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Abstract—It tends to cause system oscillation when the
inverter with a phase-locked loop based on proportional
integral controller (PI-PLL) is connected to the weak grid. To
improve the oscillation suppression ability of the grid-
connected inverter, a linear active disturbance rejection
controller is applied to PLL (LADRC-PLL). Considering the
influence of linear extended state observer, voltage outer-
loop, current inner-loop and frequency coupling, the
admittance model of the grid-connected inverter with
LADRC-PLL is established. Based on the established
admittance model and the generalized Nyquist criterion, the
system stabilities of the grid-connected inverters with
LADRC-PLL and PI-PLL are compared. The comparison
results indicate that the grid-connected inverter with
LADRC-PLL has better adaptability to the weak grid and
shows a certain ability to suppress the sub- and super-
synchronous oscillation. Then, the influence of the control
parameters of LADRC-PLL on the system stability is studied.
It is found that the system keeps stable when the control
parameter of LADRC-PLL is changed in a relatively wide
range, which indicates LADRC-PLL has good robustness.
Furthermore, the dynamic performances of the grid-
connected inverters with LADRC-PLL and PI-PLL are
analyzed. It is revealed that the grid-connected inverter with
LADRC-PLL has better dynamic performance. Finally, the
correctness of the analysis is verified by experiments.

Index Terms—Admittance modeling, LADRC,
analysis, sub- and super-synchronous oscillation.

stability

|.  INTRODUCTION

ITH the increasing penetration of renewable energy (such
as wind and solar) in the grid, the system oscillation
frequently occurs when the renewable energy generator
connected to the grid through the inverter. The system oscillation
will result in the disconnection of the renewable energy generator,
and even lead to the cutting off of the thermal power generator
due to the shaft torsional vibrations, which seriously restricts the
absorption of the renewable energy and threatens the stable
operation of the grid [1].
In recent years, many researchers have devoted themselves to
the study of the system oscillation when the inverter is connected
to the weak grid [2]-[3]. The common research ideas are shown

Manuscript received August 26, 2020; revised October 31, 2020; ac-
cepted November 26, 2020. This work was supported in part by the Na-
tional Key Research and Development Program of China
(2017YFB0902000), in part by the China Postdoctoral Science Founda-
tion under Grant (2020M682551) and in part by the Natural Science
Foundation of Hunan Province (2020JJ5081).

Z. Xie, W. Wu, L. Zhou, and X. Zhou are with the College of Electrical
and Information Engineering, Hunan University, Changsha 410082, China.

Y. Chen is with the College of Electrical and Information Engineering,
Hunan University, Changsha 410082, China (Corresponding author,
e-mail: yandong_chen@hnu.edu.cn).

W. Gong is with Electric Power Research Institute of Guangxi Power
Grid Co. Ltd., Nanning 530023, China.

J. M. Guerrero is with the Department of Energy Technology, Aalborg
University, Denmark.

as follows: the system model is established firstly; then, the
system stability is analyzed and the method to improve the
system stability is proposed based on the established model. In
the aspect of the grid-connected inverter system modeling, it is
general to establish the small-signal impedance (admittance)
model of the grid-connected inverter in frequency domain. The
d-q impedance modeling method in synchronous coordinate
system was proposed in [4]. Considering the influence of power
outer-loop, current inner-loop and phase-locked loop (PLL), the
d-q impedance model of the grid-connected inverter was
established. Furthermore, it was proposed in [5] to establish the
sequence impedance model for the grid-connected inverter in
static coordinate system. The sequence impedance model has a
clear physical meaning, can be widely applicated and is
convenient to be verified by impedance measurement [6]-[7]. To
analyze the mechanism of the system oscillation more accurately,
an admittance model was established in [8] considering the
influence of frequency coupling and voltage outer-loop.

In terms of stability analysis of the grid-connected inverter
system, based on the established model, Nyquist criterion,
generalized Nyqusit criterion or system poles can be used to
explore the root cause of the system oscillation [9]-[11]. At
present, it is generally believed that the mechanism of the system
oscillation is the weak damping or negative damping oscillation
produced by the interaction between the grid-connected inverter
and the grid. The impedance-based method is adopted to analyze
the influence of the short-circuit ratio (SCR), number and output
power of wind turbines, and control parameters on the system
oscillation [12]. The research shows that the grid-connected
inverter of the permanent magnetic synchronous generator at its
oscillation frequency presents the characteristic of “capacitive
impedance with negative resistance” due to its control method,
and forms weak damping or negative damping LC oscillation
circuit with the inductive grid, which leads to the system
oscillation. A lot of studies have shown that the PLL based on
proportional integral controller (PI-PLL) is an important factor
causing the sub- and super-synchronous oscillation in the grid-
connected inverter system [13]-[22]. It is pointed out that PLL
can affect the system oscillation mode of wind farms through the
eigenvalue analysis method [13]. With the increasing of the PLL
bandwidth, the system oscillation frequency increases, the
stability margin decreases. The study in [14] shows that PLL
affects the stability of current closed-loop control through the
grid impedance, and the weaker the grid, the more obvious the
coupling effect of PLL.

In order to suppress the adverse effects of PLL, there are many
oscillation suppression methods, such as special device for
oscillation suppression, control parameter optimization method,
improved control strategy [15]-[16]. The static synchronous
compensator (STATCOM) is applied to suppresses the sub-
synchronous oscillation (SSR) in [17]. This method is convenient
which uses the devices inside the renewable energy station to
realize the oscillation suppression. However, STATCOM also
have the risk of causing system stability problems due to their
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interactions with AC power grid. It is proposed in [18] that
reducing PLL bandwidth can strengthen system stability. What’s
more, an optimization design of the control parameter
considering the influence of PLL and the grid impedance is put
forward in [19] and the system stability is improved. Due to the
consideration of the system dynamic performance, the
optimization design of the control parameter cannot significantly
enhance the system stability. In recent years, many researchers
focus on the improved control strategy. The method
reconstructing the impedance of the grid-connected inverter at
the specified frequency area to enhance the system damping is
suggested in [20], which effectively suppressed the sub- and
super-synchronous oscillation. In [21], a voltage feed-forward
oscillation suppression method is proposed. The adverse effects
of PLL and the grid impedance on system stability can be offset
by voltage feedforward control. It is mentioned in [22] that a
virtual synchronous generator control strategy without PLL can
be adopted to suppress the adverse effects of PLL and strengthen
the system stability. The effectiveness of the improved control
strategy makes it becomes the commonly method used to
suppress the oscillation.

In 1999, J. Han systematically proposed active disturbance
rejection control based on the study of classical regulation theory
and modern control theory [23]. Then, Z. Gao linearized the
controller and the extended state observer, and proposed linear
active disturbance rejection controller (LADRC), which
simplified the parameter tuning method of ADRC [24]. Since
LADRC has the advantages of good tracking performance, anti-
interference ability and the convenient for application, it is
widely used in power electronic equipment such as DC converter,
PWM rectifier and grid-connected inverter [25]-[28]. The control
strategy of the grid-connected inverter plays an important role in
the admittance characteristics and stability. However, the
admittance characteristics of the grid-connected inverter with the
PLL based on LADRC (LADRC-PLL) is rarely studied. What’s
more, there is no comprehensively comparative analysis about
the admittance characteristics and the stability of the grid-
connected inverters with LADRC-PLL and PI-PLL.

In this paper, admittance model of the grid-connected inverter
with LADRC-PLL is established and its system stability is
analyzed. The rest of this paper is organized as follows. The grid-
connected inverter with LADRC-PLL is introduced in Section II.
In Section III, considering the influence of linear extended state
observer (LESO), voltage outer-loop, current inner-loop and
frequency coupling, the admittance model of the grid-connected
inverter with LADRC-PLL is established through harmonic
linearization method. The admittance characteristics of the grid-
connected inverters with LADRC-PLL and PI-PLL is verified
and analyzed in Section IV. In Section V, based on the
established admittance model and the generalized Nyqusit
criterion, the influence of SCR on the stability of the grid-
connected inverters with LADRC-PLL and PI-PLL is analyzed;
the robustness of control parameters on LADRC-PLL is studied;
the dynamic performances of the grid-connected inverters with
LADRC-PLL and PI-PLL are compared. Finally, the correctness
of the analysis is verified by experiments in Section VI and some
conclusions are drawn in Section VII.

II. THE GRID-CONNECTED INVERTER WITH LADRC-PLL

A. Topology and control

The topology and control of the grid-connected inverter with
LADRC-PLL are shown in Fig. 1, v,, v, and v, are voltages in the

point of common coupling (PCC). i,, #, and i are filter inductor
currents of the grid-connected inverter. Ls, Crand Ry are filter
inductor, filter capacitor and damping resistor, respectively; L,
and R, are equivalent line inductor and resistor of the grid,
respectively. In Fig. 1, since the filter capacitor branch is not
included in the control system, it can be regarded as a part of
admittance of the grid-connected inverter as well as a part of the
grid impedance. In this paper, Z, shown in Fig. 1 is defined as the
grid impedance and Yi,, presents the admittance of the grid-
connected inverter.

The difference between the grid-connected inverter with
LADRC-PLL and PI-PLL is the control strategy in PLL: one
adopts LADRC, the other adopts PI controller. What’s more, PI
controllers are applied to voltage outer-loop and current inner-
loop control of the grid-connected inverters:

ki v ki c
G, (S):kpiv+ ; ; GC(S):kp,cJFT (1)
where k;, v and k, . are the proportional coefficients; ki y and k; ¢
are the integral coefficients.

Z Y. ire

-

¢ g Va

Grid

Fig. 1. The grid-connected inverter with LADRC-PLL.

B. The design of LADRC-PLL

The design process of LADRC-PLL starts with the PI-PLL
which is shown in Fig. 2.

Va » Vq
v, | abc/ >

6
ky pLithki pro/s |_’wm s 1>

Ve dq Lﬁ(%_,(
ePLLT 0

Fig. 2. The control block of PI-PLL.

When there is a small-disturbance in the system, the
relationship between the actual phase of the voltage in PCC 6 and
the tracked phase of the PLL fp is shown in Fig. 3. Generally,
the change of Oprr lags slightly behind that of 6. Vi, is the
amplitude of the voltage in PCC.

L O

e,
0—0pLL
Fig. 3. The relationship between 6 and 6.

According to Fig. 3, v4 and vq can be expressed as follows.
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Va | _ v |:C(.)S(9 - 61 )} V. { 1 }
v, sin(@ — 6y ,) -6y,

Therefore, the equivalent control structure of the linearized PI-
PLL can be obtained from (2) and Fig. 2, as shown in Fig. 4.

E.?_>| ky pLitki pLL/s |ﬂ>| /s lﬁph
0

2

Vin ®
of+

Fig. 4. The equivalent control structure of the linearized PI-PLL.

LADRC can be used to replace the PI control strategy in Fig. 4
to obtain LADRC-PLL. y = vq and u = wprL are defined as the
output signal and the input signal of the control object of
LADRC, respectively. Thus, the differential equation of the
control object of LADRC is shown as (3).

Y=V (== +6)
s
= y=-V,u+6 3)
= y=bu+ f;
where the input gain bg = — Vi, the disturbance fa= 6.

According to (3), the controlled object is a first-order system.
Therefore, the typical first-order LADRC can be adopted. The
designed control structure of LADRC-PLL is shown in Fig. 5.
LADRC is mainly composed of LESO, linear error feedback
control law and disturbance compensation.

Disturbance I
compensation |

Linear error
feedback control law

tets 2

| :
L LADRC

Fig. 5. The designed control structure of LADRC-PLL.
C. The design of the parameters in LADRC-PLL

LESO is used to estimate vq and fq. It is defined that x; = y,
X2=fa, h =fd , (3) can be transformed to the form of state space

model as follows.

x=Ax+Bu+Eh
4

y=Cx

where 4 =[0, 1; 0, 0], B=[bo, 0], C=[1,0], E=[0, 11"

The Luenberger observer is adopted to construct LESO, as
shown in (5).

x=Ai+Bu+L(y-5)=(4-LC)i+(B L)(u y)

A B u O

y=Cx
where X, X, and  are the estimated value of x;, x; and y. The
system matrix 4> = [f1, 1; —f, 0], the observer gains matrix
L=1[p1, B2] 7, the input matrix B> = [bo, B1; 0, Ba].

Therefore, the LESO can be modeled as below.

);Cz -5 0] % 0 4Ly
According to (6), the LESO can be realized in the digital
controller to make the vq and f; can be estimated in real time.

(6)

The characteristic polynomial of LESO is shown as follows.
Als)= |s] - A'| =5’ + s+ 5, (7)

With reference to the bandwidth tuning method proposed by
Z. Gao [24], the characteristic roots are obtained as f1 = 2w,
B> = wo?, wo is the observer bandwidth.

Due to X, = x, = f, (it is valid within the designed wy), the
differential equation of LADRC-PLL is expressed as follows:
V= Jotug =% =uy +(fy - %) 2 u
where u, is obtained from linear error feedback control law:
uy =k, (x,—r),

@®)

r is the set value of the controller, » = 0 in PLL.
The expected closed-loop transfer function of the system can
be obtained by (8) after the Laplace transformation.

Y _ —k
R(s) s—k

p
where Y(s) and R(s) are the expressions of y and r after the
Laplace transformation; the controller bandwidth w. = —k,.

©)

III. ADMITTANCE MODELING OF THE GRID-CONNECTED
INVERTER WITH LADRC-PLL

Considering the influence of LESO, voltage outer-loop,
current inner-loop and frequency coupling, the admittance model
of the grid-connected inverter with LADRC-PLL is derived by
harmonic linearization method.

When a positive-sequence voltage perturbation at the
perturbation frequency f, is injected into the grid-connected
inverter system, it will generate a positive-sequence response
current at f, and a negative-sequence response current at the
coupling frequency f,1 = f;—2fi. Due to the existence of the grid
impedance, a negative-sequence voltage at f,; will occur in PCC.
Thus, after the voltage perturbation is injected, the expressions of
v, and i, in time-domain are shown as follows.

v, (t)lecos(27zf1t)+Vpcos(27zfpt+¢JVp) 10
+V, cos(27rfplt + qovpl)

i, () =1 cos(2n fit + @, ) + 1, cos(Zizfpt + ¢ip)

+ Ip1 cos(27zfplt + goipl)

where f is the fundamental frequency; V1, Vp, Vi, 11, Iy and Iy
are the amplitudes of the corresponding voltage and current,
respectively; gv, @vp1, i1, @ipand @ip1 are the initial phase of the
corresponding voltage and current, respectively. The expressions
of v, and 7, in frequency-domain can be obtained as below.

(1D

Vi, f=%f, L, f=%4
V.[/1= Vp’ f:ifp , LIf]= Ip’ f:i_fp (12)
Vpl’ f=ifp1 Ipl’ fzifpl

where V1:V1/2, Vp:(Vp/Z)eif‘/’w, Vplz(Vpl/Z)eimVPl, 11:(]1/2)e‘im”,
L,=(1,/2)e?, Iy =(I,1/2)e7w,

The Park’s transformation and the inverse Park’s
transformation in Fig. 1 are defined as (13) and (14), respectively.

T (QPLL ) =
cosGp;  €os(Gpy —27/3)  cos(Gyy, +27/3)
% —sin6y; —sin(Gy, —27/3) —sin(6,, +27/3)
1/2 1/2 1/2

(13)
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cos &y —sinGp ;. 1
T (6o ) =| co8(Gp —27/3) —sin(Gp, —27/3) 1](14)
cos(Gpy +27/3) —sin(Gp +27/3) 1

A. LADRC-PLL modeling

According to (6), the transfer function model of LESO can be
represented as Fig. 6. X, and x, are both affected by y and u.
The expressions of X, and X, are obtained with the
superposition principle, as shown in (15) and (16).

Fig. 6. The transfer function model of LESO.

2
oo 2wos+a)20 ; bys o (15)
(s+ap) (s+ap)
N 2 b 2
% = Dy S v, - 0@ @y (16)
(s+a,) (s+a,)

According to the designed control structure of LADRC-PLL
shown in Fig. 5, the following relationship can be obtained:

. 11
(xlkp—xz)b—-;=9PLL (17)
0

where Oprr = wprr/s. Submitting (15) and (16) to (17), (18) can
be derived.

~ (2kp - a)o)a)os + kpa)g )
bys® + (20)0 —k, )b052 !
The transfer function between Gpr1, and vq can be defined as:
(2kp -, )coos + kpwg
GppL (S ) =3 2

bys® + (2, — k, ) bys
Considering that LADRC-PLL is affected by disturbance, the

output of LADRC-PLL is expressed as Opri(f) = AGprL()+0:(2).
Therefore, (13) and (14) can be derived as:

T (G (1)) =

cos(AHPLL (Z))

(18)

PLL

(19)

sin (A, (¢)) 0

(20)
—sin(AGy, (1)) cos(Aby, (1)) O|T(6,(¢))
0 0 1
T (6, (1)) =
cos(AGy (1)) —sin(AG,, (t)) @1

0

T(6,(2))] sin(Abyy, (1)) cos(Abyy (1)) O

0 0 1

The expressions of v4, vq, ia and iq in frequency domain can be
obtained from the Park’s transformation in (20).

According to the derivation in [5], the relationship between
ABpr1 and V,, Vp at f=+£(f,—f1) can be obtained as follows:

AOy [ f]= Tp (SZ)Vp + Tpl (SZ)Vpl

Tp(S)Z $]G1>LL(S) :Tpl(s): i]GPLL(S)
1+VIGPLL(S) 1+VIGPLL(S)

(22)
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B. Voltage outer-loop modeling

When the switch loss of the grid-connected inverter is ignored,
the power on the DC-side is equal to the power on the AC-side.
Therefore, (23) can be obtained.

(ire = 5Cy.Vye ) Ve = (va + L, )ia + (vb + sLeiy, )ib @3
+ (vc + 8L, )ic

The expression of DC-side voltage at frequency f= +(f,~f1) can

be derived through (23).

3[(V +SLE L, + (L0 + V)L + VL + V|

IE (24)

where s, = £(72nf,—j2nf1), Vac is the steady-state component of
vac[f]. What’s more, vq4[f] can be expressed as:

Vi [f]1= Ad, + AL, + A,V + A4,V

le =5 Cdc Vdc

(25)

where

4 4]
Avl AVZ

In order to simplify the expression, it can be defined that
s = £j2nfy, 81 = £720f1, sp1 = £(2nfy—j4nfr).

C. Current inner-loop modeling

3(V1* + SZLfIIF) 3(V1 + Sszll)
ire - S2 Cchdc
31

e =5 Cdc Vdc

ire - S2 Cdc Vdc
31,

le =5 Cdc Vdc

According to the control method of the grid-connected inverter
with LADRC-PLL shown in Fig. 1, the expressions of the
modulation signal mq4 and mq can be obtained.

|:md:|_ [(vdc _vref)Gv (S)_id]Gi (S)_Kdiq
g iy rer —1) Gi (5) + K iy
where v is the reference value of the DC-side voltage, iq ref 1S

the reference value of the filter inductor current in g-axis.
The fundamental component m1; in m, is shown in (27).

(26)

_Vi+sL, 7
ml prmvref ( )
The expressions of mq and mq are obtained from (26) and (27).
my, ,dc

m=1(vae ()G, () =i ()G ()= (@)

K, (s,) JS=%(f-1)

mq() 5 dc

my= (29)

q . .
~iy(5,) G, (s,) + Ky (52)>f=i(fp —fl)
where mgo and mqo are the real part and imaginary part of m;,
respectively.

After mq and mgq are transformed into static coordinate system
by the inverse Park’s transformation in (21), m, can be obtained.

m, =COS(91 [f])®(md [f]_AHPLL [f]®mq [f])_
sin (6, /1) ® (A, [£1®m, [ 11+ m,[£])

where the symbol “®” denotes convolution calculation.

D. Admittance modeling
The system in Fig. 1 has the following relationship.
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SLet, = K Ve, =V, 31)
where Kpwm is the modulation coefficient. I _ Yo Yoo || Vs
According to (12), (30) and (31), the relationship between the o \Y (32)
. . . . . pl YZIL Y22L pl
disturbance voltage in v, and the response current in #, is obtained.
_ _|:Sp]Lf - (O'SAZDVZ + Gi2 )prm:H:(O'SAVIDv] + HVI + Bvl )prm - 1:| - 0'514‘iZDv] (O'SAVIDVZ + HV3 + BV3 )K[fwm (33)
" [SLf - (O'SAilel +G )prm:H:SplLf - (O-SAizsz +Gy )prm] - O'ZSAiZDleiIDVZK;wm
Y _ {_[spll‘f _(O'SAI'ZDVZ +Gi2)prm](0'5Av2Dv] +HV2 +Bv2)_0'5AiZDvl [(OSszsz +Hv4 +BV4)prm _1]} prm (34)
o |:SLf - (OSEDV] + Gil )prm:H:SplLf - (O'SAiZDVZ + Gi2 )prm:| - 0’25"4iZDv1"4ile2K}3wm
) {—O.SA“DVz [(0.54,D,, + H, +B,) K, ~1]=[sL =(0.54,D,, + G, ) K, |(0.54,D,, + H., + B, )} Ko (35)
" [SLf - (O'SAilel +G; )prm:H:splLf - (O-SAizsz +G, )prm] - 0-25AizDv1Aan2Kp2wm
—0.54,D,(0.54,D,,+ Hy + B, ) Kp o = L =(0.54,D, + Gy ) Ky [[(054,D,, + Hoy + B ) Ky —1] G6)
2L

In (32), YL and Yo are sequence admittances of the grid-
connected inverter with LADRC-PLL, Y21 and Y>;1 are coupling
admittances of the grid-connected inverter with LADRC-PLL,
and their expressions are shown in (33)-(36). The expressions of
the variables in (33)-(36) are shown as (37)-(40).

B, = [Kd11+0.5(i Ty =My )]Tp (52)Vie

B, = [KdIﬁO-S(ijmdo My )}71)1 (5)Vac

* (37)
By =[ K, +0.5(F jmyg —my) | T, (52) Vi
BV4 = I:KdIT+05(:':]md0 - qu ):| T]‘Dl (sz)I/dC
{DVI}_{V@GV(SZ)GC (52)+m (38)
DV2 VchV (SZ)GC S2)+’n|
G‘1 :(—Gc (Sz)i]Kd)Vdc (39)
G, =(~G.(5,) F jKo Ve
H,, =£jG,(5,)ValiT, (s,)
H, =%jG, (SZ)VdCIl*];‘l (Sz) (40)
Hv3 = :F]Gc (S2)VdCIII;3 (SZ)
H,= :Fch (Sz ) Vdclly}al (SZ)

IV. VERIFICATION AND CHARACTERISTIC ANALYSIS OF THE
ADMITTANCE MODEL

The parameters of the grid-connected inverter with LADRC-
PLL are shown in Table I. wy is generally larger than w. and usu-
ally chosen with the consideration of the speed of states estima-
tion and noise sensitivity [29]. In this paper, wo = 1.5w. and
. = 120 rad/s. To verify the correctness of the established ad-
mittance model, an admittance measurement simulation platform
is built in Matlab/Simulink. The admittance measurement results
of the grid-connected inverter with LADRC-PLL are shown in
Fig. 7. The red solid line shows the established admittance model
of the grid-connected inverter with LADRC-PLL, and the red
circle represents the admittance measurement result. It can be
seen from Fig. 7 that the admittance measurement results are in
good agreement with the established admittance model, which
proves the correctness of the built admittance model.

There are many control methods of PLL emerged in recent
years [30]-[32]. In the communication with the manufacturers of

[SLf - (O'SA"HDV] + Gil )prm:H:SplLf - (O‘SAiZDvZ + Gi2 )prm:| - 0'25AiZDleile2K2

pwm

grid-connected inverters, it is found that most PLLs of the grid-
connected inverters still adopt PI control in synchronous coordi-
nate system. PI-PLL is the typical PLL. Therefore, this paper will
focus on the comparison between LADRC-PLL and PI-PLL.

TABLE |
PARAMETERS OF THE GRID-CONNECTED INVERTER WITH LADRC-PLL
Parameters value Parameters value
L (mH) 0.15 kp ¢ 3.08x10*
Cr (uF) 500 ki« 0.55
R (Q) 0.02 ko v 5.21
Cae (UF) 10000 kiy 719.99
ire (A) 1153.85 Kq 7.25x10°5
£ (kHz) 4.50 Kpwm 0.5
Vi (V) 563.38 bo -563
fi (Hz) 50 . (rad/s) 120
iq ref (A) 0 @ (rad/s) 180
Vrer (V) 1300 ky -120

The admittance model of the grid-connected inverter with PI-

PLL can be defined as (41).

L Yo Y || Vo
L v Y |V, “h

pl 21P 22P pl
In PI-PLL, kpiPLL = 8.90><10'2, kiiPLL = 33.28. The other
parameters of the grid-connected inverter with PI-PLL are
consistent with those of the grid-connected inverter with
LADRC-PLL. The admittance characteristic curves and
simulation measurement results of the grid-connected inverter
with PI-PLL are shown in Fig. 7. The black solid line represents

the admittance model of grid-connected inverter with PI-PLL,
and the black plus indicates the admittance measurement result.
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Fig. 7. Admittance characteristic curves.
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The amplitude difference between the grid-connected inverters
with LADCR-PLL and PI-PLL is shown in Fig. 8, the phase
difference between the grid-connected inverters with LADCR-
PLL and PI-PLL is shown in Fig. 9. The four pictures in Fig. 8
(Fig. 9) are used to present the amplitude differences (the phase

differences) of the elements in the admittance matrix,
respectively.
-5
%\10 A/A Gd:B 5% L‘ﬂ [ 354B
e VN
= -6.dB =3 -3
g-10 \/ Yiu-Yip E 5 Yin-Yizp
5 ~10
Lﬁ 3.5d 2] A
?é/ R % / \\[\ 36de
=
to g0 [N\ S
£ -3.5dB El V/ \‘/ -6dB
<5 You-Yor | <9 Yau-Yopp
10' 10° 10° 10’ 10° 10°
f(Hz) f(Hz)

Fig. 8. The amplitude differences between the grid-connected inverters
with LADCR-PLL and PI-PLL.
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Fig. 9. The phase differences between the grid-connected inverters with
LADCR-PLL and PI-PLL.

As shown in Fig. 8 and Fig. 9, the admittance characteristics of
the grid-connected inverter is changed in wide bandwidth when
PI-PLL is replaced with LADRC-PLL. 1) In the sub- and super-
synchronous frequency area (20 Hz to 80 Hz), after replacing
PI-PLL with LADRC-PLL, the positive resistive components of
the admittances are increased and the system damping is
enhanced which reduces the risk of oscillation and improves the
system stability. 2) In the high frequency area (larger than 300
Hz), the coupling admittances of the grid-connected inverter are
changed after adopting LADRC-PLL. However, the system
stability of the grid-connected inverter with LADRC-PLL is
dominated by the sequence admittances in the high frequency
area. Due to the sequence admittances never changes, the system
stability barely changes when the PI-PLL is replaced by
LADRC-PLL in the high frequency area.

Based on the established admittance model, the stability of the
grid-connected inverters with LADRC-PLL and PI-PLL will be
analyzed, and their dynamic performances will be compared.

V. ANALYSIS OF OPERATION CHARACTERISTICS OF GRID-
CONNECTED INVERTER SYSTEMS

A. Stability analysis when SCR is changed

The stability analysis of the grid-connected inverters with
LADRC-PLL and PI-PLL are based on the generalized Nyquist
criterion. 4; and A, are defined as the two eigenvalues of the
system return rate matrix shown in (42). The stability of the
system is judged according to the Nyquist plots of 4; and 4, and
the dotted line represents 4; and the solid line represents 1,.

z 'Yll Zgll

L=7 .Y = gll 'le
£ Zzz'Yzl Zgzz'Yzz

g
where Zgll = Zg(S), Zg22 = Zg(Spl)-

(42)

:—b+\/b2—4ac. A :—b—\/b2—4ac

A 2a 2a

where a = 1; b = ~(Zg1 Y111 Zg2Yn); ¢ = Zg1Zgpo(Y11 Y22~ Y12Y1).

Fig. 10(a) and (b) show the Nyquist plots of grid-connected
inverters systems when SCR changes. In Fig. 10(a), as SCR de-
creases from 3 to 1.2, both 1; and 4> do not surround (-1, j0),
which indicates the grid-connected inverter system adopting
LADRC-PLL can keep stable. In Fig. 10(b), when SCR is 1.2,
the Nyquist curve surrounds (—1, j0), which indicates the grid-
connected inverter system adopting PI-PLL is unstable. Table II
shows the system stability under different SCRs.

(43)
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Fig. 10. The Nyquist plots when SCR is changed. (a) The grid-connected
inverter with LADRC-PLL. (b) The grid-connected inverter with PI-PLL.

TABLE 11
THE SYSTEM STABILITY UNDER DIFFERENT SCRS
SCR  The system adopting LADRC-PLL

The system adopting PI-PLL

3 Stable Stable

2 Stable Stable
1.5 Stable Stable
1.2 Stable Unstable

Therefore, compared with PI-PLL, the grid-connected inverter
system adopting LADRC-PLL can keep stable under the weaker
grid conditions.

The above conclusions can also be supported in the open-loop
transfer function bode diagrams of LADRC-PLL and PI-PLL in
Fig. 11. Compared with PI-PLL, the phase of the open-loop
transfer function of LADRC-PLL near the cut-off frequency is
significantly increased, making the phase margin increases 31°.
Thus, compared with PI-PLL, the grid-connected inverter system
adopting LADRC-PLL can keep stable in the weaker grid.
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Fig. 11. The open-loop transfer function bode diagram.
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B. Robustness analysis of LADRC-PLL to control parameters

In order to study the robustness of LADRC-PLL to control pa-
rameters, the stability of the grid-connected inverter system
adopting LADRC-PLL is discussed in Fig. 12 when by, w. and
o are changed in the grid condition SCR = 1.2, respectively.

' ' T beo10697
=182\
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...
v

=
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. b=-563
-1 -0.5 0 0.5
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)
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C00=204 radfs \\

Imaginary Axis
(=]

=108 rad/s/ |
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-1 -0.5 0 0.5
Real Axis
(©

Fig. 12. The Nyquist plots when b,, w. and wy are changed. (a) by is
changed. (b) w; is changed. (c) wy is changed.

Fig. 12(a) shows the Nyquist curves of the grid-connected
inverter system adopting LADRC-PLL when by is changed. As b
decreases from —394.1 to —1069.7, the Nyquist curves never
surround (—1, j0), which indicates the system remains stable.

The Nyquist curves are shown in Fig. 12(b) to reflect the
influence of the changing w. on the system stability. With the w.
increasing from 84 rad/s to 144 rad/s, the Nyquist curves are not
surrounded (—1, j0), which shows the system keeps stable.

The Nyquist curves when @y is increased from 108 rad/s to
252 rad/s are shown in Fig. 12(c). The Nyquist curves do not
surround (—1, j0), which reflects the system remains stable.

In short, when by, w. and wy are changed in a relatively wide
range, respectively, the grid-connected inverter system adopting
LADRC-PLL keeps stable. Thus, LADRC-PLL has good
robustness to its control parameters.

C. Dynamic performance analysis

The dynamic performance of the system can be reflected by
poles and zeros of the closed-loop transfer function. In this
section, the dynamic performances according to the closed-loop
transfer functions of LADRC-PLL and PI-PLL will be analyzed.

According to Fig. 4 and Fig. 5, the closed-loop transfer
functions of the LADRC-PLL and PI-PLL are derived as below.

V.Gpo (S
GHiLADRC (S) = 1+V PGLL ( ()S) (44)
mJIPLL
V (k& k.
GHfPI (s) _ m ( oSt LPLL) (45)

2
sT+V, (kijLs + kiiPLL

The dynamic performances of LADRC-PLL and PI-PLL can
be analyzed through their poles and zeros of Gu raprc(s) and
G]-Lpl(S).

The poles and zeros diagram of Gu Laprc(s) and Gy _pi(s) with
the increasing of the amplitude of the grid voltage is shown in
Fig. 13. The orange symbols present the poles and zeros of
GHu_rapre(s) and the blue symbols present the poles and zeros of
G pi(s) while the crosses present poles and the cycles present
zeros. It can be noticed from Fig. 13 that the system dynamic
performance of Gy_Laprc(s) is determined with three poles B, C,
D, and E (There are zeros near poles A and F, therefore, poles A
and F have no effect on the system dynamic performance due to
pole-zero cancellation.). The system dynamic performance of
G pi(s) is determined with a pair of conjugate poles A’ and B’.
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Fig. 13. The poles and zeros diagram of Gy_aprc(S) and Gy_pi(S) with the
increasing of the amplitude of the grid voltage.

The larger the damping ratio is, the less oscillatory the
response is. It is shown in Fig. 13 that the damping ratios of the
poles B, C, D, and E are larger than that of the poles A’ and B’.
Therefore, compared with PI-PLL, the response in LADRC-PLL
is less oscillatory.

Moreover, the settling time is inversely proportional to the real
part of the poles. The farther the poles are from the imaginary
axis, the shorter the settling time is. Fig. 13 shows that the
distances of the three poles B, C, D, and E to the imaginary axis
are much larger than those of the poles A’ and B’. Therefore, the
settling time of LADRC-PLL is shorter than that of PI-PLL. It
can be concluded that the dynamic performance of LADRC-PLL
is better than that of PI-PLL.

In order to verify the above analysis, the simulation that the
amplitude or phase of the grid voltage drops suddenly is carried
out in the grid-connected inverter systems adopting PI-PLL and
LADRC-PLL. The responses of the systems are shown in Fig. 14
and Fig. 15.

In Fig. 14, the amplitude of the grid voltage decreases 8% at
4 s. It can be noticed that the SCR has a great impact on the
dynamic performance of both the grid-connected inverter
systems adopting PI-PLL and LADRC-PLL. The weaker the grid
becomes, the worse the dynamic performance of the system has.
Compared with the grid-connected inverter system adopting
PI-PLL, the settling time is shorter when the grid-connected
inverter system adopts LADRC-PLL and the response in the
grid-connected inverter system adopting LADRC-PLL is less
oscillatory. Thus, the grid-connected inverter system adopting
LADRC-PLL has better dynamic performance than that adopting
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PI-PLL when the amplitude of the grid voltage drops.
330

wprr. (rad/s)
w
)

’ 1(s) -

opr1 (rad/s)

t(s)
()
Fig. 14. The amplitude of the grid voltage decreases 8% at 4 s.
(a) LADRC-PLL. (b) PI-PLL.

In Fig. 15, comparison results show that the settling time of the
system adopting LADRC-PLL is shorter when the phase of the
grid voltage suddenly changes 5° at 4 s; the response in the
system adopting PI-PLL is more oscillatory. Thus, the system
adopting LADRC-PLL has better dynamic performance when the
phase of the grid voltage suddenly changes.

’ t(s)

5l

48 46 44 42 4 38
t(s)

b
Fig. 15. The phase of the grid voltag(e )suddenly changes 5° at 4 s.
(a) LADRC-PLL. (b) PI-PLL.

It can be concluded that, compared with PI-PLL, the system
adopting LADRC-PLL not only has better sub- and super-
synchronous oscillation suppression ability, but also has better
dynamic performance. The improvement of system stability is
not achieved by sacrificing the system dynamic performance.

VI. EXPERIMENTAL RESULTS

In order to further verify the correctness of the theoretical
analysis, experiments have been carried out on the hardware-in-
the-loop experimental platform, and the experimental parameters
are consistent with the simulation parameters.

A. The system stability when SCR is changed
The experimental results of the grid-connected inverter system

0278-0046 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

adopting PI-PLL when SCR is changed are shown in Fig. 16.
When SCR is 3, the system is stable; when SCR is reduced to 1.2,
the system occurs sub- and super-synchronous oscillation.

Fig. 17 shows the experimental results of the grid-connected
inverter system adopting LADRC-PLL when SCR is changed.
When SCR is 3 or 1.2, the system can keep stable.

Therefore, the experimental results verify that the grid-
connected inverter with LADRC-PLL has better ability to
suppress sub- and super-synchronous oscillation than PI-PLL.
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Fig. 16. The experimental results of the grid-connected inverter system
adopting PI-PLL when SCR is changed. (@) SCR=3. (b) SCR=1.2.
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Fig. 17. The experimental results of the grid-connected inverter system
adopting LADRC-PLL when SCR is changed. (a) SCR = 3. (b) SCR = 1.2.
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B. The robustness of LADRC-PLL to control parameters changed, respectively. As by increases from —1069.7 to —394.1,
Fig. 18 show the experimental results of the grid-connected ~@c increases from 84 rad/s to 144 rad/s, or @y increases from

inverter system adopting LADRC-PLL when by, w. and w¢ are

b= —1069.7
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108 rad/s to 252 rad/s, the system keeps stable when SCR = 1.2.

Therefore, the grid-connected inverter system adopting
LADRC-PLL keeps stable when by, . and wo are changed in a
relatively wide range, respectively. The experimental results
verify that LADRC-PLL has good robustness to its control
parameters.

C. The dynamic performance

lalp lo
[1000A/div] To verify the system dynamic performance analyzed in
Time (20ms/div) Section V, the experiments that the grid voltage suddenly
(a) decreases are tested when SCR = 2. The experimental results of
by=—394.1 the grid-connected inverter systems adopting LADRC-PLL and

PI-PLL are shown in Fig. 19 and Fig. 20.

Time (100ms/div)
(b)
Fig. 19. The experimental results when the amplitude of the grid voltage
suddenly drops. (a) LADRC-PLL. (b) PI-PLL.
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\ g Fig. 20. The experimental results when the phase of the grid voltage
: X suddenly decreases. (a) LADRC-PLL. (b) PI-PLL.
alb Lo
[1000A/div] After the amplitude of the grid voltage suddenly decreases 8%,
Time (20ms/div) the comparison between Fig. 19(a) and (b) shows that the system

®

Fig. 18. The experimental results when control parameters of LADRC-PLL
are changed. (a) bp = —1069.7. (b) by = —=394.1. (C) w. = 84 rad/s.

(d) we = 144 rad/s. (e) wo = 108 rad/s.
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(f) wo = 252 rad/s.

adopting LADRC-PLL returns to stable operation faster with less
oscillation than that adopting PI-PLL.

Similar to the results shown in Fig. 19, the system adopting
LADRC-PLL returns to stable operation faster with less
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oscillation than that adopting PI-PLL after the phase of the grid
voltage suddenly changes 5 ° in Fig. 20.

Thus, the experimental results verify the theoretical analyses in

Section V that, compared with PI-PLL, the grid-connected
inverter system adopting LADRC-PLL has better dynamic
performance.

VII. CONCLUSION

Considering the influence of LESO, voltage outer-loop,

current inner-loop and frequency coupling, the admittance model
of the grid-connected inverter with LADRC-PLL is derived by
harmonic linearization method. The admittance characteristics,
system stabilities and dynamic performances of grid-connected
inverters with LADRC-PLL and PI-PLL are comparatively
studied. The following conclusions are drawn:

D

2)

3)

4

(1]

(2]

(6]

(7]

(8]
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After replacing PI-PLL with LADRC-PLL, the positive
resistive components of the admittances are increased and
the system damping is enhanced which reduces the risk of
oscillation and improves the stability of the grid-connected
inverter system in the sub- and super-synchronous frequency
area.

The grid-connected inverter with LADRC-PLL has good
robustness. When the input gain, control bandwidth or
observer bandwidth of LADRC-PLL is changed in a
relatively wide range, the system can still keep stable.

The grid-connected inverter with LADRC-PLL has better
dynamic performance than that with PI-PLL. Compared with
the grid-connected inverter system adopting PI-PLL, the
settling time is shorter when the grid-connected inverter
system adopts LADRC-PLL and the response in the grid-
connected inverter system adopting LADRC-PLL is less
oscillatory.

The above conclusions show that the grid-connected inverter
with LADRC-PLL does not sacrifice the dynamic
performance to improve system stability and has good
robustness, which is very suitable for the system connected
with the high proportion of renewable energy generator.
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