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Abstract: A grid-connected inverter (GCI) with LCL filters is widely used in photovoltaic grid-
connected systems. While introducing active damping methods can improve the quality of grid-
connected current (GCC), the influence of grid voltage disturbances can still significantly impact
the quality of GCC, leading to stability degradation, especially in weak grid conditions. This paper
proposes a grid-voltage-weighted feedforward control scheme based on the quasi-proportional
resonance (QPR) controller. This scheme introduces compensatory terms with different proportional
coefficients in the voltage feedforward, controlled by the QPR controller. Through a series of analyses,
reasonable inverter parameters are first designed. Then, the proposed system model is built in
Matlab Simulink. Through simulation experiments and comparisons with various types of operating
conditions, the effectiveness of the proposed system scheme is validated. It minimizes the impact of
grid voltage disturbances, suppresses the influence of grid harmonics on the control system, improves
current quality, and enhances the stability of the GCI system.

Keywords: voltage feedforward; QPR controller; weak grid; LCL inverter; grid-connected inverter

1. Introduction

The distributed photovoltaic energy generation system is a highly effective solution to
mitigate the issues of energy scarcity and environmental pollution [1-3]. The Distributed
Power Generation System (DPGS) needs to inject high-quality electrical energy into the
power grid system through GCI. However, due to the uneven distribution and penetration
of DPGS, there are more background harmonics in the power grid, making it more sus-
ceptible to becoming a weak grid. A weak grid is more likely to result in GCI generating
low-quality grid current, leading to distortion [4-6].

When comparing GCI with off-grid inverters, there are significant differences in control
technology. In order to meet the requirements of grid connection, GCI need to operate
in synchronization with the grid and comply with power specifications and standards.
In addition to utilizing maximum power point tracking (MPPT) technology to trace the
highest voltage and current values for maximum power output [7], synchronous tracking
of the grid phase using PLL technology is also required. PLL technology is a closed-loop
system that uses feedback control to generate a sine wave from the internal oscillator that
is phase-locked to the external periodic signal.

However, in weak grid conditions, the system may become unstable. The bandwidth
of the phase-locked loop may widen, expanding the negative real part range of the GCI
output impedance, leading to system instability [8]. Additionally, compared to L-type filters,
LCL-type filters have smaller dimensions and lower costs. As a third-order filter, in GCI
systems, it can effectively suppress harmonic currents from inverter switching frequencies
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and simultaneously regulate the grid-side current through closed-loop control [9]. With
proper design, it can meet the minimum grid requirements, i.e., total harmonic distortion
(THD) below 5%. However, due to the characteristics of LCL-type filters, their frequency
response exhibits resonance peaks, making them highly sensitive to grid disturbances and
prone to current distortion [10-12].

Meanwhile, Sine Pulse Width Modulation (SPWM) can achieve the equivalence of
a pulse waveform to a continuous reference waveform through amplitude-second equi-
librium. In inverter systems, modulation parameters, including switch frequency, duty
ratio, and carrier modulation type, have an impact on the stability of the system. The duty
ratio needs to be reasonably designed, as values that are too high or too low can affect
the system’s stability. A higher switch frequency generally improves system stability, but
excessively high frequencies can increase switch losses and are not easy to realize. Modula-
tion parameters also encompass carrier modulation types such as unipolar modulation and
bipolar modulation, as well as single-sided and double-sided modulation types [13].

In [14] it was demonstrated that different modulation parameters affect the stability of
voltage mode PWM control in continuous conduction mode switch DC-DC converters. The
study proposes a frequency-response-based method for selecting appropriate modulation
parameters. Bipolar modulation is the most common, but it leads to higher inverter-side
current harmonics. Simultaneously, disturbances from the grid significantly impact the
inverter [15]. The study in [16] proposes the use of unipolar modulation to mitigate these
issues, but it comes with the challenge of a higher carrier frequency, making practical
implementation more difficult.

In inverter systems, the most popular controller is the PI controller. However, due to
disturbances in GCI, its dynamic response and system stability are poor. Moreover, the gain
at the fundamental frequency is not sufficiently high. Some studies [13] have attempted to
enhance inverter performance by replacing the PI controller with a PR controller to mitigate
harmonic issues. However, this approach may reduce the phase margin of the system and
has limited effectiveness in suppressing background harmonics.

In practical designs of GCI with LCL filters, to enhance interference resistance, damp-
ing needs to be introduced using one of two methods. Adding corresponding series or
parallel resistors to the filtering circuit is one method, but, in practice, it increases costs.
The optimal approach when using this method is to parallel resistors on the capacitors, yet
this introduces additional losses and is not easily implemented. The other method is to use
active damping, also known as grid current and capacitor current dual closed-loop control,
which has been discussed in [17-19].

In [20], a method is proposed that employs parallel virtual impedance to reshape the
output impedance; this can be accomplished by implementing a grid voltage feed-forward
scheme, resulting in an improvement in the GCC of the inverter. However, the tracking
performance is poor. It cannot effectively suppress harmonics when there are significant
harmonics in the grid. A study in [21] introduced a method for shaping the impedance
of the GCI by incorporating parallel and series impedances into the overall equivalent
impedance of the inverter. This approach can suppress grid voltage disturbances, and
the system remains stable as the grid impedance increases. However, its implementation
is complex, involving numerous components, and it becomes unstable when there are
fluctuations in the grid voltage and frequency [22].

When there are background harmonics in the grid, LCL filters struggle to suppress their
impact on the inverter. It often becomes necessary to introduce a grid-connected voltage
(GCV) loop. However, in a weak grid, coupling occurs between the inner loop of grid
current and the grid impedance, reducing the system’s stability margin. The feedforward
loop introduces a feedback path for background harmonics, thereby worsening the overall
power quality of the system [9]. Simultaneously, with changes in the grid impedance, the
phase-locked loop (PLL) significantly affects the robustness of the GCI.

A study in [23] employed the Linear Time-Periodic (LTP) theory to investigate the
impact of PLL on the dynamic behavior of inverters in weak grids with asymmetric grid
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impedance. A study in [8] proposed a passive enhancement method to achieve positive
output impedance for GCI, establishing a small-signal model for analysis and comparing it
with traditional PLL, demonstrating superior dynamic performance. In [24], Weighted Av-
erage Current Control (WACC) was introduced to suppress resonance issues caused by LCL
filters. A study in [19] considered the influence of the feedforward loop under background
harmonic conditions on the positive feedback channel, improving the derivation of WACC
coefficients. A study in [24] suggested combining the WACC method with active damping
using capacitor currents, yet it did not account for the correction of WACC weighting coeffi-
cients due to capacitor current damping, making it challenging to completely eliminate the
impact of grid background harmonics on the reference current. A study in [25] considered
phase compensation for inverter output impedance. An additional lead correction network
was employed for the phase compensation control strategy, aiming to enhance the stability
of GCI by increasing the phase angle of the system’s output impedance. However, the lead
network amplifies high-frequency harmonics within the loop.

To improve the quality of GCC, enhance resistance to power grid fluctuations, and
suppress grid harmonics, this paper proposes a voltage feedforward scheme based on a
QPR controller. The approach involves a rational analysis of design parameters and their
implementation in the inverter to suppress the disturbance impact on grid voltage, enhance
grid voltage quality, and improve robustness.

In Section 2, this paper will introduce Unipolar Double-Frequency (UDF) SWPM and
analyze the control systems of LCL inverters and active damping inverters. Section 3
investigates the power grid voltage disturbances and proposes a QPR-based grid-voltage-
weighted feedforward scheme. Section 4 presents the results obtained from the simulation
experiment and validates the effectiveness of the proposed control scheme. Finally, Section 5
will provide the conclusion for this paper.

2. Control Strategy and Output Impedance of the LCL GCI
2.1. Unipolar Double-Frequency (UDF) SPWM

Sinusoidal pulse width modulation (SPWM) methods can be divided into bipolar,
unipolar, and hysteresis comparison methods. As is widely known, bipolar SPWM modu-
lation is the most common adjustment method. It involves comparing a sinusoidal signal
with a given carrier wave, as shown in Figure 1a. This comparison then controls the
high-frequency switching of the inverter switches between on and off for each pair of
combinations, as illustrated in Figure 1b. However, its output voltage U, is large, fluc-
tuating from Upc to —Upc; due to the distributed capacitance in the surroundings, the
output current I;;,;, exhibits significant fluctuations, making the inverter prone to damage.
Additionally, its switching frequency is equal to the carrier frequency, resulting in relatively
high switching losses [26].

UDF SPWM involves comparing the sinusoidal reference signal with two carrier
waves that have phase differences of 0° and 180°, respectively, as shown in Figure 2a. The
orange line is the sinusoidal signal, the purple line is the carrier, and the blue line is the
carrier with a phase difference of 180°. Here, the four switches of the H-bridge inverter are
denoted as g1, g2, g3, and g4. The relationship between the given sinusoidal signal and the
carrier wave controls switches gl and g2. Specifically, when the given sinusoidal signal
is greater than the carrier wave, gl is turned on and g2 is turned off. Simultaneously, the
switches g3 and g4 are switched when the given sinusoidal signal and the carrier wave
have a phase difference of 180° In this case, when the result is greater than a certain value,
g4 is turned on, and g3 is turned off. The output voltage u;,, is the voltage at the H-bridge
output port, which is the difference in port potentials. Due to this difference, the frequency
of the square wave voltage at output U;,,, becomes doubled, as depicted in Figure 2b.
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Figure 1. Bipolar modulation. (a) The sinusoidal reference signal is compared with the carrier wave;
(b) Output voltage.
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Figure 2. UDF SPWM. (a) The sinusoidal reference signal is compared with the carrier wave in UDF;
(b) Output voltage.

It can be observed that the output voltage of UDF SPWM is the same as the unipolar
modulation method. However, its input carrier frequency is half that of the unipolar
frequency. Based on Equation (1), the filter inductor L is related to the output voltage
square wave frequency fs . The higher the frequency, the smaller the filter inductor required,
reducing the cost and volume of the filter. The current I,y is kept at a constant value to
minimize the current ripple. At the same time, the output voltage U;,,;, changes between
Upc and 0 during the positive half-cycle of the fundamental frequency and between 0 and
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—Upc during the negative half-cycle, resulting in smaller fluctuations in the output current
Iiyp. Therefore, the unipolar multiplicative SPWM modulation is chosen [27].

Upc
L> —— 1
= v/, @

Phase-locked loop design. Using the Second-Order Generalized Integrator Phase-
Locked Loop (SOGI PLL), the primary objective is to decompose a single sine signal into
two orthogonal sine signals, enabling independent control of active and reactive power.
Due to the fact that sine signals exhibit a second-order resonant section model in the
s-domain, it is commonly referred to as a Second-Order Generalized Integrator (SOGI).

2.2. Stability Analysis of the LCL GCI

Due to the LC filter, when connected to the grid, the capacitor C is controlled by
the grid, rendering it ineffective for filtering. In this scenario, the LC filter can only be
considered as if L plays the role of filtering. When using only an L filter, a large inductance
value is required to meet the grid requirements. Therefore, the LCL filter can reduce the
inductance on the inverter side, simultaneously satisfying the grid requirements. A single
LCL GCI, when connected to the grid, exhibits excellent filtering compared to an LC-type
inverter, as shown in Figure 3. In this figure, L; represents the inverter-side inductance, L,
is the grid-side inductance, and the filtering capacitor is denoted as C [28,29].

M *E} Sfi} L

L

NN >

(&)

=
F
+ |~

S, kS,

Figure 3. LCL inverter topology.

The LCL part of a single LCL inverter is equivalent to the block diagram shown in
Figure 4, where Uj,, is the excitation source of the output of the inverter. In the S domain,
KVL and KCL equations can be obtained.

Uino(s) = Lasiz(s) + Uc(s) 2)

Uc(s) = Lasia(s) + Ug(s) )
i1(s) = ic(s) +ia(s) = sCUc(s) +ia(s)

= 5C(Lasin(s) + Ug(s)) +ia(s) (4)
By combining Equations (2)—(4), yields
Uino(s) = L1s[sC(Lasia(s) + Ug(s)) +ia(s)] + Lasiz(s) 4+ Ug(s) )

and by simplifying it, the relationship between u;,,;, and i; can be obtained.

Uino(s) = L1LoCs3in(s) + (Ly + Ly)sin(s) + (L]CSZ T 1) U (s) ©6)
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In order to facilitate analysis, the relationship between GCC i, and inverter input
voltage U;;,, can be obtained without looking at the influence of GCV u¢ on ip, as shown in

Equation (7).

, (L1+Lp)

ip(s) _ 1 _ 1 LhLoC

Uino(s) — LiLaCs3+(Li+La)s — (Li+La)s (sz+(§$;§)> @)
_ 1 Wy
T (Li+La)s (s+wr)

_ (L1t L)
Wy = [Pe (8)

Setting w, to the resonant angular frequency in Equation (8), when the frequency is
wy, the gain of the transfer function is infinite; that is, the current i, will diverge. By setting
the parameters w, to the usual requirements of f, < w, <0.5 f;, the filter becomes more
efficient and the harmonics of the GCC i, are lower.

L L,
e A L s AR

i1+ L
"ﬁ"mn;‘ ‘ - O @

Figure 4. Equivalent block diagram of the LCL inverter.

==

Figure 5 is a Bode diagram of the G open-loop transfer function. The parameter
values are provided in Table 1.
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Figure 5. Bode diagram of the G open-loop transfer function.

From the Bode plot, it can be observed that the LCL filter exhibits good filtering per-
formance. As the frequency increases, its gain continuously decreases, indicating improved
filtering effectiveness. However, there is a peak in the graph, occurring at the resonant
angular frequency w,. At this frequency, harmonics are amplified, and, simultaneously,
there is a phase transition from —90° to —270°. The phase margin is less than 180°, making
it prone to instability in closed-loop systems.
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Table 1. Parameters.
Pa Parameters and Symbols Values Parameters and Symbols Values
Input voltage Uy 400V Grid-side inductor L, 0.00012 H
Grid voltage U, 220V Carrier amplitude Vr 1V
Fundamental frequency fy 50 Hz Carrier frequency fr 10 kHz
. Proportional coefficient of Gopr(Z) and
Switching frequenc 20 kHz Q 10
g q y f S Gp I ( Z)Kp
Inverter-side inductor Lq 0.000 H Integral coefficient 1000
Of GQPR(Z)KR
Filter capacitor C 10 uf Integral coeff}?ent of Gpi(Z) 1000
I
Grid current sensor gain Hil 1 Sampling period Tg 50 ps
Feedback coefficient of capacitor-current Hi2 32 Cutoff frequency w, 5

2.3. Active-Damped LCL GCI

In order to suppress the impact of resonance on the grid inverter, damping needs to
be introduced. This involves introducing the square term of s into the denominator of
Equation (7), shown in Equation (9).

_ ias) 1 Wr
Grer-d(s) = Uio(s) (L1 + La)s (s2 4+ 25wys + wy) ©

Following the introduction of closed-loop control, the control block diagram is de-
picted in Figure 6a. The grid current i; is compared with the reference current i,,¢. Through
the controller, for analytical simplicity, a basic proportional-integral controller G; is em-
ployed. Subsequently, the output goes through UDF to control the inverter-side voltage
Uiy, Setting Z1(s) = sLy, Zc(s) = 1/sC, and Zy(s) = sLp, then the control block diagram
can be equivalent to Figure 6b for simplification, and, finally, the control block diagram in
Figure 6c¢ can be obtained.

(a)

iref (S) +

i<(5) p 1 i2(s)

i (s) + Z.(9) p Z,,(s)+Zc(s) l, (s)
W Z,,(s)+Z(s) (2 (8)+Zc(5))Zi2(8) + Zc () Zuu(s) ‘[
- - I

Figure 6. Equivalent transformation of an active damped control block diagram. (a) closed-loop
control block diagram; (b) using Z instead of simplified block diagram; (c) using a simplified
equivalent block diagram; (d) using Gy instead of a block diagram.

Disregarding the disturbance of U on the system, the dashed portion in Figure 6c¢ is
replaced by Gy ¢y, resulting in the final control block diagram in Figure 6d. For stability



Energies 2024, 17, 885

8 of 19

analysis of the control system, the open-loop transfer function Gpp is utilized, expressed as
Equation (10). Its Bode plot is illustrated in Figure 7. Stability analysis focuses on the phase
response when crossing 0 dB. The phase must be above —180° for a positive phase margin,
ensuring system stability; otherwise, instability may occur.

Bode Diagram
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Figure 7. Open-loop transfer function without damping and with damping.

Replacing Gycr, with the transfer function Gy _g4 after introducing damping and
properly designing J such that its open-loop transfer function is Gppy, the resulting Bode
plot is shown in Figure 7. It can be observed that, by appropriately designing the value of
6, it is possible to ensure that the amplitude at the resonance frequency point w;, does not
pass through the 0 dB point, thereby having no effect on the stability of the system [30].

Gor(s) = Gi(s)Grcr(s) (10)

2.4. Analysis of the Active-Damped LCL GCI

In the introduction of passive damping analysis, the ultimate effect is achieved by
adding a resistor across the capacitor terminals. This is illustrated in the control block
diagram in Figure 8a, where 1/ Ry represents the control loop and represents the parallel
resistor in the capacitor. By rational simplification through control principles, active
damping control is obtained without the need for a parallel resistor. The input node of the
control loop 1/ R is moved to node G;, and the output node is also moved forward to node
1/sLy, resulting in the control block diagram in Figure 8b. Through this simplification, the
loop can be controlled, and the impact of differentiation is eliminated. This is crucial because
differentiation amplifies noise, and discrete differentiation introduces errors, weakening the
effectiveness of active damping. However, it is necessary to introduce the capacitor current
ic into the main circuit, along with the proportional coefficient H; = L1 /R, C in the control
loop. This is referred to as the active damping grid current and capacitor current dual
feedback control strategy, and the resulting diagram is shown in Figure 9, where Hil is the
capacitor current feedback coefficient and Hi2 is the grid current feedback system. In the
active damping system, Zc is the sum of the capacitor and the parallel resistance [31,32], so

Reo
/= ————— 11
C SRcy + 1 ( )
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Figure 8. Active-damping control block diagram equivalent. (a) capacitor parallel resistors; (b) sim-
plified equivalent block diagram.

2L |+ CJ:

UDF SPWM

Figure 9. Structure diagram of a GCI.
3. Proportional-Resonance Controller Based on a Voltage Weight Feedforward Scheme

for LCL GCV
3.1. Analysis of the Influence of Power Grid Voltage on LCL Inverter

Considering the power grid voltage stability analysis, as shown in Figure 10, setting
Gi1(s) = Z¢(s)/(Zr1(s) + Zc(s)), Go can be expressed as per Equation (12).
_ ZL1(5)+Zc(S)

(ZLl (S) +Zis (S))ZL2 (S) + Zc (S)ZLl (S)

(12)

Figure 10. Equivalent block diagram without considering the effect of GCV.

The superposition theorem is used to analyze it, respectively. Firstly, the influence of
GCV Ug is not considered,

_in(s)  Gi(S)Gi(S)Ga(S)
Gii(s) = l.fef(s) = 752 +1GOP(S§ (13)
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Similarly, the input current i,.¢ is not considered; only the influence of GCV is consid-
ered, as shown in Figure 11.

_ ia(s) _ G(S)
Gio(s) = _zug(s) - 1+éop(5)

(14)

u,, (s)

|

o Z. (S) p Zy (‘Y)+Z( (Y) 1 Ly, (5)
W Z,(s)+Z.(s) (Zu(S)+Z<‘(S))le(s)+zt (5)Zu(s) ;
L - -] [

Figure 11. Equivalent block diagram without considering the effect of reference current.

ipe is the output current when there is only a reference current i,.¢ input, iy is the
output current when there is only a U input, and i; is the output grid current.

iy = ipq +ipp = iref(S)Gii(s) — Ug(s)Gin(s) (15)

Using this equation, it can be observed that G;, reflects the tracking performance
of the given current, while G;; responds to the disturbance effects of the grid voltage.
Here, tracking performance mainly refers to the function of i,y in Equation (13). From
Equations (14) and (15), it can be seen that if the magnitude of the outer loop gain G; is
sufficiently large, the variation caused by U, can be greatly reduced. However, adopting
the most basic PI controller may result in lower control accuracy for tracking and make the
changes induced by U, more significant [33,34].

3.2. Proportional Resonance (PR) Controller

The PR controller has infinite gain at the fundamental frequency and very small gain
at non-fundamental frequencies. Therefore, the system can achieve zero steady-state error
at the fundamental frequency. At the same time, based on the analysis of the grid voltage
U, mentioned above, when the gain is sufficiently large, it significantly reduces the impact
of the changes induced by U.

The transfer function of the PR controller is

2k,s

G =ky+ s
PR(S) P+ 32+w02

(16)

In Equation (16), K}, is the proportional coefficient, and K; is the integral coefficient.
wq = 27 fy where f is the frequency of the fundamental wave. The inverter output current
is related to the reference current and grid voltage. For PI control, the gain of the controller
at the fundamental frequency wy is finite, while for PR control, the gain of the controller
at the fundamental frequency wy tends to infinity. Therefore, PR control can achieve zero
steady-state error and has the ability to resist grid voltage disturbances. The Bode plot of the
open-loop transfer function Gpg is shown in Figure 12a, with parameters set as in Table 1.
It can be observed that the gain is extremely high at the specified fundamental frequency.

In practical systems, due to issues with the implementation of PR controllers, where
the gain becomes infinite at 50 Hz, fluctuations may occur since the grid frequency may not
strictly equal 50 Hz. When the frequency deviates slightly from 50 Hz, the gain significantly
attenuates. To enhance control robustness, a commonly employed approach is to use a
QPR, which is easier to implement. Its open-loop transfer function is given by Equation
(17), where w, is the cutoff frequency, as depicted in the Bode plot in Figure 12b.

2k, s

B B S 17
sz + 2wces + T/U()z (17)

GQPR(S) = kp +
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From the Bode plot, it can be observed that as K, increases, the gains in other low-
frequency and high-frequency ranges become larger. Similarly, with an increase in K, the
gain at the resonance point becomes larger, but the gains in the surrounding frequency
bands also increase accordingly. As w increases, the gains in the surrounding frequency
bands also increase correspondingly.

200 Bode Diagram Bode Diagram
o N oo
T @
% 200 A7)
g E
b g
2100 g
S 5
ES H
1

odr o
= 45F 5 95
R Ey
ki 3
o 0 H 0
g £
S 45 % 45

90 -90

10

™

10°

-
QT

3
10
Frequency (rad/s) Frequency (rad/s)

(a) (b)
Figure 12. (a) Bode plot of the PR controller; (b) Bode plot of the QPR controller.

3.3. Grid-Voltage-Weighted Feedforward Scheme Based on the QPR

According to Equation (15), it can be understood that the impact of the grid voltage on
the system is denoted by Ug-G;,. Injecting this compensating term into the control system
will eliminate the influence of U, on the inverter, as expressed in Equation (18). In the
representation of the control block diagram, introducing the forward transfer function
G between U, and iy at the front end of node i, is illustrated in Figure 13a. Through
simplification, by moving the input node of this term to the Gopgr node, the feedforward
function 1/G, will eliminate the impact of U, on the injected current i, as shown in
Figure 13b. Expanding and restoring the control block diagram, moving the feedforward
function 1/G(s) to the Gopr node, the resulting feedforward function is 1/Gq(s), as
shown in Figure 13c.

(18)

Figure 13. Equivalent block diagram of voltage feedforward control. (a) voltage compensation
block diagram; (b) voltage compensation feedforward block diagram; (c) expanded equivalent
block diagram.
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Setting G,r = 1/G, (s), then expanding and simplifying it, yields
2 Ly
Gof(s) =s°[1C+ ——S+1 (19)
Rez

From Equation (19), a function with second-order derivative components and first-
order derivative components can be obtained. Compensating for these three terms will
eliminate the influence of grid voltage feedback on the system. The influence of grid voltage
is mainly manifested in the effects of harmonics and voltage variations.

3.4. Stability Analysis of Voltage Full Feedforward in the QPR Controller

The use of the QPR controller voltage full feedforward scheme can minimize the
impact of grid voltage on the control strategy; stability analysis is performed.

First, the parameter settings of the QPR controller need to be determined. The cutoff
frequency w, in the quasi-resonant controller, not only affects the gain of the controller but
also influences the controller’s bandwidth. With an increase in w, the gain of the controller
increases, and the bandwidth of the quasi-resonant controller is given by w./27 Hz.
Typically, considering the allowable fluctuation range of the grid frequency as 0.8 Hz,
this implies w. /27 = 1.6 Hz, i.e., w. = 5. The determination of K, and K; is achieved
through root locus analysis. Initially, set the value of Kr as 1 and use the root locus plot to
determine the range of Kr values. In the root locus plot, the root locus values on the left
half-plane of the real axis indicate system stability, whereas those on the right half-plane
are unstable. Moreover, roots farther away from the imaginary axis are more stable. As
shown in Figure 14, it is evident that the minimum value for K;, is 0, and the maximum
value is 37. Both 0 and 37 are critical values lying on the imaginary axis. To ensure stability,
a middle value of 12 is chosen for K.

%105 Root Locus

System: Grlo ///
Gain: 37.1 A
Pole: 37.1 + 3.1e+04i //’
Damping: -0.00119 ,,,/
Overshoot (%): 100 4

Frequency (rad/s): 3.1e+04 /,,w"

©
o

e

System: Grlo
Gain: 0

™ Pole: 0
Damping: -1
Overshoot (%): 0
Frequency (rad/fs): 0

-0.5

Imaginary Axis (seconds'1)
o
T

-8 -6 -4 -2 0 2 4 6 8
Real Axis (seconds™") %10*

Figure 14. Root locus plot.

Next, analyze and determine the value of Kg through the Bode plot in Figure 15. To
ensure a certain stability margin, it is typically required that the phase margin of the open-
loop transfer function be set to be 30 or above. Simultaneously, to ensure a certain response
filtering effect, the closed-loop transfer function is usually chosen to be between 1/10 and
1/2 of the fluctuation frequency of the U,, square wave. The fluctuation frequency of the
U, square wave in the system is 20 kHz, and the most suitable range is considered to be
between 4000 and 6000.
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Bode Diagram
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Figure 15. Bode plot of the system.

In the Bode plot, G, represents the open-loop transfer function. Bode plot with K,
set to 10, Gy represents the open-loop Bode plot with K, set to 1000, and G,3 represents
the open-loop Bode plot with K; set to 10,000. It can be observed that using the QPR
controller results in a peak in the amplitude gain at the fundamental frequency, where the
gain is amplified. Additionally, as K}, increases, the gain at the fundamental frequency also
increases. However, this also amplifies the gain near the fundamental frequency, making
it prone to generating harmonics at nearby frequencies. Meanwhile, the phase margin
exceeds 30°. Gy has a phase margin of 54.8, and Gops has a phase margin of 44.3. The
larger the phase margin, the more stable the system. Considering these factors, a K, value
of 1000 is chosen.

Gcr represents the Bode plot of the system’s closed-loop transfer function. It is
observed that the bandwidth frequency, i.e., the frequency at which the gain is —3 dB, is
4300 Hz, which falls within the design requirement range of 4000-6000 Hz.

4. Experimental Results

To validate the proposed grid-voltage-weighted feedforward scheme based on the QPR
controller, a discrete simulation is conducted. The control system needs to be discretized
for the simulation. Two controllers, namely the PI controller and the QPR controller,
are selected for comparison in the experiment. Both controllers need to be discretized,
transforming them into models in the Z-domain. The bilinear transformation method is
employed; the equation is 20, where Ts denotes the sampling period.

G(z) = G(s)|y= 2. 221 (20)

The expression for s in the continuous transfer function is given by

2 7-1
STz D
First, discretize the Gp;(s) controller
Gpi(s) = Kp+Ki/s (22)

Can be obtained

Gpi(Z) =ky + Ki - To(Z+1)/2(Z — 1) (23)
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In discretizing the QPR controller, Equation (21) is brought into Equation (17) to obtain
Equation (24).

2k | #5771
Gorr(Z) = ky + (£ 55) (24)
© g 2 2-1 2 Z

(TZT—l) +2wC<TT) +wo?

Simplifying it gives

4ky Tsa)czz — 4kr Tga)c

(25)
Ts2wo? + 4Tswe + 4) 2 (2T52w02 - s)z 1 Ti2wy? — 4Tswe -+ 4

GQPR(Z) = kp + (

All the sampled signals in the system go through the sample-and-hold and calculation
link, which are in perfect agreement with the results of the physical experiments.

The parameters in the system are listed in Table 1. To evaluate the proposed solution,
simulate grid voltage harmonics, including background harmonics of the 3rd, 5th, 7th, 13th,
21st, and 33rd orders. The ratio and phase of each harmonic correspond to the fundamental
voltage, as indicated in Table 2.

Table 2. The amplitude ratio and relative phase of each harmonic correspond to the fundamental voltage.

Harmonic orders 3 5 7 13 21 33
Amplitude ratio (%) 33 21 13 7 5 3
Relative phase (°) 1 1 3 3 5 10

Figure 16a shows the comparison between grid current and the reference grid current
obtained using a PI controller under normal grid voltage conditions (without simulated
harmonics). It can be observed that the maximum value of the reference current is 32 A,
while the grid current value is 31.4 A. At the same time, there is a significant phase difference
between the grid current and the reference current, indicating poor tracking performance
with a certain degree of error.

—REFERENCE —REFERENCE
—GRID ‘ ‘ —GRID
30
< 0
u frr
; 510
2 2N
E =
z z
- & 10
x [
3. 32
-30
0.04 0.05 0.06 0.07 0.06 0.07 0.08 0.09
TIME (S) TIME (S)

(a) (b)

Figure 16. (a) Grid current under normal grid voltage conditions with the PI controller; (b) QPR
controller based on grid voltage feedforward.

Figure 16b illustrates the grid current obtained with the QPR controller based on
grid-voltage-weighted feedforward under normal grid voltage conditions. It can be seen
that the grid current perfectly aligns and overlaps with the reference current, reflecting
excellent tracking performance with minimal error.

Figure 17a: Comparison of grid current and grid voltage with a PI controller under grid
voltage harmonics. Figure 17b: Comparison of the PI controller-based grid voltage feedback.
Figure 17c: Comparison of QPR controller-based grid voltage feedback. Figure 18a: THD
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of the PI controller under grid voltage harmonics. Figure 18b: THD of PI controller-based
grid voltage feedback. Figure 18c: THD of QPR controller-based grid voltage feedback.
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Figure 17. Grid current with a background harmonic voltage. (a) PI; (b) PI-based grid on voltage
feedback; (c) QPR grid on grid voltage feedforward.
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Figure 18. THD when there is a harmonic injected into the grid. (a) PI; (b) PI on grid voltage feedback;
(c) QPR on grid voltage feedforward.
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Under grid voltage harmonics conditions, the ripple in the grid current generated
by the PI controller is significant, and the harmonics are very large, resulting in a THD of
10.46%, which exceeds the specified standard and is not acceptable. Using the PI grid volt-
age feedback control system allows for normal operation with a THD of 1.98%. Meanwhile,
with the QPR grid voltage feedback, the ripple is very small and is not affected by changes
in the grid voltage, resulting in a THD of only 1.44%, demonstrating strong robustness.

While injecting simulated background harmonics according to the corresponding
values in Table 2, the fundamental frequency of the grid voltage was altered to 49.5 and
50.5, respectively. Experiments were conducted using a QPR controller based on grid
voltage feedback. The analysis of the output grid current quality yielded THD values of

2.18 and 1.88, as shown in Figure 19. Although the values have increased slightly, they
remain within the normal stable range.
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Figure 19. Frequency fluctuation test of a GCI. (a) fo = 49.5; (b) fo = 50.5.

Simultaneously, a further analysis was performed on the THD with a fundamental
frequency of 49.5, as shown in Figure 20. It can be observed that, after injecting 3rd,
5th, 7th, 13th, 21st, and 33rd harmonics, the output current harmonics were effectively
suppressed compared to the injected harmonics. Only some harmonics were generated
near the fundamental frequency, which is attributed to the impact of the fundamental
frequency change on the system. However, due to the characteristics of the QPR controller,
the system’s stability and tracking performance remained satisfactory. A single harmonic
does not exceed the specified limit. Adjustments to QPR parameters can be made based
on practical design needs. By changing wc, the width of the frequency response can be
adjusted to ensure system stability when the fundamental frequency changes within a
certain range. However, it can also amplify range noise.
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Figure 20. THD when fo is 49.5 Hz.

The above comparison further confirms that the tracking performance and robustness

of this design scheme are both excellent.
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5. Conclusions

This paper presents a QPR-based grid-voltage-weighted feedforward scheme for
GCI with LCL filters. Utilizing the UDF SPWM method, the system performance has
been analyzed under grid voltage disturbances. The study involves the use of a voltage
feedforward weighted strategy and proportional-resonant controller with a thorough
analysis of the rational design of various parameters. Experimental results indicate that
the inverter performs well under normal grid conditions, weak grid conditions, and grid
frequency fluctuations, effectively suppressing the impact of grid voltage disturbances on
the system. The robustness of this inverter has been demonstrated, making it suitable for
various complex grid voltage disturbance environments.
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DPGS The Distributed Power Generation System
PLL Phase-Locked Loop

GCV Grid-Connected Voltage

SPWM Sine Pulse-Width Modulation
WACC Weighted Average Current Control

LTP Linear Time-Periodic

MPPT Maximum Power Point Tracking

PI Proportional Integral

PR Proportional Resonance

UDF Unipolar Double-Frequency

SOGI Second-Order Generalized Integrator Phase
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KCL Kirchhoff’s Current Law
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