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Abstract

Grid voltage feedforward is extensively used for controlling grid-connected converters. However, the conventional voltage
feedforward control reduces the stability margins of the converter connected to a high-impedance grid. The effect mechanism of
voltage feedforward on the grid-connected converter control under high-inductive conditions of the grid impedance is clearly
explained in this study using the equivalent transformations of control block diagrams. Results show that the delay produced by the
digital control is the root cause of this effect. An improved voltage feedforward strategy, in which a bandpass filter (BPF) is
introduced into the feedforward path, is proposed to strengthen the converter’s robust stability against grid impedance variations.
The selection method of the BPF’s bandwidth is also provided considering the tradeoff between the response speed to the grid
voltage sag and the system’s robust stability. The converter can work stably over a wide range of the grid impedance through the
proposed approach. Simulation and experimental results fully verify the effectiveness of the BPF-based voltage feedforward
Sstrategy.

Key words: Bandpass filter, Delay caused by digital control, Grid-connected converter, Grid impedance, Grid voltage feedforward,

Robust stability

I. INTRODUCTION

Recently, grid-connected converters are considered a key
enabling technology to realize distributed generation (solar and
wind) interfaces [1], [2], static var generator [3], and active
power filters [4]. With the continuous spread of these devices,
multiple low-power transformers and long transmission lines
are used to connect these devices to the public grid because of
the scattered locations of the distributed generation and
nonlinear loads. Therefore, grid impedance may vary over a
wide range [5]. Moreover, the regulation for optimizing power
system operation may change the grid configuration
periodically; this process affects the grid impedance
remarkably even at the same point of common coupling (PCC)
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[6]. Furthermore, other factors, such as the faults, tripping of
lines and load variations, can cause grid impedance variations.
A grid may have large inductive impedance suffering from
these parameter variations, which challenges system stability
[7]. Simultaneously, given the standard for the distributed
resources with electric power systems, a grid-connected
converter should be operated stably under short circuit ratio
(SCR)>20 [8], and the similar standard in China follows
SCR>10 [9]. Therefore, the control system of the
grid-connected converter should be designed with strong robust
stability against grid impedance variations.

High-order filters can effectively attenuate the harmonics
with less weight and volume; thus, this solution has become the
preference for a grid-connected converter, such as the LCL,
LLCL, or LTCL filter [10]-[12]. However, the time-varying
inductive grid impedance will cause the variations in the
resonance frequency of the high-order filter, which may
compromise system stability [5], and this situation will be
aggravated by the increasing connection of the grid converters
in parallel [13], [14]. To overcome these drawbacks, [15] and
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[16] proposed an online grid impedance estimation method to
compensate for the resonance frequency of the LCL and LLCL
filters, respectively. Furthermore, several other researchers
have been interested in improving the robust stability of
grid-connected converters with a high-order filter to overcome
large grid inductance variations [17]-[20].

The phase-locked loop (PLL) of the synchronous reference
frame is widely applied in grid-connected converter control.
However, under high grid impedance conditions, the converter
may also suffer from instability due to the interaction dynamics
between grid impedance and PLL [21]. A high bandwidth PLL
contributes to the increase of the negative real part of the
converter output impedance, which challenges system damping
[22]. Therefore, [23] suggested a significant reduction of the
PLL gains to avoid instabilities. Moreover, PLL-less
controllers have been recently developed (e.g., [24], [25]).
Hence, the necessity for the PLL is eliminated, and an effective
control performance was yielded under high grid impedance
conditions.

In addition to the aforementioned reasons, the feedforward
control for the grid voltage, which is widely used for
improving the startup performance of grid-connected
converters [26], can also result in instability when the grid has
large inductive impedance [27]. However, limited literature
discussed the control system performance with the voltage
feedforward under this condition. In [28], an adaptive voltage
feedforward control strategy has been implemented for
single-phase grid-connected converters to improve its robust
stability against grid impedance variations. However, the
strategy depends on the online estimation of the grid
impedance to ensure a satisfactory performance, which
increases the complexity of the control system.

The search for a simple voltage feedforward strategy of a
good industrial applicability and robust stability is still an
arduous task. The L-filtered converter is considered the
research plant in the following study for a concise and clear
analysis of this problem, considering that the instability
problem caused by the grid voltage feedforward exists for both
L- and LCL-filtered converter. In this study, the effect
mechanism of the voltage feedforward on the control system is
clearly explained. A fundamental voltage feedforward method
is proposed to improve the converter’s robust stability against
the wide-range variation of inductive grid impedance; this
method only requires incorporating a bandpass filter (BPF) in
the feedforward path.

This paper is organized as follows. In Section II, the
mathematical model of the L-filtered grid-connected converter
with voltage feedforward control is derived considering the
grid impedance. Afterward, the effect mechanism of the
voltage feedforward on the control system is revealed through
equivalent transformations of control block diagrams. The
converter’s robust stability with the conventional voltage
feedforward control is investigated in Section III. A BPF-based
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Fig. 1. Topology and current control architecture of the L-filtered
grid-connected converter with voltage feedforward.

grid voltage feedforward method for improving the converter’s
robust stability against grid impedance variation is proposed in
Section IV, and the impact of the BPF’s bandwidth on the
converter’s robust stability is also analyzed. A theoretical
analysis and the effectiveness of the proposed BPF-based
voltage feedforward method are verified by the simulation and
experimental results in Section V. Finally, Section VI
concludes this paper.

II.  SYSTEM MODELING AND ANALYSIS OF THE
EFFECT MECHANISM OF THE GRID VOLTAGE
FEEDFORWARD ON THE CONTROL SYSTEM

A. Modeling of the System with Voltage Feedforward
Control Considering Grid Impedance

Fig. 1 shows the topology and control diagram of a digitally
controlled grid-connected converter with an L-filter, where u;,,
is the converter output voltage at the AC side, R; is the
equivalent series resistance of the L-filter, and u, is the grid
voltage.

The grid current j; is regulated by the current regulator G(z),
which can be a proportional-integral, proportional-resonant, or
repetitive controller (RC). The reference ij includes the active
current for the DC voltage control and the other components,
which can be determined by an online calculation or manual
setting. For voltage feedforward control, the voltage at the PCC
denoted by u,, is sampled after filtration by the low-pass filter
(LPF); then, this voltage is directly added into the output of the
current regulator. Generally, the grid impedance at the PCC
consists of inductance and resistance. Pure inductance L, is
considered in this process to draw the worst case, considering
that grid resistance offers some degree of damping and helps in
stabilizing the system. The relation between u,,.. and u, in Fig.
1 can be explained by:

U (8) = Lys i, (s) +u,(s) - @))

For a digitally controlled system of the converter, the
pulse-width modulation (PWM) reference is commonly
calculated in the current sampling period. However, PWM
reference is updated until the next sampling time step



434 Journal of Power Electronics, Vol. 17, No. 2, March 2017

(namely, the “one-step-delay” control mode in digital control)
to avoid incomplete control actions. Therefore, computation

LS

delay occurs. The s-domain can be expressed as e’
where 7, is the sampling period. The zero-order hold (i.e.,

a —e_T“'S) /'8 is usually used to represent the modulation

delay, because the PWM reference remains constant during
one sampling period. Furthermore, the sampler is usually
modeled as 1/T;[13]. Given these delay factors and Eq. (1),
the digitally controlled grid-connected converter, together
with its control structure shown in Fig. 1, can be modeled as
Fig. 2, where G,(s) is the grid impedance, G,(s) represents the
delays produced by the digital control, Gp(s) is the controlled
plant, and G(s) is the LPF in the feedforward path used for
voltage filtering. They can be expressed as

G,(s)=L,s- 2
~T.s _
G, (s) :i.e,m ‘1 € T 1-0.75T;s )
T, s 1+0.75T.s

1

G(s)=— “4)
(L+L)s+R,
and
1
G ()=
Lzs2 +Ls+1 ®)
o, Qo

where w, and Q are the cutoff frequency and quality factor of
the LPF, correspondingly.

D(s)=1-G(s)G(s) and Gy(s)=1/(R;+Ls) are defined to
simplify the following expression. Then, according to Fig. 2,
the error transfer function of the control system with the
voltage feedforward can be obtained by

i[1+G,(5)G, ()D()]+ G, (5)D(s)u, (5) . (6)
1+ G()G, ()G (s)+ G, (5)G, (s)D(s)

E(s)=

This equation is used to analyze the converter’s robust
stability in this study.

B. Analysis of the Effect Mechanism of the Voltage
Feedforward on the Control System

If the grid voltage feedforward is unused (i.e., the path
denoted by f'in Fig. 1 is removed), then the control diagram of
the grid-side current without voltage feedforward can be
obtained, as shown in Fig. 3. When the voltage feedforward is
not adopted, the variations of the inductive grid impedance can
be equivalent to the inductance variations of the L-filter,
considering the equation G,(s)=1/[(L+L,)s+R;]. This variation
may cause current oscillation [29]. Hence, the converter’s
robust stability against grid impedance variations will also be
affected even though the voltage feedforward is not adopted.

When the voltage feedforward control is adopted, as shown
in Fig. 2, the feedforward path brings an additional positive
feedback loop of i; due to the existing grid impedance; this
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Fig. 2. Linearized average model of the grid-connected converter
with voltage feedforward control.
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Fig. 3. Control diagram of the grid-side current without voltage
feedforward control.
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Fig. 4. Control diagram of the gnd-connected converter. (a)
Equivalent transformation of Fig. 2. (b) Equivalent diagram of Fig.
4(a) with Gs)=Gi{(s)=1. (c) Simplified block diagram of Fig.
4(b).

dynamic interaction between the feedforward voltage and the
grid-side current changes the control structure, which may
affect system performance. Therefore, studying the mechanism
of this effect is crucial, because this mechanism may provide a
solution to the problem.

In Fig. 2, a series of equivalent transformations can be
fulfilled; these transformations are shown in Fig. 4. First, the
equivalent block diagram (Fig. 4(a)) can be obtained by
decomposing the feedforward voltage u,.. in Fig. 2 into the
ideal grid voltage u, and the voltage drop across the grid
impedance. Second, assuming that delays do not occur in the
voltage filtering and digital control (i.e., GA(s)=GHs)=1), Fig.
4(a) can be equivalently transformed into Fig. 4(b). Third, the
relations among G, (s), G,(s), and Gp(s) in Egs. (2) and (4) can
be derived as G;(s)=Gp(s)/[1=Gp(s)G,(s)]. Thus, the simplified
block diagram of Fig. 4(b) can be obtained (Fig. 4(c)). This
diagram shows that if the delays in the voltage filtering and
digital control can be eliminated, then the equivalent controlled
plant is only related to the nominal value of the L-filter. Thus,
when grid impedance varies, the system’s robust stability
remains unaffected. The converter’s robust stability is
improved compared with the control system without voltage
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feedforward, as shown in Fig. 3.

Thus, if delays do not occur in the voltage filtering and
digital control, then the interaction between the feedforward
voltage and the grid-side current is conducive to the converter’s
robust stability against grid impedance variations. Therefore,
the root cause of the effect of the voltage feedforward on the
control system is the delay in the feedforward path. This delay
can be produced by the LPF used for voltage filtering and
digital control. However, these delays cannot be eliminated due
to the feature of the digitally controlled system. Therefore, the
voltage feedforward will inevitably affect the characteristics of
the control system. The manner in which the voltage
feedforward affects the converter’s robust stability is analyzed
in the next section.

III. ROBUST STABILITY ANALYSIS OF THE
CONVENTIONAL GRID VOLTAGE
FEEDFORWARD METHOD

The converter’s robust stability with the conventional
voltage feedforward control is specifically analyzed in this
section. The grid voltage at the PCC usually contains various
background harmonics due to the large inductive impedance,
which can be caused by the nonlinear load current flowing
through the grid impedance. These harmonics can significantly
distort the injected grid current, resulting in poor power quality.
Therefore, the RC is applied in this study for high-harmonic
rejection capability to improve the quality of the grid-side
current [30]. In addition, the proportional gain is paralleled
with the RC to improve the transient response. The structure of
the entire current regulator is depicted in Fig. 5 where E(z) is
the tracking error; k, is the proportional gain; g(z) is the
stabilization filter, which can be a constant close to 1 or an LPF;
N is the number of samples in one fundamental cycle; £ is the
number of samples for the phase leading; £, is the gain of the
RC; s(z) is the LPF, which blocks high-frequency components
in the error; and C(z) is the control signal from the RC. The
transfer function G,(z) can be derived from Fig. 5.

G(2)=k, + M )
P 1-g(2)z
Substituting Eq. (7) into Eq. (6) yields
E(z2) B
i,(+G, ()G, ()DEN+G, (DG, (z) - (B)
1- q(z)z’N 1
1+k,G,(2)G,(2)+ G, (2)G,(2)D(2) "1- zVR(z)
where
R(Z)=q(2)- k,5(2)z"G,(2)G,(2)

1+k,G,(2)G,(2)+ G, (2)G,(2)D(z)

The transfer block diagram of the system error in Eq. (8) is
presented in Fig. 6, which consists of five transfer functions:
Ti(2), Tx(z), Ti(z), T4(z), and Ts(z). The five units should be
stable to ensure the stability of the entire system. From the

E(2)

Fig. 5. Structure of the RC paralleled with proportional gain.
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Fig. 6. Transfer block diagram of the system error.

above analysis, all of the poles of G;(s), G,(s), and D(s) are
located in the left half plane. Therefore, 71(z) and 7,(z) are
stable. The stability of 7,(z) can be guaranteed by selecting a
stable g(z), which is easily realized. Thus, the stability of the
entire system is only determined by 73(z) and 75(z).

T5(z) is the closed-loop transfer function without the RC,
which is a negative feedback unit. Placing the roots of
1+k,G(2)G1(2)+G1(2)Gy(2)D(2)=0 inside the unit circle
stabilizes T3(z). Ts(z) contains a positive feedback loop, and
its order is often remarkably high. Therefore, analyzing the
stability of this function using a necessary and sufficient
criterion, such as pole maps, is relatively complex. A
sufficient condition for its stability can be obtained using the
small-gain theorem to simplify the analysis process, as shown
as follows [30]:

|R(z)I<1 forall z=e"", we[0,z/T]. (9)

Thus, the closed-loop pole maps and Eq. (9) are used in
this study to analyze the robust stability of T5(z) and Ts(z) as
grid impedance varies, respectively. Table I lists the main
parameters of the converter system used in the following
systematic study. The cutoff frequency and quality factor of
the LPF used for voltage filtering are 2 kHz and 0.707,
respectively. The LPF s(z) used in the RC has the same form as
the LPF used for voltage filtering, as shown in Eq. (5).

The parameters in Table I indicates that k,=1.5 is selected
to set the crossover frequency to approximately one-tenth of
the switching frequency [31]. The parameters of the RC are
selected as follows: ¢(z)=0.97, k=0.7, and k=4, using the
design method in [30], and the @, and Q of s(z) are 2 kHz and
0.707, respectively. Given the 9.6 kHz sampling and
switching frequency, the number of samples in one
fundamental cycle N is 192.

In the following analysis, the converter’s robust stability is
examined with L, varying up to 0.7 mH, which corresponds
to a typical SCR of 10. For z-domain analysis, the bilinear
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TABLE I
RATED PARAMETERS OF THE L-FILTERED GRID-CONNECTED
CONVERTER
Symbol Description Value
U, Grid voltage (rms) 380V
1, Rated current 100 A
fs Switching frequency 9.6 kHz
L Filter inductance 0.25 mH
R; L-filter resistor 10 mQ
C DC capacitor 2820 uF

transform method (also called the Tustin’s method), which is
commonly used in engineering application, is used to
transform the s-domain transfer functions to z-domain.
Thereafter, the characteristic equation of 73(z) with the
parameter L, can be derived.
az*+a,2’ +a,z’ +a,z+a,=0
a,=37916.12L, +8.59

(10)
a, =—(66994.57L, +12.85)
a, =28460.2L, +10.73
a, =—(7601.17L, +4.13)
a; =8219.42L, +1

R(z) can also be derived using the z-domain transfer
functions of each unit. Given these results, the impact of the
inductive grid impedance (i.e., SCR) on system stability can
be analyzed, as shown in Fig. 7. In Fig. 7(a), T5(z) has four
moving poles as SCR varies down to 10; poles p; and p, in
the z-plane move from the right half plane to the left. These
left-half-plane poles will cause the high-frequency
oscillations in the transient process. Meanwhile, poles p; and
p4 move toward the boundary of the unit circle. However, all
of the poles are always located inside the unit circle. Thus,
Ts(z) is stable when SCR is higher than 10. In Fig. 7(b), the
trajectories for the roots of R(z) move toward the boundary of
the unit circle rapidly as SCR decreases; this phenomenon
indicates poor robust stability of 75(z) against grid impedance
variations. Part of the trajectories will locate outside the unit
circle, especially when the SCR is less than 15, and the
system may enter the unstable region. Thus, the requirement
described in [9] cannot be satisfied.

IV. BPF-BASED GRID VOLTAGE FEEDFORWARD
AND ITS ROBUST STABILITY ANALYSIS

The above analysis shows that for the conventional voltage
feedforward control, the converter’s robust stability is poor
when the inductive grid impedance varies. The analyses in
Section II indicate that this effect is due to the interaction
between the feedforward voltage and the grid-side current
through the delay unit. The delay has a low-pass characteristic,
and this delay will introduce phase lags, which have a negative
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Fig. 7. SCR effect on system stability with the conventional
voltage feedforward control. (a) Closed-loop pole maps of T3(z)
with decreasing SCR. (b) Trajectories for the roots of R(z) with
different SCRs.

effect on system stability. The phase lags caused by the delay
are slightly small at the fundamental frequency (50Hz in this
study), and the system’s stability is mainly caused by the
serious phase lags at relatively higher frequencies. If the
magnitudes at the high frequencies are lowered, then gain
stabilization can be realized despite the serious phase lags;
thus, the converter’s robust stability can be improved [32].
Given that the converter’s startup performance is mainly
affected by the fundamental grid voltage feedforward, the BPF
is adopted in this study to be incorporated in the feedforward
path to modify the magnitudes of the high-frequency
components, except for the fundamental grid voltage, and offer
gain stabilization. The BPF model can be expressed in the

s-domain as
Aws ( 11 )

Gppp(8) =—5—
Bre s’ +Aws + o]

where Aw and , are the bandwidth and the center frequency
of the BPF, respectively. In this study, o, is selected as 100 &
(rad/s) to extract the fundamental grid voltage. The bilinear
transform is also used to obtain Gypz) with Aw=942 (rad/s)
for the analysis of the converter’s robust stability with the
BPF-based feedforward method. Afterward, by replacing the
GHz) included in T3(z) with the Ggpe(z), the characteristic
equation of T3(z) with the parameter L, can be derived as
az' +a,2’ +a,z’ +a,z +a,;=0

a, =8697.6L, +2.02

a, =—(27243.36L, +5.9)

a, =29560.3L, +6.33

a, =—(12173.89L, +3.95)

a; =1159.35L, +1

The R(z) for the proposed BPF-based feedforward method
can also be obtained by replacing Gx(z) with Gypr(z). Figure
8 shows the closed-loop pole maps of 73(z) and the trajectories
for the roots of the R(z) as SCR varies down to three. In Fig.
8(a), all of the poles of T3(z) move inside the unit circle when
SCR>3, which indicates the stability of 73(z) for the proposed
method. Furthermore, Fig. 8(b) shows that the trajectories for

(12)
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Fig. 8. SCR effect on system stability with the BPF-based voltage
feedforward control. (a) Closed-loop pole maps of 73(z) with
decreasing SCR. (b) Trajectories for the roots of R(z) with different
SCRes.

the roots of R(z) move toward the boundary of the unit circle
remarkably slowly as the SCR decreases, indicating strong
robust stability of Ts(z) against grid impedance variations.
The trajectories are still located inside the unit circle, and the
converter can operate stably, especially when SCR=3.
Therefore, the converter’s robust stability against grid
impedance variations is improved obviously.

Selecting the BPF’s bandwidth for the proposed
BPF-based voltage feedforward control is crucial, because
this bandwidth has a significant effect on the converter’s
robust stability and the transient response during the grid
voltage sag. For example, in SCR=10, the characteristic
equation of 73(z) with the parameter Aw is derived and given
in the following for a concrete analysis of this impact.

az'+a, 2 +a,z’ +a,z+a;=0

a, =—(10.06Aw+167998.18)

a, =17.94A0+52936538 - (13)
a, = Aw—603051.32

a, =—17.94A0+289822.51

a5 =9.06Aw—48162.6

In Eq. (13), the closed-loop pole maps of 73(z) as the
bandwidth varies up to 7850 (rad/s) are depicted in Fig. 9(a).
The figure indicates that p; moves from the right half plane to
the left as the bandwidth increases, which will cause the
high-frequency oscillations. However, T3(z) is stable for all
Awe[10, 7850]. In addition, the trajectories for the roots of
R(z) with different values of Aw are shown in Fig. 9(b), which
shows that the trajectories for the roots of R(z) gradually
move toward the boundary of the unit circle as A increases.
When Aw increases to 7850 (rad/s), the system may enter the
unstable region. Therefore, a smaller the bandwidth means a
higher converter’s robust stability for the BPF-based voltage
feedforward control. However, a smaller bandwidth will slow
down the dynamic response to the grid voltage sag. Thus,
both the response speed to the grid voltage sag and the robust
stability against grid impedance variations should be
considered in selecting a proper bandwidth. In practical

ey
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Fig. 9. Effect of the BPF’s bandwidth on system stability for the
BPF-based voltage feedforward control under SCR=10. (a)
Closed-loop pole maps of 73(z) with increasing bandwidth. (b)
Trajectories for the roots of R(z) with different bandwidths.

design, system stability should be considered first; thus the
response speed to the grid voltage sag should be
compromised by the robust stability requirement. Specifically,
the maximum bandwidth of the BPF should ensure the stable
operation requirement of the converter under the smallest
SCR, such as 10, which is recommended in [9]. In Fig. 9(b),
the system has adequate stability margins with SCR=10 with
Aa=942 (rad/s).

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the simulation and experimental results are
presented to verify the analysis and the effectiveness of the
proposed voltage feedforward strategy in this study. The key
parameters provided in Table I and the parameters of the
controller, which were designed above are used in the
following simulation study, and these parameters are the
same as those used in the experiment.

The system introduced in Fig. 1 is simulated using the
PLECS software, and the control algorithms are realized in
the embedded dynamic link library. The prototype of the
L-filtered grid-connected converter used for the experimental
study is shown in Fig. 10, where the TMS320F28335
controller is used for realizing the control algorithm.

Moreover, Fig. 11 presents the simulation and
experimental results when the conventional voltage
feedforward control is adopted under the ideal grid condition,
in which the converter can work stably. However, Fig. 12
shows that severe oscillation arises in the grid-side current
when SCR=14. This condition indicates instability and
confirms the theoretical expectation in Section III.

For comparison, Figs. 13 and 14 provide the simulation and
experimental results for the BPF-based voltage feedforward
control strategy under different grid impedance conditions.
These results show that the converter can still work stably
under the full-load condition when the SCR decreases to 10,
which also confirm the theoretical expectation in Section IV.
Therefore, the converter’s robust stability is obviously
improved.
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Fig. 10. Experimental prototype of the L-filtered grid-connected
converter.

(a) Simulation result.

(b) Experimental result.

Fig. 11. Output current waveforms of the converter for the
conventional voltage feedforward control strategy under the ideal
grid. (x-axis:10 ms/div., y-axis:50 A/div).

In Fig. 15, when SCR=10, the oscillations in the grid-side
current appear when the BPF’s bandwidth is set to 7850
(rad/s), and the system becomes unstable. Therefore, the
theoretical expectations in Section IV are fully confirmed.
Thus, for the proposed voltage feedforward method, the BPF’s
bandwidth should be selected carefully by considering the
tradeoff between the response speed to the voltage sag and
the system’s robust stability.

u

(b) Experimental result.

Fig. 12. Output current waveforms of the converter for the
conventional voltage feedforward control strategy with SCR=14.
(x-axis: 10 ms/div., y-axis:50 A/div).

(a) Simulation result.

<4

(b) Experimental result.

Fig. 13. Output current waveforms of the converter for the
BPF-based voltage feedforward strategy under the ideal grid with
Aw=942 rad/s. (x-axis:10 ms/div., y-axis:50 A/div).

All these experimental results closely match with the
simulated ones; both results confirm the theoretical
expectations and the effectiveness of the proposed BPF-based
voltage feedforward strategy. Thus, when the conventional
voltage feedforward control is used, the converter can only
work stably with SCR>15; this value cannot meet the
requirement of [9]. However, with the BPF-based feedforward
method, the grid-connected converter can work stably with
SCR=10, which can ensure that the grid-connected converter
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(b) Experimental result.

Fig. 14. Output current waveforms of the converter for the
BPF-based voltage feedforward control with SCR=10 and
A =942 rad/s. (x-axis:10 ms/div., y-axis:50 A/div).

(a) Simulation result.

(b) Experimental result.

Fig. 15. Output current waveforms of the converter for the
BPF-based voltage feedforward control strategy with SCR=10
and Aw=7850 rad/s. (x-axis:10 ms/div., y-axis:50 A/div)

will meet the standards of [9]; therefore, the converter’s robust
stability against grid impedance variations is significantly
improved. The BPF-based feedforward method is verified by
the L-filtered converter in this study and is also suitable for the
LCL-filtered converter.

VI. CONCLUSIONS

This study analyzes the root cause of the effect of the grid
voltage feedforward on the control system of the L-filtered
grid-connected converter. Given the poor robust stability of
the converter with the conventional voltage feedforward

method, a BPF-based voltage feedforward method is

proposed to improve the converter’s robust stability against

grid impedance variations. From the above theoretical
analysis, simulation, and experimental results, the following
conclusions can be drawn:

1)  When the grid voltage feedforward control is used, the
converter’s stability margins will be largely reduced as
the inductive grid impedance increases, and the delay
produced by the digital control is the root cause of this
effect.

2)  The converter’s robust stability against grid impedance
variations can be remarkably improved by incorporating
a BPF in the feedforward path and setting its center
frequency as the fundamental frequency.

3) For the BPF-based voltage feedforward strategy, the
BPF’s bandwidth has a significant effect on the
converter’s robust stability. Specifically, a smaller
bandwidth results in higher converter’s robust stability.
Therefore, the BPF’s bandwidth should be selected by
considering the tradeoff between the response speed to
the voltage sag and the requirement of the stable
operation of the converter under the smallest SCR (i.e.,
the largest inductive grid impedance).
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