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Abstract—The conventional vector current control (VCC)
scheme has been widely used in the grid-connected inverter
systems. However, it suffers from power limitation problems
under weak grid conditions. This paper reveals that the dynamic
effect of the phase-locked loop (PLL) is the main reason for
destabilizing the small-signal stability of the grid-following
inverter. The positive feedback introduced by the PLL can be
observed from the small-signal control structure. Reshaping the
converter output impedance can counteract the positive feedback
and reduce the negative resistance in the impedance model. A
novel impedance reshaping method is proposed in this paper,
which can enhance the small-signal stability and extend the
stability range of the system. Simulation results verify the
effectiveness of the proposed method.

Keywords—grid-following inverter, vector current control,
small-signal model, stability enhancement, weak grid

[. INTRODUCTION

As the penetration rate of wind generation increases, the
power grid connected to the renewable energy generation is
weaker than before due to the larger transmission impedance and
smaller short-circuit ratio (SCR) [1], which leads to power
limitation issues [2]. Two aspects should be considered for such
power limitation issues. When the mathematical model of the
system is established based on the steady-state equations, the
power limit only depends on the parameters of the grid
impedance. This power limit is called the static power limit [3],
which can be obtained by using phasor analysis. When the
mathematical model of the system is established based on the
dynamic equations, the control stability issue can be included.
Thus, another power limit can be obtained by using small-signal
stability analysis, which is called the small-signal stability limit
[3]. This small-signal stability limit mainly depends on the
control scheme, so that it can be changed by choosing different
control schemes. Hence, how to modify the control scheme to
increase the small-signal stability range becomes a hot topic [4].

Although a lot of grid-forming control methods based on the
power synchronization have been presented in [5], the
conventional grid-following vector current control (VCC)
method based on phase-locked loop (PLL) is still a mainstream
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method for the grid-connected inverter in wind generation
systems. It attracts significant attention to reveal the instability
mechanism and enhance the stability of inverters under weak
AC grid conditions [6], [7].

Reference [8] shows that there is an equivalent g-g negative
resistance in the small-signal impedance model which is
introduced by the PLL. Since the g-¢g negative resistance causes
positive feedback in the control loop [9], [10], it is a major
destabilizing factor. To solve this problem, [9] proposes an
impedance reshaping method based on the precondition of unity
power factor (UPF). However, under weak grid conditions, the
reactive power is necessary to support the voltage at the point of
common coupling (PCC), so the UPF condition is usually not
satisfied. Moreover, [10] proposes an impedance reshaping
method based on a symmetrical PLL. However, the symmetrical
PLL is more complicated than the classical PLL, and there are
some control challenges when the grid voltage amplitude
changes. Additionally, [11] proposes a bandpass filter method to
weaken the impact of the negative resistance. Reference [12]
proposes a pre-filter method in the PLL to reduce this negative
resistance impact. However, the specific enlarged quantity of the
stability range is not revealed in these existing research.

Differently, this paper proposes a novel impedance
reshaping method based on the classical PLL, which is easy to
implement. Besides, the small-signal stability boundary of the
proposed method can be estimated by using the Generalized
Nyquist Criterion (GNC), so that the small-signal stability range
can be evaluated quantitatively.

The rest of this paper is organized as follows. Section II
introduces the configuration of the grid-following inverter and
its small-signal impedance model. Section III analyzes the
proposed impedance reshaping method and its implementation.
Then, the simulation parameters and results are shown in
Section IV. Finally, this paper is concluded in Section V.

II. MODELING OF GRID-FOLLOWING INVERTER

A. Configuration of Grid-Following Inverter

A schematic diagram of the classical VCC grid-following
inverter connected to a weak grid is shown in Fig. 1.
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Fig. 2. Schematic diagram of voltage-oriented d-q frames.

The control system in Fig. 1 is performed in the rotating d-¢
frame, which is synchronized to the voltage phase angle at the
PCC obtained by the PLL. Although the d-g control frame is
expected to be oriented to the PCC voltage phase angle 6,, the
phase angle 6, is unknown. So it is usually oriented to the PLL
output angle 6,;. These two angles have a small-signal error in
the dynamic state [8]. Thus, the system d-q frame and the control
d-q frame are shown in Fig. 2. The superscript ““” denotes the
variables in the control d-g frame.

In Fig. 1, Vy£0, is the grid voltage, V,£0, is the output
voltage at the PCC, and V.£6. is the converter output voltage.
Vo(abe) ad iqape) are instantaneous values of the PCC voltage and
the converter current. The AC grid is represented by a
Thevenin’s equivalent impedance Z, = Ry + jwL,, where w is the
grid frequency, R, and L, are the equivalent grid resistance and
inductance. As the AC grid in this paper is considered as an
infinite grid, the grid angular frequency w is constant and equal
to its nominal value wy. Cyis the output filter capacitance. Lyand
Ry are the output filter inductance and resistance. In order to
avoid low-frequency passive resonances on the AC side, the
value of Crshould be very small. The control diagram shown in
Fig. 1 includes a d-axis inner current control loop, a g-axis inner
current control loop, an outer active power control loop, an outer
AC voltage amplitude control loop, and a PLL. The AC voltage
amplitude reference is 1 per unit (pu), which means V," = V.

The definition of the SCR can be found in [2]. A very weak grid
condition with SCR =1 is used for all analyses in this paper.

B. Small-Signal Impedance Model

In order to analyze the stability of the nonlinear system, the
small-signal linearized models are effective tools. Compared
with other models, the impedance model is good at revealing the
intrinsic relationship among variables, so it is used for analysis
in this paper. In the following sections, the subscript ‘o’ denotes
a steady-state operating point, and the symbol ‘A’ denotes a
small-signal perturbation of a variable.

The small-signal linearized expressions of the physical
circuits in the grid d-¢ frame are given by (1)-(3).

{Avod } _{Avgd } _ {ng +R, oL, } .{Aiod} O
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The small-signal linearized expressions of the coordinate

transformation between the grid d-q frame and the control d-g
frame can be derived as:
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The small-signal linearized expression of the PLL in the
control d-q frame can be derived as:

1
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By substituting (4) into (7), the expression of Af,; can be
derived as:

K s+K. 1 G
NG, =t Ay, = Ay, (8)
S +Kp7pllS+Ki7p11 v, v,

where K, pi = 2-¢wn, Ki pi = %, { is the damping ratio of the
second-order system, and w, is the natural angular frequency of
the second-order system, which is proportional to the bandwidth
of the PLL if the damping ratio {is given.

By substituting (8) and “vodo = Vo, Vogo = 0” into (4), the
expression of Av,,, " is deduced as:

Av, " Av,] [0 0 ]JAv, 0
Av, " N Av,, o G, . Av,, ©)



By substituting (8) into (5), the expression of Aicg is
deduced as:

—1
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By substituting (8) into (6), the expression of Avy, is
deduced as:
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where the steady-state values v can be expressed as: veso =
Vodo + Rfich = a)Lfich, and chO = VaqO + Rfich + CULfich.

Moreover, the small-signal linearized expression of the inner
control loop is given by (12).
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where Gpj_] = Kp_id + Ki_id /s = Kp_iq + Ki_jq /s.

(12)

The small-signal linearized expressions of the outer control
loops are given by (13).
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where sz;P = KKP + K,‘ip /s and GpiﬁV = KP,V + ](1;1// S.

Furthermore, the small-signal linearized expressions of the
active power and the AC voltage amplitude feedbacks are shown

as (14).
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By choosing the same cut-off angular frequency of the first-

order low-pass filters (LPFs) for the power and the voltage, the
small-signal linearized expressions are shown as (15).

A})LPFctrll _ GLPF 0 ' APCIIVI.I (15)
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where Grpr = wrpr / (s + wrpr) and wgpr is the cut-off angular
frequency of the first-order LPF.
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Fig. 3. Small-signal control structure of grid-following inverter.

Overall, the 2x2 matrixes in (1)-(3) can be represented by
Big, Berand Bry The 2x2 matrixes in (9)-(11) can be represented
by Bpii-vo, Bpir-ic and Bpi.ye. The 2%2 matrixes in (12)-(13) can be
represented by Bpr.s, Baep: and Bprpy. And the 2x2 matrixes in
(14)-(15) can be represented by B, B, and B.pr. Thus, the small-
signal control structure of the system is shown in Fig. 3.

It is revealed in [13] that the small-signal control structure in
Fig. 3 can be represented by a Norton-Thevenin equivalent
model. And the equivalent admittance ¥(s) and impedance Z(s)
can be used for stability analysis.

Based on the control structure in Fig. 3, considering Aicq, as
input and Av,s as output for the grid-side subsystem, the
equivalent impedance Zg(s) can be given as (16). If the
capacitance Cris very small, B¢rin (16) can be ignored.
Z(s)=(B, +By)" ~B, (16)
Similarly, considering Av,q, as input and -Ai.4, as output for

the converter-side subsystem, the equivalent admittance ¥(s) can
be derived as (17).

Y(s)= [BLf +By ,—B + By By pyBipiB, ]_1 '

decpl PI-1
[/ = (B, _Bdapl + By B _pyBpopB,) Bpll—lc (17)
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Take Gpi ;= wily+ wiRy/s for the current control loop, G,i p
= wy 1/(1.5V5)-(1/wrpr + 1/s) for the power control loop and
Gpi v = 0y Inax! Vo (1/ewrpr + 1/s) for the voltage control loop,
where w;, w, and w, are the expected bandwidths of the current
loop, the power loop, and the voltage loop. Then, the equivalent
admittance Y(s) in (17) can be derived as:

ACRAC
Y, Y, (s)} (%)

where Yui(s) = [s/(soiLs+wiRp)Ficaowy/(Vos)] / [(stwi) w; +wy/s],
Y, dq(S) = [Gpilicqo(swiL/‘+a)in‘"SR/)/ V.,/ (sw,-Lf'+win)+icqowp/ ( Vos)]/
[(stw)/witwp/s], Yoa(s) = (~Lmaxovw;) | [Vos(s+w;)], and Yye(s) =
[(1-Gpil)s-Gp11i¢do(SCUiL/‘+wiR/‘+SRf)/ Vol / [(SLf‘+Rf)(S+wi)].

Thus, according to (16) and (18), the matrix Y(s)-Zg(s) can
be used by GNC for stability analysis [8], [13].

Y(s):{
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Fig. 5. Proposed improved grid-following control scheme based on Fig. 1.

III. IMPEDANCE RESHAPING METHOD

In the previous section, the small-signal linearized model is
established to analyze the control stability of the system. By
connecting all the lines of Av,qg, the converter-side subsystem in
Fig. 3 can be shown as an equivalent structure in Fig. 4. Because
the negative resistance in Yy,(s) causes positive feedback in the
control loop, which is marked in red in Fig. 4, it is a major
destabilizing factor. To counteract the positive feedback in the
control loop, additional negative feedback is expected to be
added, which is marked by green dotted line in Fig. 4.

According to Fig. 4, the current feedforward term from
Avoaf 10 Aiy 4" is derived as:

. ctrl ctrl .

Alrid _ AVOq . (K Kiipll ) . l . _lch (19)
.ol | p_pl .

Ai, V, § S Lo

The steady-state value i.q0 in (19) can be represented by
reference value in the control scheme. Thus, the implementation
of the proposed improved control scheme is shown in Fig. 5.

Table I shows the system and control parameters. By using
these parameters, the impedance characteristics of original Yy4(s)
and reshaped Y,,(s) are compared in Fig. 6 when the active
power P is 0.6 pu. It can be seen that the Y,,(s) is reshaped from
negative resistance characteristic to the positive resistance
characteristic within the frequency range [243 rad/s, 308 rad/s].
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Fig. 6. Impedance characteristics of original Y,,(s) and reshaped Y,,(s) when
SCR =1 and P=0.6 pu.
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TABLE L. PARAMETERS OF GRID-FOLLOWING INVERTER
Parameters Values
Grid phase voltage (peak value), V, 311V
Grid frequency, f, 50 Hz
Rated power of inverter, Sy 30 kVA
Maximum current of inverter (peak value), Zqx 64.3 A
DC-link voltage, V. 700 V
Output filter inductor, L, SmH
Output filter capacitor, C; S5 uF
R/X ratio of grid impedance, R /X, 0.01
Short circuit ratio, SCR. 1
Grid inductor, L, 15.3 mH
Grid resistor, R, 0.048 Q
Sampling period, T 100 ps
Expected bandwidth of current loop, ; 1000 rad/s
Expected bandwidth of AC voltage loop, w, 50 rad/s
Expected bandwidth of active power loop, ), 10 rad/s
Cut-off angular frequency of LPF, w;pr 200 rad/s
Damping ratio of PLL, { 1
Natural angular frequency of PLL, w, 200 rad/s

According to the comparison of impedance characteristics in
Fig. 6, the negative resistance in Yg,(s) can be reduced by using
the proposed control scheme. Moreover, in order to see the
impact on the stability by choosing different control schemes,
the Bode diagrams of the original and novel Y, (s) Zg(s) are
shown in Fig. 7. It can be seen clearly that the stability margin
is improved by using the proposed method.

However, it is just an approximate method by using Bode
diagram to analyze the stability of a multiple-input multiple-
output (MIMO) system. To analyze the stability accurately for
the MIMO system, the GNC should be used.

Based on GNC, the stability boundaries of the classical grid-
following control scheme and the proposed improved grid-
following control scheme are compared in Fig. 8, where the
stability boundary means the maximum stable operating point of
the active power. It can be seen that the stability boundary can
be improved under different grid strength conditions. When
SCR is equal to 1, the stability boundary is improved from 0.55
pu to 0.95 pu.

It is worth mentioning that because the inner current control
loops are designed with very high bandwidths and the outer
voltage and power control loops are designed with very low
bandwidths, their impacts on the stability are not obvious. Thus,
the small-signal stability of the system mainly depends on the
PLL dynamics. In addition, decreasing the PLL bandwidth is an
alternative way to reduce the negative resistance characteristic
in Yg,(s) and enhance the stability, but the frequency dynamic
response of the PLL is slow in this way [14].
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Fig. 9. Simulation results of classical control scheme with SCR=1.
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Fig. 10. Simulation results of proposed control scheme in Fig. 5 with SCR=1.

IV. SIMULATION RESULTS

In order to verify the effectiveness of the proposed method,
a time-domain simulation model of a 30 kVA grid-connected
inverter is built in Matlab/Simulink. To avoid the influence of
high-frequency harmonics, an average model of the inverter is
used. The system and control parameters are the same with
Table 1. Given 0.6 pu power reference for the classical control
scheme and 0.9 pu power reference for the proposed control
scheme, the simulation results are shown in Fig. 9 and Fig. 10
respectively.

As seen in Fig. 9, when the power reference is lower than 0.4
pu, the system is stable by using the classical control scheme.
However, the PCC voltage starts to oscillate when the power
reference is close to 0.6 pu. Finally, the system becomes
unstable and both the PCC voltage and the active power are out
of control.

Differently, as seen in Fig. 10, when the power reference is
lower than 0.9 pu, the system is always stable by using the
proposed control scheme in Fig. 5. The simulation results shown
in Fig. 9 and Fig. 10 agree well with the estimated results by
small-signal stability analysis in Fig. 8.

It is worth mentioning that although the proposed control
method can enhance the stability of the system, it only works
under the ideal condition that the grid angular frequency w is



constant and always equal to its nominal value wy. However,
when the grid angular frequency w is different from wy, the
proposed method cannot work. How to solve this problem will
become our future research direction.

V. CONCLUSIONS

This paper reveals that the positive feedback caused by the
PLL is a major destabilizing factor for the classical grid-
following control scheme. To solve this problem, a novel
impedance reshaping method is proposed, which can enhance
the stability and extend the stability range. Simulation results
verify the effectiveness of the proposed method.
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