT CONTROL LOOP
Because the active and reactive current control loops of the
grid-connected inverters are symmetrical, the active current
control loop and the reactive current control loop choose
the same PI parameters. Because of if]g = 0 A, grid
impedance and PLL do not affect the active current control
loop. The parameters of the active current control loop are
easy to be designed. When designing the parameters of the
grid-connected inverter, the PI parameters of active current
control loop can be designed first.

From Fig. 3, the open-loop transfer function of the active
current control loop before adding Gij(s) can be obtained as

Gdel(S)prm
sLg + Ry
Gop(s) has two open-loop poles, and the corner frequencies

of the amplitude-frequency characteristics are 0.5 Hz and

2122 Hz.

There is a relationship between Gop(s) and Gij(s) in
crossover frequency wc:

Gop(s) = (26)

1
1Gi(jwe)l
Usually, the zero of the PI controller of the current control
loop is designed at the dominant pole 0.5 Hz of Gop(s), thus
ki _ L
kii R
Combining (27) and (28), k;_; can be obtained as

|Gop(jwc)| = 27)

(28)

ki i = {Kpwm[(Ri— 1.5TsLiw?)? + w?(Le+1.5TsRp)*1'/?)
{RZwc[1 — (1.5Tswe)*1[1 — (Lewe/Rp)*1?
x [1+(Liwe/Re)*1 /)1 (29)

The crossover frequency o should be less than 1/10 of
the inverter switching frequency. The PI parameters can be
obtained under the parameters in Table 1.

kp i = 0.0740

30
ki i = 0.2467 G0

The slope of Gj(s) at the crossover frequency is 0 dB/dec.
After adding Gij(s), the amplitude-frequency characteristic
curve of the open-loop transfer function of the active current
control loop will pass through the 0 dB at —20 dB/dec.
Thus, it can satisfy the phase margin requirement of the
grid-connected inverter system.

Bode plot of the open-loop transfer function without PI
controller is shown in Fig. 4 (a). It can be seen from the
diagram that the gain margin (GM) of the system is infinite
and the phase margin (PM) is 19°. Under this condition,
the PM is very small and the system is prone to instability
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FIGURE 4. Bode diagram of the open-loop transfer function. (a) without
Pl controller; (b) with PI controller.

TABLE 1. Parameters of main circuit and control.

Symbol Quantity Values
L¢ filter inductance 3 mH
R¢ equivalent resistance of filter inductance 0.01 Q
Cy filter capacitor 20 puF
R4 damping resistance of filter capacitor 1.5Q
Ve DC-side voltage 700 V
Pn rated capacity of the inverter 10 kW
fs switching frequency 20 kHz
e crossover frequency 6.28 krad/s
rofe the d-axis components of the reference
% . 22 A
inductance current
s the g-axis components of the reference
iq . 0A
inductance current
Ve grid voltage 380V
fi fundamental frequency 50 Hz

due to small-disturbance. Bode plot of open-loop transfer
function with PI controller is shown in Fig. 4 (b). It can be
seen that the GM of the system is infinite and the PM is 59°.
When GM is greater than unity, the GM can meet the system
stability requirement [14]. Compared with the system without
PI controller, the PM of the system is increased by 40°. After
adding the PI controller, the stability margin of the system is
greatly improved.

Generally, a suitable value for PM is between 30° and
60° [14]. The target for PM is increasing the PM to the range
between 30° and 60°. The PM is 59° with PI controller, thus
the PM of the system with PI controller is suitable.

B. PARAMETERS DESIGN OF PLL

Because the grid impedance affects the reactive current con-
trol loop through PLL, PLL parameters can be designed
according to the stability of reactive current control loop.
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1) INFLUENCE OF ACTIVE POWER

According to the above analysis, the iﬁg contained in the
active power Pk, is closely related to PLL parameters design
and system stability. The PLL parameters derived from [25],
kppLL = 1.963, ki pr. = 299.1989. While L, = 15.4
mH, the stability of reactive current control loop when Py
changes from 0.2 pu to 1 pu is discussed. The open-loop
transfer function of the reactive current control loop Gog(s)
shown in (31) is obtained from Fig. 3. Under the parameters
set in Table 1, Gog(s) has no right half-plane poles.

—Gael($)Kpwm Gi($)GprL (5)A3iH
Z (1 +vaoGprr(s))

The Nyquist diagram of Gog(s) with Ps changing from
0.2 pu to 1 pu is shown in Fig. 5. It can be seen from
Table 2 that the greater the Pg is, the smaller the gain margin
is, and the worse the stability of reactive current control loop
has. When P; = 0.8 pu and Py = 1 pu, Nyquist curves
surround the point (—1, jO) and the gain margin is smaller
than 1. Thus the inverter is unstable. In order to ensure the
stable operation of the grid-connected inverter system under
different active power output conditions, P; = 1 pu is chosen
when designing the PLL parameters.

€2y

Goo(s) =

TABLE 2. Stability comparison between different Ps.

P Gain margin Stability
0.2 pu 3.04 Stable
0.4 pu 1.52 Stable
0.6 pu 1.02 Stable
0.8 pu 0.76 Unstable

1 pu 0.61 Unstable

2) INFLUENCE OF THE GRID IMPEDANCE

Taking the same PLL parameters as above, and P = 1 pu,
the influence of grid impedance on the stability of the reactive
current control loop is discussed. SCR is often used to analyze
the relative strength of AC grid when power electronic device
(such as photovoltaic) is fed into AC system. This paper con-
siders stiff grid SCR = 11.6, weak grid SCR = 6, SCR = 3,
SCR = 2.5, very weak grid SCR = 2 to analyze the stability
of reactive current control loop.

The Nyquist diagram of Gogq(s) with the changing grid
condition is shown in Fig. 6. It can be seen from Table 3 that
the weaker the grid is, the smaller the gain margin is, and
the worse the stability of reactive current control loop has.
When SCR = 3, SCR = 2.5 or SCR = 2, Nyquist curves
surround the point (—1, jO) and the system gain margin is
smaller than 1. Thus the inverter is unstable. The stability
of reactive current control loop is the worst when SCR = 2.
In order to ensure the stable operation of the grid-connected
inverter system under different grid conditions, very weak
grid condition (SCR = 2) is taken into consideration when
designing the PLL parameters.
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FIGURE 5. Nyquist diagram of Ggq(s) with the changing Ps.

Imaginary Axis
(=]

SCR=11.6
-6 -4
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FIGURE 6. Nyquist diagram of Ggq(s) with the changing SCR.

3) PARAMETERS DESIGN OF PLL CONSIDERING THE
INFLUENCE OF Pg, SCR, AND CURRENT CONTROL LOOP
According to the analysis above, the PLL parameters are
designed under the very weak grid condition with Py = 1
pu. The parameters for current control loop are designed
from (28) and (29): kp_; = 0.0740, k;_; = 0.2467.
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TABLE 3. Stability comparison between different SCR.

SCR Gain margin Stability
11.6 5.12 Stable
2.27 Stable
3 0.84 Unstable
2.5 0.60 Unstable
2 0.38 Unstable
:
0.002} ]
BWp =95Hz | BWp=175Hz <« BWp, = T4 1z
0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S R —
(-1,j0)
BWpy, =85 H L= 65 Hz
-0.0021 1
1.4 12 ] 0.8

Imaginary Axis

5F ]
BWPLL =75Hz
BWpr1 = 65 Hz - BWpr1, = 85 Hz
BWeL=74Hz ; By, =95 Hz

-4 -2 0 2

Real Axis

FIGURE 7. Nyquist diagram of Ggq(s) with the changing BWpy, .

PLL is a typical second-order control system. According to
the relationship between control parameters, PLL bandwidth
BWpr . and damping ratio, the design equation of PLL param-
eters is obtained as

43w EBWpLL
kp_pLL =
\/EVg\/l—i—Zfz—i-\/ (1+2§)2+1 (32)
\/Evgkg_PLL
kiplL = ——F———

4352

The damping ratio & = 0.707. The Nyquist diagram
of Goq(s) with the changing BWprL is shown in Fig. 7.
In Table 4, it can be seen that the bigger the BWpry is,
the smaller the gain margin is, and the worse the stability of
reactive current control loop has. Under the very weak grid
condition, BWpy 1, is required smaller than 74 Hz to maintain
the stability of the reactive current control loop. In order to
keep certain stability margin, BWpr 1, = 70 Hz.

In order to verify that the reactive current control loop can
be stable in the parameter range shown in (33), taking a step
of 0.1, a three-dimensional diagram with Pg as the x-axis,
SCR as the y-axis, and the real part of the rightmost pole of
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TABLE 4. Stability comparison between different BWp, .

BWpi1 Gain margin Stability
65 Hz 1.25 Stable
74 Hz 1.01 Stable
75 Hz 0.98 Unstable
85 Hz 0.80 Unstable
95 Hz 0.66 Unstable

The Real Part of the Gcq(s)’s Rightmost Pole

1507

(=3
(=}
L

W
=1
L

The Real Part of the Geq(s)’s Rightmost Pole

(b)

FIGURE 8. Three-dimensional diagram for verifying the stability of
Goq(s)- (a) the tuned parameters; (b) the quoted parameters.

the closed-loop transfer function of reactive current control
loop Gcq(s) as the z-axis is drawn, as shown in Fig. 7. The
expression of Gcq(s) is shown in (34).

P € (Opu, 1pu]

SCR € [2,11.6] (33)
BWpr 1, = 70Hz
Ggel(s )prm Gi(s)
G = — 34
cQ(s) Z (1 — Ag) (34)

We define the tuned parameters as the parameters derived
from the proposed method in this paper and define the quoted
parameters as the parameters for current control loop derived
from [19] and the PLL parameters derived from [25]. As can
be seen from Fig. 8 (a), the real parts of the rightmost pole
of Gcq(s) are less than zero. Therefore, the tuned parameters
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FIGURE 9. Control parameters design method of the grid-connected
inverter.

satisfies the stability requirement of different grid conditions
and different active power output conditions. When the sys-
tem operating with the quoted parameters, there have some
real parts of the rightmost poles greater than zero. Therefore,
the quoted parameters cannot meet the stability requirements
of different grid conditions and diffe-rent active power con-
ditions. The simulation results verify the effectiveness of the
proposed method.

In summary, the control parameters design method of the
grid-connected inverter considering interaction between PLL
and current control loop under weak grid condition proposed
in this paper is presented in Fig. 9.

Firstly, the small-signal transfer function integrated model
of current control loop considering the influence of grid
impedance and PLL is established. The PI parameters of
current control loop are designed according to the pole-zero
cancellation method. Then, the interaction between weak
grid, PLL, and current control loop is analyzed, and the worst
condition is adopted to design the PLL parameters. Finally,
the three-dimensional diagram of the real part of the right-
most pole of Gcg(s) of reactive current control loop verified
that the grid-connected inverter system can be operated sta-
bly under different conditions with the designed parameters.
Therefore, the proposed control parameters design method
can ensure the stable operation of the grid-connected inverter
system under different conditions without changing the con-
trol strategy. It is a very simple and effective method to sup-
press the oscillation, and can be readily used in engineering
applications.

IV. EXPERIMENTS
In order to verify the correctness of the control parame-
ters design method and conclusions of this paper, the grid-
connected inverter experimental platform shown in Fig. 10 is
built. The control method is implemented in the DSP and
FPGA, and the experimental parameters are consistent with
the previous analysis.

On the experimental platform, the following experiments
Case 1~Case 8 are designed.

Case 1: The grid-connected inverter operates with the
quoted parameters (k,_; = 0.0343, ki_j = 4.5714), SCR = 2,
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FIGURE 11. The grid-connected current of the inverter with the quoted

parameters when Ps changing. (a) Ps increased from 0.2 pu to 0.4 pu;
(b) Ps increased from 0.4 pu to 0.8 pu.

and Py increased from 0.2 pu to 0.4 pu. The grid-connected
current of the inverter can be observed.

Case 2: The grid-connected inverter operates with the
quoted parameters (kp_; = 0.0343, ki_j = 4.5714), SCR =2,
and Py increased from 0.4 pu to 0.8 pu. The grid-connected
current of the inverter can be observed.

The experimental results of Case 1 and Case 2 are shown
in Fig. 11. The experimental results show that the change of
active power affects the stability of the system. Under the
condition of SCR = 2, when Py = 0.2 pu, the system can
be operated steadily. But with the increase of Pg, the system
becomes unstable gradually: when Py = 0.4 pu, the grid-
connected current is seriously distorted; when Py = 0.8 pu,
the system oscillates and then over-current protection works.
The critical value of over-current protection is 1.3 times of
rated current.
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Case 3: The grid-connected inverter operates with the
quoted parameters (kp_j = 0.0343,k;_j = 4.5714), Ps = 1pu,
and SCR decreased from 6 to 3. The grid-connected current
of the inverter can be observed.

Case 4: The grid-connected inverter operates with the
quoted parameters (kp_j = 0.0343,k;_; = 4.5714), Ps = 1 pu,
and SCR decreased from 3 to 2. The grid-connected current
of the inverter can be observed.

The experimental results of Case 3 and Case 4 are shown
in Fig. 12. It is obviously that when the SCR = 6 with the
quoted parameters, the system can operate stable. However,
when the SCR is reduced from 6 to 3, the grid-connected
current is seriously distorted and the system oscillates. When
the grid becomes very weak SCR = 2, the system oscillates
and then over-current protection works.

Ly=7.7mH, SCR = 6

>
>

L,=154mH, SCR =3

_ SESL.IENRD
A

ALY
[

<
<

| W’“ﬁ“ﬁ i

" ,,,u;.. Yiiamare v
| nl [ 1/ ; ‘1 Y
YV \4 V f \ rff‘f '

lga Igb I [10 A/div] |

I

Time (20ms/div)
(@)

Lg=154mH, SCR =3 Ly,=23.1mH, SCR =2

v [10 A/div]

Time (20ms/div)
(b)
FIGURE 12. The grid-connected current of the inverter with the quoted
parameters when SCR changing. (a) SCR decreased from 6 (Lg = 7.7 mH)

to 3 (Lg = 15.4 mH); (b) SCR decreased from 3 (Lg = 15.4 mH) to 2
(Lg = 23.1 mH).

Case 5: The grid-connected inverter operates with the
tuned parameters (k,_; = 0.0740, ki_; = 0.2467), SCR = 2,
and Pg increased from 0.2 pu to 0.4 pu. The grid-connected
current of the inverter can be observed.

Case 6: The grid-connected inverter operates with the
tuned parameters (k,_j = 0.0740, ki_; = 0.2467), SCR = 2,
and Pg increased from 0.4 pu to 0.8 pu. The grid-connected
current of the inverter can be observed.

The experimental results of Case 5 and Case 6 are shown
in Fig. 13. From the experimental results, it can be concluded
that the tuned parameters can keep the system stable under
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FIGURE 13. The grid-connected current of the inverter with the tuned

parameters when Ps changing. (a) Ps increased from 0.2 pu to 0.4 pu; (b)
Ps increased from 0.4 pu to 0.8 pu.

different active power output conditions: P; = 0.8 pu, 0.4 pu
and 0.2 pu. Compared with the experimental results in Fig. 11,
it can be seen that the tuned parameters can keep the system
stably under different Pg conditions, and have better stability
than those quoted.

Case 7: The grid-connected inverter operates with the
tuned parameters (kp_j = 0.0740, k;_; = 0.2467), Py = 1 pu,
and SCR decreased from 6 to 3. The grid-connected current
of the inverter can be observed.

Case 8: The grid-connected inverter operates with the
tuned parameters (kp_j = 0.0740, k;_; = 0.2467), Ps = 1 pu,
and SCR decreased from 3 to 2. The grid-connected current
of the inverter can be observed.

The experimental results of Case 7 and Case 8 are shown
in Fig. 14. Under the tuned parameters, when the SCR is
reduced from 6 to 3 and 2, the system can be operated steadily.
Compared with the experimental results in Fig. 12, it can be
seen that the tuned parameters can keep the system steadily in
very weak grid, and have better adaptability to weak grid than
those quoted. Experiments show that when designing control
parameters of the grid-connected inverter, the influence of
grid impedance on stability should be considered to prevent
the system oscillation when the grid condition changes.

The above experimental results show that the grid-
connected inverter system can be operated stably with the
tuned parameters under different active power output condi-
tions and different grid conditions.
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FIGURE 14. The grid-connected current of the inverter with the tuned
parameters when SCR changing. (a) SCR decreased from 6 (Lg = 7.7 mH)

to 3 (Lg = 15.4 mH); (b) SCR decreased from 3 (Lg = 15.4 mH) to 2
(Lg = 23.1 mH).

V. CONCLUSION

Small-signal stability problems often occur when the inverter
for renewable energy generation is connected to weak grid.
Considering the influence of grid impedance and PLL,
a small-signal transfer function integrated model is estab-
lished in this paper; the mechanism of the influence of grid
impedance, PLL, and current control loop on the stability of
grid-connected inverter system is analyzed; and the control
parameters design method of the grid-connected inverter con-
sidering interaction between PLL and current control loop
under weak grid condition is proposed. The following con-
clusions are drawn:

1) The small-signal transfer function integrated model of
the current control loop established in this paper shows that
the voltage disturbance will occur when the inductance cur-
rent passes through the grid impedance. The voltage distur-
bance affects the output of the current control loop through
PLL, and finally acts on the inductance current. The loop
composed of the grid impedance and PLL can easily lead
to the oscillation of the grid-connected inverter system under
weak grid condition.

2) When the grid-connected inverter only output active
power, because the reactive current reference value is 0 A,
the grid impedance and PLL only affect the stability of the
reactive current control loop, but do not affect the stability of
the active current control loop.

VOLUME 8, 2020

3) The proposed control parameters design method can
ensure the stable operation of the grid-connected inverter
under the very weak grid condition of SCR = 2. It is a very
simple and effective method to suppress the oscillation. It is
easy to be used to engineering applications without changing
the control strategy and hardware structure.
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