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ABSTRACT The study of stability criterion and interaction analysis for grid-connected inverter under
weak grid is of great value. The previous stability criterion combined current loop, phase-locked loop and
other loops together, and used the same external interface to analyze the system stability. It is difficult to
independently analyze the interaction among these loops and then design the control loop parameters under
the conclusions of the stability analysis. Different from traditional stability criterion, this paper proposes
control loop stability criterion for grid-connected inverter from the perspective of controller bandwidth
overlap. Firstly, the system d-q overall small-signal model GO considering phase-locked loop (PLL) of
grid-connected inverter under weak grid is given and split into three multiplied independent parts: grid
impedance, phase-locked loop and current controller. Then using the equivalent loop ratio expression
obtained by combining PLL and grid impedance together and then divided by the current controller,
the control loop stability criterion is proposed. The proposed stability criterion can not only maintain the
independence of each single loop, but also can analyze the overall system stability. So, further analysis of
the interaction law among the three parts under this control loop stability criterion is carried out by deducing
the expression of the bandwidth ratio n of the PLL and current controller. And it is found that under the weak
grid, the interaction between the links will be generated when the bandwidth ratio is greater than the threshold
of n. This phenomenon can be represented by the overlapping area of amplitude-frequency curves in the bode
diagram for GO. And the weaker the grid or the closer the bandwidth of PLL is to current controller, the larger
the overlapping area of amplitude-frequency curves, and the more likely it is to lead the closed-loop gain to
infinity. Furthermore, when the bandwidth of the current controller is fixed, the threshold of n varies in the
regions of less than 1 as well as more than 1 with the change of the grid strength. Therefore, the system can
remain stable no matter what the bandwidth ratio of the phase-locked loop to the current controller is greater
or less than 1. Accuracy of the proposed control loop stability criterion and interaction analysis is verified
through simulation and experimental results.

INDEX TERMS Weak grid, control loop stability criterion, interaction law, controller bandwidth, stability
boundary.

I. INTRODUCTION

In recent years, with the energy crisis of traditional fos-
sil energy sources, more and more renewable energy
sources (RESs) are integrated into the power grid
through power electronic interfaces with high penetration.

The associate editor coordinating the review of this manuscript and

approving it for publication was Youngjin Kim

Therefore, the stability of power systems with high pen-
etration of power electronic grid-connected interfaces has
gradually become an important issue, especially the stability
and interaction of grid-connected converters under weak grid
conditions [1], [2], [3].

There are many factors affecting the stability of grid-
connected inverter systems under weak grid conditions, so,
many stability criteria have been proposed for identifying
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system stability and analyzing the mechanism of system
destabilization [4], [5]. The interaction between the inverters
and the weak grid is complex, and various important factors
are intertwined together, which will cause a negative impact
on the stability of the grid-connected system [6], [7], [8].
Many scholars have proposed stability criteria for vari-
ous types of grid-connected systems from different mod-
eling perspectives, and various studies have been con-
ducted on system stability and destabilization mechanisms
based on the stability criteria. Among them, the model-
ing methods commonly used to analyze high-penetration
RES integration power systems are impedance mod-
els [9], [10], [11], [12], [13], [14], [15], state space mod-
els [16], [17], [18], [19], [20], and s-domain models based
on transfer functions [21], [22], [23], [24], [25], [26], [27].
Accordingly, there are many stability criteria for impedance
models, including traditional impedance criteria based on
d-q coordinates, generalized impedance criteria based on
polar coordinates, and sequence impedance criteria based
on positive and negative sequence models. RD Middlebrook
proposed a small-signal model based on impedance mod-
eling in the DC-DC converter system and gave a method
for identifying the system stability for the first time. The
converters are divided into source-load subsystems, and the
entire system stability is analyzed under the premise of ensur-
ing the stability of each subsystem. This method has been
widely used in AC grid-connected systems as well. With the
high penetration of RESs connected to the grid, the factors
affecting system stability become more and more complex.
For this reason, some researchers have proposed stability
criteria that are more suitable for complex grid situations.
In [11], the small-signal impedance models of the converter
and the grid were established, and the generalized impedance
of the converter and the grid was defined. Then a general-
ized impedance criterion was proposed, and the reasons for
the decrease of the stability of the converter system under
weak grid conditions were explained. In [12], the sequence
impedance model of the grid-connected direct-drive wind tur-
bine system in the static coordinate system was established,
a RLC grid-connected stability criterion was proposed, and
the oscillation frequency and damping of the system were
quantitatively analyzed. This method can reflect the influence
of the change rule of the internal oscillation mode on the
overall stability of the system. In the impedance model, the
grid-connected system and the power grid are independent
from each other, and the parameters and structural changes
of either part do not affect the other [28]. And the stability
criterion based on the impedance model can analyze the
influence and interaction of the internal control or component
parameters on the system stability by drawing the impedance
curves while changing the parameter values. The stability
criterion based on the state-space model usually requires
the establishment of the state-space equations for the whole
system, and the system stability is then analyzed based on
Lyapunov First Approximation method. In [16], the state
space small-signal model of the photovoltaic grid-connected
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inverter system was established, and the discontinuous stable
region characteristics of the grid-connected system under a
wide voltage range were obtained by means of the eigenvalue
analysis method. And from the perspective of participating
factors, the interaction law of oscillation modes between
phase-locked loop and current loop, and the ‘“‘borrowing”
damping phenomenon under the weak grid were elaborated.
Using the stability criterion based on the state space model,
the overall oscillation modes and changing law of its damping
ratio under different grid strength can be completely ana-
lyzed, but the interaction phenomenon cannot be illustrated
by analytical expression. In addition, many researchers have
proposed the stability criteria for the s-domain model based
on the transfer function [21], [22], [23], [24], [25], [26], [27].
In [23], the linearized transfer function model of the VSC
grid-connected system was established, and the stability of
the VSC system under PV control and PQ control was com-
pared and analyzed. Based on that, an analytical criterion for
system instability is proposed, the influence of the controller
parameters on the system stability was also studied, and the
instability mechanism of the grid-connected inverter system
in the weak grid was revealed.

The stability criteria based on the above three mod-
eling methods are mostly evolutionary forms based on
the traditional stability criterion method, which can effec-
tively identify the stability performance of the system.
Many researchers have studied the influence of the inter-
action between inverters and weak power networks on
system stability based on above stability criteria [15],
[16], [17], [18], [19], [20], [21], [22], [23]. For example,
in [13], based on the generalized impedance criterion, the
interaction between the phase-locked loop and the DC voltage
outer loop of the grid-connected converter under the weak
grid was studied, and the influence of the controller parame-
ters of the converter on such interaction as well as the overall
stability of the system was revealed. In [17], the state space
small-signal model of the VSC-HVDC system was estab-
lished, and the effects of the short-circuit ratio (SCR) and
phase-locked loop parameters on the stability of the system
were discussed. The authors pointed out that when SCR is rel-
atively low, especially less than 1.3, the system stability will
be greatly weakened, and the phase-locked loop performance
under low SCR will be relatively poor. In [21], the interaction
between the phase-locked loop and the current loop was
clarified by deriving the current loop transfer function model
considering the grid strength and impact of the phase-locked
loop. Also, the stability performance under weak grid was
studied with the change of phase-locked loop parameters
and grid strength, and finally a voltage feedforward method
was proposed to solve the instability problem under weak
grid.

These stability criteria and interaction analysis mentioned
above often use source-load or other similar two subsystems
modeling method. From the perspective of field application,
it is necessary to put all the control loops together and use
unified interface to identify the system instability by means
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of impedance scanning. This has achieved great success in
the renewable energy converters [29], [30]. However, it is
hard to understand how each individual loop analytically play
the role during the interaction with each other because there
are no analytical and independent equations to express the
stability relationship between individual part and the overall
system. Furthermore, it is hard to use these methods to guide
the design of controller parameters, bandwidth and analysis
of interaction laws analytically.

In order to solve the problems, different from traditional
impedance stability criterion, this paper proposes control
loop stability criterion for grid-connected inverter from the
perspective of independent controller bandwidth. Firstly, this
paper divided the current open-loop transfer function GO into
three multiplied parts: grid impedance, phase-locked loop and
current controller. And the equivalent loop ratio expression
was obtained by combining the phase-locked loop and grid
impedance together and then divided by the current con-
troller. Accordingly, the grid-connected inverter control loop
stability criterion was proposed based on Nyquist’s theorem.
Secondly, the interaction law between the three parts was
analyzed using the loop ratio expression, and it is found that
the system can remain stable no matter what the bandwidth
ratio of the phase-locked loop to the current controller is
greater or less than 1.

The innovative contribution of this paper is to separate
each loop as an independent part, which can not only main-
tain the independence of each single loop, but also can
analyze the overall stability. The interaction among these
loops and control loop parameters can also be independently
analyzed and designed while maintaining the whole system
stability.

The rest of the paper is organized as follows: the topol-
ogy and the small-signal modeling of grid-connected inverter
are presented in Section II and III. The control loop sta-
bility criterion under weak grid conditions is proposed in
Section IV. Analysis of the interaction law between weak grid
and inverter is investigated in Section V. Simulations in MAT-
LAB/Simulink and the experiment based on the hardware-
in-the-loop (HIL)platform to verify the efficiency of the pro-
posed criterion are presented in Section VI.

Il. CONTROL AND MATHEMATICAL MODELLING OF
THREE-PHASE GRID-CONNECTED INVERTER

A. TOPOLOGY AND CONTROL OF THREE-PHASE
GRID-CONNECTED INVERTER

The main circuit topology and control structure of the three-
phase grid-connected inverter are shown in Fig.1. The ideal
DC power supply is connected to the three-phase AC power
grid through the three-phase half-bridge circuit, L-filter and
grid impedance. The grid-connected inverter system in Fig.1
adopts the closed-loop control of the inverter output current
feedback under the single synchronous rotating d-g coordi-
nate system. The output of the current loop obtains the drive
signal through the d-g inverse transformation and SPWM link
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to control the grid-connected inverter. A single synchronous
rotating d-q PLL is used to track the grid vector.

In Fig.1, Cq. is the DC bus capacitor. L is the filtering
inductance of the filter. The grid impedance part includes
the resistance component Rgig and the inductance compo-
nent Lgrig. E is the three-phase grid voltage. Ig,, Iop, and
I are the three-phase currents output by the grid-connected
inverter, respectively. oy and Iy, are the d-g components of
the output current of the grid-connected inverter, respectively.
U, is the output voltage of the inverter. Ucq and U, are the
d-gq components of the output voltage of the grid-connected
inverter, respectively. wy is the grid reference angular fre-
quency. Uy is the voltage in the grid connected point. Ugy
and Ug, are the d-g components of the voltage in the grid
connected point, respectively.
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FIGURE 1. Grid-connected inverter and its control diagram.

Using the vector control in the d-g coordinate system, the
voltage vector orientation standard is defined as follows: the
orientation of the d-axis is fixed, the d-axis is 90° delayed
of the g-axis, the angle between the PLL vector and the grid
vector is §. The vector diagram is shown in Fig. 2.
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FIGURE 2. Phase relation between grid vector and PLL vector.

B. CURRENT LOOP MODEL

The control diagram of the current loop is shown in Fig. 3.
The modulation signals my and m, of the d- and g-axes
are obtained through the closed-loop PI control link, the
voltage feedforward link and the decoupling link of output
current of inverter in the d-q coordinate system. Finally, the
output voltages Ucy and U, of the grid-connected inverter
are obtained through the SPWM link.
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FIGURE 3. Control block diagram of current loop.

According to the control diagram of the current loop, the
mathematical model can be obtained as:

Ucd = Gi(lgd_reff - Igd) - wOLng + Ugd (1)
ch = Gi(lgq_ref - ng) + wOLIga’ + qu
where
K.
Gi = Ky + =" @)

where K, ¢ is the proportional coefficient of the PI controller
for the current control loop. K; ¢ is the integral coefficient
of the PI controller for the current control loop. Igg_ref is the
reference value of the d-axis current of the current control
loop. Iy ref is the reference value of the g-axis current of the
current control loop. Ugg and Uy, are the d-g components of
the voltage in the grid connected point, respectively. wy is the
grid reference angular frequency.

In order to improve the current following performance,
the current regulator is designed according to the typical I
type system [31], so the proportional coefficient and integral
coefficient of the PI regulator for the current loop can be
expressed as

[Kpcl = wcLL 3)

Ki_c1 = wcLRgria

where wcp, is the control bandwidth of the current controller.

C. PLL MODEL

A single synchronous rotating d-g PLL is used to track the
grid vector. According to the single synchronous rotating d-g
PLL control algorithm, the control diagram of the PLL can
be obtained as shown in Fig. 4.

Ugd

—

qu

e

FIGURE 4. PLL control block diagram.
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According to the PLL control diagram shown in Fig. 4, the
mathematical model can be obtained as follows:

wpit = Gpii(0 — ugy) + wo @)
0 = swpy
where
Ki pui
Gy = Kp_pit + % Q)

where wp is the grid voltage angular frequency obtained
from the PLL. K}, p1 is the proportional coefficient of the
PI controller for the PLL. K;_py is the integral coefficient of
the PI controller for the PLL. 6 is the grid vector obtained
from the PLL. wy is the grid reference angular frequency.

The PLL is usually designed as a typical II type sys-
tem [31], so the proportional and integral coefficients of the
PI regulator for the PLL can be expressed as:

2t wprL
Ky pit = U
2 &d (6)
¢
B o

where wpy 1 is the control bandwidth of the PLL, and ¢ is the
damping ratio of the PLL.

D. MAIN CIRCUIT MODEL

According to the topology of the grid-connected inverter
shown in Fig. 1, the differential equations of the main circuit
mathematical model is expressed in the d-g coordinate system
and the s-domain as follows:

sLIgq = —Rgrigleq + woLlgg + Ucg — Ugq
sLIgqg = —Rgrialgg — woLlgq + Ucq — Ugy

[SLgridIgd = —Rgrialga + woLgrialgq + Uga — Eq %)

SLgrialeq = —Rgrialgq — woLgrialga + Ugq — Eq

where s is the Laplace operator. E; and E,; are the compo-
nents on the d- and g-axes of the three-phase grid voltage,
respectively.

Similarly, according to the topology of the grid-connected
inverter shown in Fig. 1 and the vector relationship shown in
Fig.2, the mathematical model of the grid in the d-g coordi-
nate system can be obtained:

Eq = Umagg c0s 8
E; = —Umagg sind

®)

where Unagg is the peak value of grid phase voltage.

In addition, the SCR of the grid-connected inverter system
refers to the ratio of the power grid short-circuit capacity Serid
to the inverter capacity Sipy:

2
scr= Seid _ oo
Sinv |Z| X Sinv
where Up_, is phase-to-phase RMS voltage of the AC power

grid; |Z| is the amplitude of grid equivalent impedance,
and Z = Rgiq+jwoLlgid. According to IEEE Standard

©))
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1204-1997 [32], the AC power grid with SCR < 3 is the
weak power grid, and the power grid with SCR < 2 is the
extremely weak power grid. This study is mainly aimed at
the stability of grid-connected inverter systems under weak
grid and extremely weak grid.

IlIl. SMALL-SIGNAL MODEL

In order to further study the stability of the grid-connected
inverter system, the entire system needs to be linearized.
Based on equations (1)~(8), the linearized small-signal
model can be obtained through substituting all variables x
with small disturbance form xo + Ax and eliminating the
steady-state variable in the equations, where xy represents
the steady-state value of the variable, and Ax represents the
small disturbance value of the variable. In addition, in order
to emphasize the influence of the grid-connected inverter
control loop on the system stability under weak grid, based
on the linearized model from equations (1)~(8), the cur-
rent closed-loop transfer function considering the influence
of power grid strength and PLL can be obtained as shown
in [25]:

ALy = 211201, % 1
0= G TGy Moot~ TGy Mo
(10)
ALy = 2| B _a G ALy s
WG [ Tr G T T Gy
where
G* = Gi + sL + Rgrid
G.
Go = G_LGPLL [@0Lgrialgq0 — (SLgrid + Rgria)lgaol
Gi
G = EGPLL(SLg”’d + Rgria)lgdo
Gi
Gy = @GPLL(SLgrid + Rgria)lgq0
G.
Gy = G—;GPLLG)OLgridIng
G;
Gy = §GPLLw0Lgrid1gq0
G 2t wpLLs + o},
PLL =
Ugao(s* + 2¢wprrs + @7 )
(11)

Also, from equations (10)~(11), the current loop control
diagram can be obtained as follows:

Taking the d-axis current control loop as an example,
Algq ref and Alyq are the input and output of the current
loop respective, Alyy ror is the disturbance. The character-
istic equation of the current loop can be obtained as 1+Gy
according to equation (10) and the current loop control dia-
gram in Fig.5. Based on automatic control principle [33], the
open-loop transfer function Gy can be used to identify the
system stability in the followings.
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FIGURE 5. Current loop control block diagram considering PLL and power
grid strength.

In this study, taking the system operation point in unit
power factor an example, s0, Ig40 = 0, the open-loop transfer
function Gy can be obtained as +:

Go
G;
- _ﬁGPLL(SLgrid + Reria)lgao

Lea0
=4 |E5Lgrid + Rgrid)
Ugao

wcL 2¢wprrs + wI%LL
s+ wcr 2 + 20 wprrs + 0?2,

12)

IV. THE STABILITY CRITERION OF GRID-CONNECTED
INVERTER CONTROL LOOP UNDER WEAK GRID

It’s not difficult to find that the open-loop transfer func-
tion Go is mainly composed of three multiplied parts from
equation (12). Part I is the grid impedance, Part II is the
current controller and Part III is the PLL. Their expres-
sions are Ggrid = - (Ing/Ung) (SLgrid + Rgrid) » Gi_close =
wCL/(S +wcr) and Gpi_close = (ZCwPLLS + CU%LL)/
(s + 2¢wprrs + a)ﬁLL) respectively, which characterize the
influence of grid strength, control bandwidth of current con-
troller and the bandwidth of PLL on the stability of the
grid-connected inverter system.

To further study the stability performance of the grid-
connected inverter system under weak grid and the influence
of the interaction between the control loops on the system
stability, this paper proposes a control loop stability criterion
by analogy with the Nyquist criterion [28].

Firstly, the PLL is closely related to the grid impedance
part as tracking the voltage in the grid-connected point. For
analysis, their influence on the stability of the grid-connected
inverter can be regarded as one, that is, part [ and part III can
be regarded as a whole, which is denoted as Gp_grid,

Gpll _grid = Ggrid Gpll_close

Loao 20 wpLrs + @?
=5 (SLgrid + Rgrid) ) PLLZ
Ugao §7+28wprrs + oy,
(13)
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A further identical transformation of the open-loop transfer
function Gy can be given as

Gy _ Gpll _grid

—_—= (14)
Ga 1 / Gi_close

Go = Gpll _grid Gi_close =

Finally, the control loop stability criterion is given accord-
ing to the generalized Nyquist criterion [33], where both
amplitude and phase conditions need to be satisfied for the
grid-connected inverter to be able to operate stably.

1) when £Gy-LGq = 180°, |G4 (jwigoe)| > |Gn(jwisoe)l;

2) when |G4| = |G|, LGn(jwinter)-£ Ga(j@inter) >-180°;

Where wigoe is the angular frequency corresponding to the
point /G, and /Gy differ by exactly 180°, and w. is the
angular frequency corresponding to the point |Gq| and |Gy|
are exactly equal.

At the same time, the expressions for the amplitude margin
and phase margin of the grid-connected inverter system can
be given as

Ay = ’Gd(ng)| - ‘Giz(ja)g)’ (15)
Y = 180" + [£LGu(j@inter) — LG (jinter)]

According to the control loop stability criterion, when
LGp-LGq = 180°, that is, at phase cross-over frequency
w1goe of the phase- frequency curve, the open-loop trans-
fer function Gy can satisty the amplitude stability condition
|Ga(jw1goe)| > | Gn(jwigoee)|- Further analysis indicate that
the amplitude and phase of the open-loop transfer function
Gy can satisfy the stability condition to keep the closed-loop
system stable when |G4| > |Gy| in the full band range.

It can be found that the maximum value of |Gy| is approx-
imately at the point @ =~ wprr according the amplitude-
frequency asymptote curve obtained from the open-loop
transfer function Gy. Therefore, ensuring 20Lg|Go|max <O
can ensure that |Gg4| > |Gy in the full range, that is

20Lg |Gq(jwprr)l > 20Lg |Gy(jwprr)]

G (i
@20Lg| n(].CUPLL)|
|Ga(oprLL)l
G
0 | erwPLL)l -1 U6
|Ga(jwprr)|

From equation (16), it can be further derived that

|G (opLr)|
|Ga (joprL)!

2 2
Ing\/(a)PLLLgrid) + (Rgrid) \/ I+ (%)2 <1
U 1.,.@ (HerLy 4 1_w12’LL ?
8d0 wZy wpLL wlz’LL
2
Lo L 1 . \/Rgn-d + (wprrLgria)
Ugao 42

2
@pLL
o+ (2)
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<1

7)

The identical transformation of equation (17) can be given
as

2
2 )2
Rgrid + (CUPLLLgrld) Ugao

2 1
1+ (“g’#) Lgao\/1 + 32
Observed from equation (18), it can be found that when the
system is in the steady-state, the right side of the inequality is
a fixed value, which is only related to the steady-state value of
the output voltage and current of the grid-connected inverter,

and is independent of the grid strength and the bandwidth of
the controller, so this fixed value is denoted as A. Thus,

(18)

R;rid + (CUPLLLgrid)2

s (o)’

WCL

<A (19)

To further investigate the restrictive relationship between
the control bandwidth of the PLL wprr and the current
controller wcy, substituting wpr;, = nwcy (n > 0) into
equation (19), it can be derived as

A—R%.
e s 0<n< (20)
LgridwCL —A
Similarly, if wcp, = mwpLy (m >0) is substituted into
equation (19) it can be derived as
2 A
) 2 12
Rovia T @prrLloyia —A
<0 \/ A [@2))
<m<
2 2 12
Revia + OpprLgyia —A

where Rgpig and Lgiig have a high value under weak grid, and
the bandwidth of controller is not chosen to be too small,
so the denominator on the right hand side of the inequality
in both equation (20) and equation (21) is greater than zero,
that is, the inequality is always meaningful.

In summary, a restrictive relationship between the con-
trol bandwidth of the PLL wpyr, and the current controller
wcL can be derived as shown in equations (20) and (21).
Under weak grid, when one bandwidth of the controller is
determined, another bandwidth of controller that satisfies
the control loop stability criterion can be calculated. In this
way, the instability problem of grid-connected inverter caused
by control loops interaction under weak grid can be solved
effectively.

V. INTERACTION ANALYSIS OF GRID-CONNECTED
INVERTER SYSTEM UNDER WEAK GRID CONDITIONS

It can be seen that the closed-loop system can remain stable
when the open-loop transfer function Gy satisfies the control
loop stability criterion given in Section I'V. This section will
analyze the interaction law of the grid-connected inverter
system under weak grid conditions The parameters of the
three-phase grid-connected inverter in this study are shown
in Tab.1.
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TABLE 1. Parameters of three-phase grid-connected inverter system.

Parameters Value
Inductance (L) 2 mH

Swithcing frequency (fow) 10 kHz

DC side voltage (Uqc) 750 V

Base angular frequency (wg) 314.16 rad/s

Rated power (Sbase) 30 kVA
Rated current (Zyq0) 45 A

Rated voltage (Ugao) 220V
Damping ratio of PLL ({) 0.707

Base impedance (Lgig,Reria)(SCR=1) 15.32H,0.48Q

A. ANALYSIS OF INTERACTION LAW BETWEEN THE
INVERTER SYSTEM AND THE WEAK GRID UNDER

WEAK GRID CONDITIONS

When the systems with power electronic grid-connected
interfaces are connected to the power grid with a high penetra-
tion, the grid equivalent impedance will become large, and the
power grid will gradually be weaker. It can be obtained from
equation (13) that the amplitude expression of the transfer
function Gy related to the grid strength in the frequency
domain can be expressed as

|Gpll_grid| = |Gyl

5 2
Igao\/ R} g + (@Lgria) /1 + (wii x w)
26 2 2\
v (35 <0) "+ (1= 5)

It can be obtained from equation (22) that when the SCR
gradually decreases, that is, the resistance component Rgrid
and the inductance component Lgig of the grid impedance
gradually increase, the amplitude |G, (w)| of the G, will also
increase. This makes the amplitude condition of the control
loop stability criterion ‘|Ggq(jwigpe)|l > | Gn(jwigee)|” dif-
ficult to be satisfied, which will make the system develop
towards the trend of instability. The interaction law between
the inverter and the weak grid is shown in Fig. 6.

(22)

RgridT
SCR l 1Gu @) | unsatisfing the stability criterion,
decreasing Gl >|Ga(j @pi1) | and System is unstable

Lgria

FIGURE 6. Interaction law between inverter system and weak grid.

The Bode plots and Nyquist curves of the open-loop
transfer function Gg under three weak grid conditions
(SCR =2.5, 1.5 and1.1, respectively) are shown in Fig.7 with
wcr, = 27 x750rad/s and wpr 1, = 27 x50rad/s.

It can be seen from Fig.7(a), when the bandwidths of the
PLL and the current controller maintain constant, the grid-
connected inverter system exhibits different stability perfor-
mance under different weak grid conditions. The weaker
the grid strength, the larger the amplitude |Gy(w)|, which
makes |Gp(w)| shift upward in the amplitude-frequency
curve. It makes the amplitude-frequency curves of |Gp(w)|
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FIGURE 7. Bode plots and Nyquist curves of GO under different SCR
conditions((a) bode plot of G, for different SCR conditions, (b) Nyquist
plot of G, for different SCR conditions).

and |Gq(w)| gradually generate intersection point, and the
overlapping area gradually becomes larger, that is, it is more
and more difficult to satisfy the control loop stability criterion
‘1Ga(jwigoe)l > |Gn(jwigoe)| for the amplitude condition,
which will make the system stability deteriorate or even
become unstable. Similarly, it can be seen from the Nyquist
curves in Fig.7(b) that, the Nyquist curves of the Gy do not
encloses the point (—1, jO) counterclockwise when SCR =
2.5 and 1.5, respectively, therefore the system can remain
stable. However, when SCR = 1.1, the Nyquist curve of
the Gy encloses the point (—1, jO) counterclockwise, which
makes the system unstable, which is basically consistent with
the Bode diagram analysis results.

According to the restrictive relationship between the con-
trol bandwidths of the PLL wpy1 and the current controller
wcL, given by equation (19), when wcp, = 27 x150rad/s,
the value range of the bandwidth ratio n between the two
controllers satisfying the control loop stability criterion under
different SCR conditions is shown in Fig.8:

It can be seen from Fig.8 that under weak grid conditions,
as the SCR gradually decreases, the ratio n also decreases
gradually, and the corresponding stability range of the system
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FIGURE 8. Value range of bandwidth ratio n under different SCR
conditions.

is also gradually shrinking, that is, the stability of the system
is gradually getting worse. However, it is worth noticing there
exit some cases that the ratio n is greater than 1 in the stability
range. It indicates that the grid-connected inverter system can
also remain stable when the control bandwidth of the PLL
wprL is larger than the bandwidth of the current controller
wcL. The restrictive relationship between the bandwidths of
the PLL and the current controller changes with different grid
strengths, thus the variation law of the stability range of the
grid-connected inverter system with the decreasing SCR is
shown from a quantitative perspective.

B. ANALYSIS OF INTERACTION LAW BETWEEN CONTROL
LOOP BANDWIDTHS OF GRID-CONNECTED INVERTER
SYSTEM
In order to further analyze the influence of the control band-
widths of the current controller and the PLL on the stability
of the grid-connected inverter system and the law of inter-
action between them. According to the analysis results in
Section IV, it is necessary to ensure that |Gy (w)| is greater
than |Gp(w)| as far as possible in the full frequency range.
In the frequency domain, the amplitude expression |Gq (w)|
of G4 can be obtained as:

CL)2
|Gy ()| = /1+ —
@cr,

It can be seen from equations (22) and (23) that |Gg(w)| is
mainly related to the bandwidth of the current controller wcr,
and its value decreases with the increase of wcr. |Gp(w)|
is mainly related to the grid strength (Lgrid, Rgria) and the
control bandwidth of the PLL wpy 1, and its value increases
with the decrease of grid strength or the increase of wprL.
Considering both the Bode plot and the Nyquist curve, the
geometric explanation is further given as follows:

Case 1: Given SCR = 1.5, wcr, = 27t x750rad/s. Based on
equation (19), the value range of the control bandwidth of the
PLL that satisfies the control loop stability criterion can be
calculated as: wpr 1, <0.08wcr, = 27 x60rad/s. When wpy |, =
2m x30rad/s, 2w x80rad/s and 2w x130rad/s, respectively,

(23)
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the Bode plots and Nyquist curves corresponding open-loop

transfer function Gy are shown in Fig.9 and Fig.10.
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FIGURE 10. Nyquist curve of open loop transfer function G in case 1.

It can be seen from Fig.9 that when wpr 1, = 27 x30rad/s,
|Ga(w1)] > |Gp(w)] at the phase cross-over frequency w; of
the system, which satisfies the control loop stability criterion.
However, under the condition that the strength of the power
grid and the bandwidth of the current controller maintain
constant, increasing the control bandwidth of the PLL will
make |Gy(w)| increase, which is represented as an upward
shift of |Gp(w)| in the amplitude-frequency curve. It will
make the two amplitude-frequency curves gradually generate
an intersection point, and the overlapping area will gradually
become larger. At the same time, the amplitude condition
1Ga(jwisoe)] > |Gn(jwisee)|” of the control loop stability
criterion is difficult to be satisfied, which will make the
system develop towards the trend of instability. Therefore,
when the bandwidth of the current controller is determined
under weak grid conditions, in order to avoid the interaction
between the PLL and the current loop, the bandwidth of the
PLL should be limited to a reasonable range, so that the
amplitude-frequency curves of transfer function G,(w) and
G4(w) do not intersect. Similarly, from the Nyquist curve
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given in Fig.10, it can also be found that when the value of
wpLL gradually decrease, the Nyquist curve of Gy gradually
encloses the point (—1, j0) counterclockwise, and the Nyquist
curve of Gg exactly encloses the point (—1, jO) counterclock-
wise when the threshold is chosen for the control bandwidth
wpLL, Which is consistent with the analysis conclusion of the
Bode plot.

Case 2: Given SCR = 1.5, wpr = 2w x65rad/s. Based
on equation (19), the value range of the bandwidth of the
current controller that satisfies the control loop stability cri-
terion can be calculated as: wcr, <3.2wpr1. = 27 x210rad/s.
When wpy 1, = 27 x50rad/s, 2t x250rad/s and 27 x450rad/s,
respectively, the Bode plots and Nyquist curves of the open-
loop transfer function G are shown in Fig.11 and Fig.12.

Bode plot
60 S —— e
"""" Gd1--WCL=2pi*50rad/s Moving downwards |..-**"’
40 [eneennns Gd2--WCL=2pi*250rad/s
Gd3-WCL=2pi*450rad/s
20

o s *

Magnitude (dB)

Phase (deg)

90 . S

10° 10 102 10
Angular frequency (rad/s)

FIGURE 11. Bode diagram of open loop transfer function G in case 2.
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FIGURE 12. Nyquist curve of open loop transfer function G in case 2.

It can be seen from Fig.11 that when wcp = 27 x50rad/s,
|Ga(w1)] > |Gp(w1)]| at the phase cross-over frequency w; of
the system, which satisfies the control loop stability criterion.
However, under the condition that the strength of the power
grid and the bandwidth of the PLL maintain constant, increas-
ing the control bandwidth of the current controller will make
|Gq(w)| decrease, which is represented as a downward shift
of |G4(w)| in the amplitude-frequency curve. It will make the
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two amplitude-frequency curves gradually generate an inter-
section point, and the overlapping area will gradually become
larger. Meanwhile, the amplitude condition ‘|Gq(jwigpe)| >
|Gn(jw1goe)|” of the control loop stability criterion is difficult
to be satisfied, which will make the system develop towards
the trend of instability. Therefore, when the bandwidth of the
PLL is determined under weak grid conditions, in order to
avoid the interaction between the PLL and the current loop,
the bandwidth of the current controller should be limited to
a reasonable range, so that the amplitude-frequency curves
of the Gy(w) and G4(w) do not intersect. Similarly, from the
Nyquist curve given in Fig.12, it can also be observed that
when the value of wcr, gradually increase, the Nyquist curve
of Go gradually encloses the point (—1, jO) counterclock-
wise, and the Nyquist curve of G exactly encloses the point
(—1, jO) counterclockwise when the threshold is chosen for
the control bandwidth wcy, which is consistent with the
analysis result of the Bode plot.

Through the above analysis, it can be concluded that under
some weak grid conditions, the control bandwidths of the
current loop and PLL must satisfy the restrictive relation-
ship defined in equation (20), so that the grid-connected
inverter system can operate stably. That is, once one band-
width of the controller is determined, then the stable bound-
ary of the bandwidth corresponding another controller can
be calculated. Fig.13 shows the stability boundaries of the
control bandwidths under different weak grid conditions
(SCR = 1~3).

e

/

unstable

400 15
Wl / Hz 200 4 SCR

FIGURE 13. The controller bandwidth stability boundary under different
SCR conditions.

It can be clearly seen from Fig.13 that under different
weak grid conditions, both controllers have their own sta-
bility ranges. The stability ranges can be calculated from
equation (20), and the reasonable design of the controller
bandwidths can effectively avoid the instability caused by the
interaction between control loops under weak grid conditions.

Based on the analysis in Sections V-A and V-B, it can
be concluded that under weak grid conditions, the interac-
tions of the grid-connected inverter system can easily lead
to system instability. There are two reasons. One reason is
the interaction between the power grid and the inverter sys-
tem. The greater the amplitude of grid equivalent impedance
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(the weaker the power grid), the greater the influence of the
interaction, and the more likely the system will be unstable.
The second reason is the interaction between the control loop
bandwidths, which is shown in the Bode plot as an overlap
between the amplitude curves of the two control loops.

VI. SIMULATIONS AND EXPERIMENTATION

In order to verify the correctness of interaction law of the grid-
connected inverter system analyzed in Section V Based on
Fig.1, a simulation model of the three-phase grid-connected
inverter is built in MATLAB/Simulink for verification, and
the experimental verification is carried out in the hardware-
in-the-loop simulation platform.

A. SIMULATIONS RESULTS

In this section, the simulation verification results in
MATLAB/Simulink will be presented. The three-phase grid-
connected inverter capacity is 30k VA, and the specific param-
eters of the system are consistent with Tab.1.

1) SIMULATION VERIFICATION OF THE INTERACTION LAW
BETWEEN THE GRID-CONNECTED INVERTER SYSTEM AND
THE WEAK GRID

The same parameters as Section V-A are used in Simulink
for verification, where wcr, = 2w x750rad/s, wpLl =
27 x50rad/s, and SCR = 2.5, 1.5 and 1.1 respectively. The
output current waveforms of the grid-connected inverter
under different SCR conditions are shown in Fig.14.

Under the same set of controller parameters, when the
SCR = 2.5 and 1.5 respectively, the output current of the grid-
connected inverter is stable as shown in Fig.14(a) and 14(b).
When SCR = 1.1, the output current of the grid-connected
inverter oscillates and the system is unstable as shown
in Fig.14(c). The threshold of SCR to stabilize the sys-
tem is approximately 1.3 shown in Section V-A, so the
simulation results are consistent with the analysis results
in Section V-A.

In addition, when wcy, = 2w x150rad/s, wpr =
27 x 164rad/s, the output current waveform of the grid-
connected inverter under weak grid condition (SCR = 3) is
shown in Fig.15. It can be seen from Fig.15, the output current
of the grid-connected inverter in this case is stable, which is
consistent with the analysis results in Section V-A.

2) SIMULATION VERIFICATION OF THE INTERACTION LAW
OF THE CONTROL LOOPS IN THE GRID-CONNECTED
INVERTER SYSTEM
In order to verify the interaction law between the control
loops of the grid-connected inverter under the weak grid
conditions given in Section V-B, this section compares the
stability performance of the grid-connected inverter system
when different values are chosen for the control bandwidths
of the PLL and the current controller under different weak
grid conditions.

Tab.2 gives the theoretical calculation threshold band-
widths of the PLL corresponding to different bandwidths
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FIGURE 15. When the phase-locked loop is larger than the current loop
bandwidth, the grid-connected inverter outputs the current waveform.

of the current controllers in different scenarios. In Sce-
nario I and Scenario II, the SCR = 2, the wcr, = 100Hz
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TABLE 2. Control loop’s bandwidth in myltiple situations.

Situation SCR wcL(Hz) Threshold of wp 1 (Hz)  wpr(Hz)
I 2 100 142 113
I 2 100 142 144
1 1.5 750 60 51
v 1.5 750 60 72
A% 1.2 750 49 30
VI 1.2 750 49 61

(corresponding the threshold control bandwidth of the PLL
to stabilize the system is 142Hz), and the wprp = 113Hz
and 144Hz, respectively. In Scenario III and Scenario IV, the
SCR = 1.5, the wcr, = 750Hz (corresponding the threshold
control bandwidth of the PLL to stabilize the system is 60Hz),
and the wpr 1. = 51Hz and 72Hz, respectively. In addition, for
Scenario V and Scenario VI, the SCR = 1.2, the wcp, = 750Hz
(corresponding the threshold control bandwidth of the PLL to
stabilize the system is 49Hz), and the wpr 1, = 30Hz and 61Hz,
respectively.

From the output current waveforms of the grid-connected
inverters in the six different scenarios shown in Fig. 16, it can
be seen that under weak grid conditions, when the bandwidth
of the current controller is determined, as long as the band-
width of the PLL does not exceed the threshold, even if the
control bandwidth of the PLL is greater than the bandwidth
of the current controller, the output current waveforms of the
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grid-connected inverter can still remain stable. However, once
the threshold is exceeded, the output current waveforms of
the grid-connected inverter will oscillate and the system will
be unstable. This is consistent with the analysis results given
in Section V-B.

B. EXPERIMENTAL RESULTS

In order to further verify the theoretical analysis of the
interaction law of grid-connected inverters under weak
grid conditions, the hardware-in-the-loop experiment plat-
form is built as shown in Fig. 17, and the capacity of
the three-phase grid-connected inverter is 30kVA. DSP
TMS320F28335 is used for control algorithm, and the
specific experimental parameters are the same as those
in Tab.1.

Computer

DSP controller

FIGURE 17. Hardware-in-the-loop experimental platform.
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1) EXPERIMENTAL VERIFICATION OF THE INTERACTION LAW
BETWEEN THE GRID-CONNECTED INVERTER SYSTEM AND
THE WEAK GRID

The same parameters as in Section V-A are used in the exper-
iments for verification. When SCR = 2.5, 1.5 and 1.1 respec-
tively, the output current waveforms of the grid-connected
inverters under different weak grid conditions are shown
in Fig. 18.
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FIGURE 18. Current of grid-connected inverter under different SCR
conditions.

It can be seen from Fig. 18 that under the same set of con-
troller parameters, when the SCR = 2.5 and 1.5, respectively,
the output current of the grid-connected inverter is stable as
shown in Fig.18(a) and 18(b). When SCR = 1.1, the output
current of the grid-connected inverter oscillates, and the sys-
tem is unstable as shown in Fig. 18(c). This is consistent with
the simulation results and the theoretical analysis results in
Section VI-A and Section V-A

2) EXPERIMENTAL VERIFICATION OF THE INTERACTION LAW
OF THE CONTROL LOOPS IN THE GRID-CONNECTED
INVERTER SYSTEM

The same parameters as in Section V-A are used in the
experiments for verification in Section VI-A. The output
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FIGURE 19. Current of grid-connected inverter under different SCR and
different control bandwidth((a) Situation I, SCR = 2, (b) Situation II,
SCR = 1.5, (c) Situation IlI, SCR = 1.1).

current waveforms of the grid-connected inverters are shown
in Fig. 19.

As can be seen from Fig.19, when the bandwidth of the
current controller is determined, if the control bandwidth
of the PLL is smaller than the threshold, the output current
waveform of the grid-connected inverter is stable. However,
once the threshold is exceeded, the output current waveform
of the grid-connected inverter is prone to oscillation and the
system is unstable. The experimental results are consistent
with the simulation results and the theoretical analysis results
in Section VI-A and Section V-B.

VIl. CONCLUSION

In this paper, based on the three-phase grid-connected inverter
topology, a current closed-loop transfer function considering
the influence of grid strength and PLL is derived, and a
control loop stability criterion under weak grid conditions
is proposed. Based on the stability criterion, the interaction
law of the grid-connected inverter system under weak grid
conditions is analyzed. The main conclusions are as follows:
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1) The control loop stability criterion is proposed based on
Nyquist’s theory. This method can separate each loop as an
independent object during the process of building the system
model, which can not only reflect the independence of the
control loop, but also can analyze the overall stability from
the perspective of the system. The interaction among these
loops and control loop parameters can also be independently
analyzed and designed while maintaining the system stability.

2) Under weak grid conditions, the interaction between the
inverter and the weak grid will make the stability boundary of
the control loop shrink, and the weaker the grid, the greater
the influence of the interaction. The restrictive relationship
between the control bandwidth of the PLL and the current
controller changes with the grid strength, and the system can
still remain stable even when the bandwidth of PLL is larger
than the current controller

3) Under weak grid conditions, the interaction among the
control loops of the grid-connected inverter can lead to sys-
tem instability, and the weaker the grid or the closer the band-
width of PLL is to current controller, the greater the influence
of the interaction. Under different weak grid conditions, the
bandwidth of the PLL and the current controller have their
own stability ranges. By calculating the range of the stability
region, the reasonable design of the controller bandwidth
can effectively avoid the instability caused by the interaction
between control loops under weak grid conditions.

This paper takes the d-axis current control as an example,
and does not study the g-axis current control. In the future
work, the g-axis current control will be studied, and the same
and different points of d-axis and g-axis current control will
be analyzed.
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