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Abstract: NPC (neutral point clamped converter) is widely used in medium- and high-voltage grid
connection because of its small power devices, simple overall structure, and easy control. This paper
presents an improved indirect current control strategy for an LCL-type NPC. Firstly, the reference
current is compensated to suppress the resonant peak of the LCL filter and improve the tracking
accuracy of the output current. Then, with the relationship between state variables, the control
structure is optimized by introducing the non-PLL control method, so that the sensors are reduced to
only two sets. Finally, the traditional differential operator is improved to compensate the calculation
delay in digital control. The experimental results show that the amplitude of thee grid-connected
current is consistent with the reference value, the phase deviation is reduced from 7° to about 1°, and
the transient response time is shortened to 1/3 of that of the traditional method.

Keywords: LCL filter; three-phase grid-connected inverter; indirect current control; reference current
compensation; calculation delay

1. Introduction

With the social demand for energy increasing, the energy crisis is becoming increas-
ingly prominent. Meanwhile, people’s awareness of environmental protection is increasing,
and distributed generation based on new energy is increasing in power systems. The
grid-connected inverter, as the interface that connects to the power grid, has a huge de-
mand [1,2]. To achieve the technical requirements of grid-connected inverters (e.g., the
harmonic content in the grid-connected current cannot be more than 5%), it is necessary
to install filters on the grid-connected side of the inverter, usually with L-type, LC-type,
LCL-type, or other more complex structures. The LCL-type filter has been applied increas-
ingly more in grid-connected inverters due to its advantages of a small volume, strong
attenuation of high-frequency harmonics, higher quality of grid-connected current control,
etc. However, the resonance in the LCL filter may lead to system instability [3-5]. At
present, studies on LCL-type grid-connected inverters have mainly focused on the stability
problems caused by LCL resonant peak [6-8] and digital control delay [9,10].

Scholars have carried out extensive studies on the resonance problem of LCL filters,
and usually, solutions include passive damping and active damping strategies [6]. Passive
damping is realized through series and parallel damping resistors, which is simple to
implement, but the system loss is increased and the high-frequency filtering ability of
the filter is reduced [7]. Active damping suppresses resonance by changing the control
structure. Currently, active damping strategies mainly include feedback control based on
an additional digital filter [11-13], feedback control based on model reduction [14,15], and
feedback control based on additional variables [16-20].

Among the above active damping methods, capacitive current feedback based on
additional variables has attracted much attention due to its simplicity [8,16]. LCL-type
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inverter capacitive current feedback usually has two current control methods. One is
direct current control using the grid-connected current for closed-loop control [21,22]. The
second is indirect current control with closed-loop control of the inverter-side output
current [12,23]. Most active damping strategies adopt direct current control. In [8], an
optimal design scheme for the capacitive current feedback coefficient was proposed to
enhance the stability of the converter system at a resonant frequency. In [22], an external
current loop scheme with proportional resonance plus odd harmonic repetition control was
designed to realize high-precision tracking of the grid-connected current. Although these
direct current control strategies can ensure the stability of the grid-connected current and
high-precision tracking, they cannot directly detect overcurrent at the switch tube on the
inverter side, and there are potential safety hazards regarding damage to the switch tube
due to overcurrent overheating [24]. Therefore, some products adopt an indirect current
control mode to ensure the safety of the grid-connected inverter. The filter capacitor branch
is equivalent to an open circuit, and the fundamental current is ignored while the indirect
current mode is equivalent to the direct current mode. However, when the grid-connected
current contains high-frequency current components, the effect of the inductance and
capacitor on the inverter side will result in relatively obviously deviation [25,26]. In other
words, since the control target of indirect current control is the intermediate output of the
system, the tracking accuracy of the grid-connected current will be reduced. At the same
time, when high-frequency current resonates between the capacitors, bad oscillation in
the gate current may result in unstable output of the stable intermediate variable [27]. In
addition, the existing control of the grid-connected inverter is based on a phase-locked
loop, and the control parameters of the phase-locked loop also affect the control accuracy
and stability of indirect current control [28]. Therefore, how to adopt a more effective
strategy for indirect current control based on capacitive current feedback is still worthy
of further study.

The stability caused by digital control delay is another problem in the application of
LCL-type inverters. The difference method based on the sampling time is often adopted
in traditional digital realization of differential operators, which leads to calculation delay
of about one beat between the calculated value and the actual signal [29]. Control delay
will introduce phase lag, which limits the bandwidth of the control loop and may cause
instability in the system [10,30]. Therefore, to improve the stability and control performance
of grid-connected inverters, it is necessary to reduce the control delay. The authors of [9]
proposed the instantaneous sampling method for capacitive current. If the sampling time
is moved to the loading time of the modulation signal, the corresponding calculation delay
will be less than one beat to reduce the calculation delay. The authors of [10] proposed the
real-time operation method of the dual sampling mode of capacitive current, which selects
the single-stage frequency doubling modulation mode as being equivalent to updating the
modulation wave immediately after the completion of sampling of the capacitive current
signal, which can completely eliminate the calculation delay. However, the existing methods
need to change the sampling mode, which is more complicated in DSP implementation
and increases the amount of code calculation.

Aiming to resolve the stability problems caused by LCL resonance and the deviation
between the amplitude and phase of the grid-connected current caused by indirect current
control and digital delay, the following work was done in this paper:

(1) Anindirect current control method based on reference current compensation is pro-
posed to achieve high-precision control of grid-connected current and suppress the
resonance in the LCL-type filter. At the same time, a PLL-free control strategy is
introduced to optimize the control structure using the relationship between system
state variables, to reduce the number of sensors and the system cost.

(2) This paper compensates for the calculation delay of 0.5 beat by multiplying the
leading operator z% based on the traditional backward difference operator [29], and
this method only compensates the calculation delay in digital control by changing the
control structure of the system.
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(3) The effectiveness of the proposed control strategy is verified by the digital simulation
and experimental results of the three-phase LCL-type inverter.

The outline of this paper is structured as follows: The traditional indirect current
control strategy is described briefly in Section 2. Section 3 introduces the improved control
method and compares it with the traditional method through a Bode diagram. Simulation
and experiments verify the feasibility of the proposed method in Section 4 and Section 5.
Section 6 summarizes the conclusions derived from this study.

2. Traditional Indirect Current Control for the LCL Grid-Connected Inverter

Figure 1 shows the main circuit of the three-phase LCL-type inverter, in which the
inverter bridge adopts a neutral point clamped converter (NPC) [31]. In Figure 1, each
phase arm has 4 IGBTs and 2 clamp diodes, respectively. C4.1 and Cqp are the DC side
splitting capacitors, where point N is connected with the midpoint of the clamping diode,
so that the voltage at both ends of each IGBT is half of the total voltage Uy, of the DC side
when it is turned off. L is the inverter-side inductance, Cy is the filter capacitor, L, is the
grid-side inductance, Lg is the grid impedance, ug is the grid voltage, uy (x = a, b, ¢) is the
three-phase AC voltage output by the arm, u¢ is the capacitor voltage of the LCL filter, i¢
is the capacitor current of the LCL filter, 7; is the inverter-side inductance current, and 7 is
the grid-connected current.

i

|

R e
o
|

L

Figure 1. Main circuit of the three-phase LCL-type grid-connected inverter.

Assuming that the grid voltage, switching tube, and filtering components are in an
ideal state, and the grid impedance Lg = 0, the state equation of the 3-phase LCL-type
grid-connected inverter can be identified according to Kirchhoff’s voltage and current law,
as shown in Equations (1)—(3). It is easy to know that it is a third-order control system,
and the stability of the grid-connected inverter is affected to some extent because of the
resonant peak in the frequency response of LCL:

di

Li—g = tix — U (1)
dir

LZE = Uef — Ug (2)
du . .

Ce dth =i1—1i 3)

Therefore, the active damping strategy of the capacitive current feedback is usually
adopted [8]. Taking phase A as an example, the traditional indirect current control block
diagram of an LCL-type grid-connected inverter is shown in Figure 2.
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Gi(s)

Figure 2. Conventional indirect current control block of the LCL-type grid-connected inverter.

In Figure 2, i is the reference current, Gj(s) is the qPR current controller, Hj. is the
capacitance current feedback coefficient, and Zy; = sL1, Zj, = sLyp, Zc = 1/5C¢ are the
impedance forms of the inverter-side inductance, grid-side inductance, and filter capacitor,
respectively. Gy (s) is the equivalent transfer function of the PWM modulated wave to the
output voltage of the inverter in digital control [5]:

Gn(s) = e T Kpwm 4)

Equation (4) includes the one-beat control delay Ts generated by thee sampling calcu-
lation, the half-beat control delay 0.5T generated by the zero-order hold during loading,
and the equivalent gain Kpwy = Uge/ Ui of NPC, where Uy, is the amplitude of the
triangular carrier.

According to the above analysis, in the traditional indirect current control of the
LCL-type grid-connected inverter, the closed-loop control indirect object is the inductance
current on the inverter side while the grid-connected current as the control direct target
is not directly controlled. As a result, the amplitude and phase of the output steady-state
grid-connected current deviate from the expected value, which leads to deterioration of the
current tracking control.

3. Improved Indirect Current Control Strategy

In order to overcome the defects of the traditional method mentioned above, an indirect
current control method based on the reference current compensation is proposed in this
paper, which can ensure high-precision control and calibration of the phase of the output
grid-connected current of the system and realize the grid-connected unit power factor.
On this basis, a PLL-free control method is adopted to obtain the preliminary reference
current signal before compensation, which avoids phase detection by using the PLL in the
traditional dg coordinate system, which not only simplifies the control structure, but also
reduces the operation time of the system and improves the response speed of the system.

3.1. Reference Current Compensation Control Strategy

In a three-phase AC system, independent control of the active and reactive components
of the current can be realized, respectively, by converting the instantaneous voltage into
the corresponding instantaneous active and reactive components.

It is assumed that e,, e, and e are the instantaneous active voltage components of the
three-phase balanced power grid, and after Clark transformation, they are transformed into
the active voltage vector es = (e« ep)" in the ap coordinate system. The reactive voltage
vector in the aB coordinate system is defined as e} = (¢}, €}3)", which is 90° ahead of the
active voltage vector. Then, the magnitude of the combined voltage in the x3 coordinate

system is shown in Equation (5):
les| = |e§| = /e +ef (5)

The unit vector calculation (UVC) of the active and reactive voltage vectors is respec-

tively expressed as:
Vo | _ 1| ex _ | coswt ©)
vg les| | ep sin wt
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[vla]:l[e;x]:[—vﬁ}:{ smwt} @
v les| | €3 ™ cos wt
In Equations (6) and (7), w refers to the angular frequency of the grid voltage.

According to the instantaneous power theory, the expressions of the instantaneous
active power p and reactive power g in the o3 coordinate system are shown in Equation (8):

p _ ex é€p :| |: i & :| 8
{ q ] [ ex € || ip ®
According to Equations (5)—(8), the preliminary reference current calculation (PRCC)
in the a3 coordinate system is shown in Equation (9):

i ] _ 1 [oa vy pl [ coswt —sinwt i )
ig | les|[ vp vp g | | sinwt coswt ig

In Equation (9), ig and iy are the reference values of the active current and the reactive
current, respectively. Using Clark transformation, the 3-phase preliminary reference current
shown in Equation (10) in the abc coordinate system can be obtained:

i I* cos(wt + ¢)
it | = | I*cos(wt+ ¢ — 120°) (10)
il I* cos(wt + ¢ +120°)

In addition, considering that the inductance value L, is usually very small, compared
with the grid voltage ug, the voltage 1y, can be ignored [4]. At this point, the three-phase
capacitor voltage 1 is approximately equal to the three-phase grid voltage ug. Therefore,
the angular frequency of u. can be obtained from Equations (5)-(7) without using the
traditional phase-locked loop. Accordingly, the three-phase preliminary reference current
is shown in Equation (11):

i I* cos(w't + ¢')
i | = | I"cos(w't + ¢' —120°) (11)
i I* cos(w't + ¢' +120°)

In Equations (10) and (11), I" is the amplitude of the preliminary reference current,
which is equal to the amplitude of the given ig and ig in the dg coordinates system. ¢ and
¢’ are the initial phase angles of the three-phase preliminary reference current in the abc
coordinates system.

Figure 3 presents the indirect current control block diagram of the reference current
compensation proposed in this paper. Taking phase A as an example, the preliminary
reference current i} is compared with the sampling value of the grid-connected current i, to
obtain the error ., which is then adjusted using the gPR controller to output the required
reference current compensation i;,,. The compensation value is directly superimposed
on the reference current loop, and the new value of the A-phase reference current after
compensation is shown in Equation (12):

Z‘;‘kna = i: + i;kca (12)
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-A sCr | uen sLy

Figure 3. Control block diagram of indirect current control with reference current compensation.

However, it can be seen from the control block diagram in Figure 3 that each phase
required additional sensors to detect the grid-connected current i;. Further, Figure 3 can
be optimized to produce Figure 4 by combining it with Equations (13) and (14). At this
point, the grid-connected current inner loop control only needs to collect two sets of sensors
of the inductance current i1, (x = a,b,c) and filter capacitor voltage u., (x = a,b,c) on the
three-phase inverter side, to achieve the same control effect and reduce the costs associated
with the system hardware:

ief = SCrllef (13)

i1 =iy +ig (14)

Y+

g
‘ —

Y

Uey SLZ

Figure 4. Control block diagram of optimized indirect current control with reference current compensation.

MATLAB was used to produce a contrast diagram of the amplitude—frequency charac-
teristic curve from Figures 2 and 4, as shown in Figure 5. It can be seen from Figure 5 that
the loop gain at the fundamental wave of the system increases after the reference current
compensation i}, is introduced. This indicates that the proposed control structure can track
the instruction value better and the grid-connected current steady-state error is reduced.

100
o
=
z
250
‘g
=y
o Before the compensation e
—— After the compensation
1 1 1 1 1l '
10 50 100
Frequency/Hz

Figure 5. Comparison of the amplitude—frequency characteristic diagram.
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icf(k) =

3.2. Computational Delay Compensation for Discrete Digital Control

In order to realize the control block diagram shown in Figure 4, the differential
operator s is usually implemented using the backward difference method [29], as shown in
Equations (15) and (16):

. z—1
ief = SCillef|,_z1 = 7 Crlket (15)
zTs S
. 1
Zig = 7 Cetes(2 = 1) (16)
S

If z = ¢°T5, Taylor expansion of an exponential function:

1 1
el =14 5T + ESZTSZ + gs?’Ts3 +... (17)
The higher-order terms above s? are omitted and substituted into Equation (16):
. els —1 sT,
Zlef = Crttes = —Critet = sCylts (18)
Ts Ts

It can be seen that the calculation delay of the capacitance current i.¢ calculated by u.¢
and the actual signal ic¢ req1 is about one beat. Similarly, if the forward difference rule is
adopted, the calculated value is about one beat ahead of the actual signal.

Therefore, on the basis of the traditional backward difference operator, this paper com-
pensates for the calculation delay of 0.5 beat by the leading operator z%-°, so Equation (15)
can be written as:

~ 05(2—1)

lof =2
cf 2Ts

This compensation is physically difficult to achieve. This paper achieves the compen-
sation by designing an FIR filter [21], assuming Equation (20):

Crutes (19)

N

z " =H(z) = Y [h(n)z™"] (20)

n=0

where n is an integer (0, 1, 2, ... ), d is the delay beat number, N is the filter order, and h(n)
is the FIR filter coefficient:

1 (™ odi sin[rt(n —d)]
- = jwd Ljwn ekl Shd A |
h(n) 27t/77te J"dw <1 —d) (21)
Equation (21) is linearized by the Lagrange linear interpolation method to obtain
Equation (22):
Nod—i
nmy = [ 42 (22)
i=0,in P T 1

According to Equations (19)-(22), it can be concluded that the filter capacitive current
signal at time k is Equation (23):

%{% [( ﬁ ﬁj)ucf(k—n)]— %[( ﬁ ﬁj)ucf(k—n—l)]} (23)

n=0 i=0,i#n n=0 i=0,i#n

Using the filter order N = 2 in the above equation, Equation (24) can be obtained:

() = g 151s(k) — 2k — 1)+ ek —2) = Sue(k — 3) (24)
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The calculated value of the grid-connected current at moment k is shown in Equation (25):

ip (k) = i1 (k) — ic (k) (25)

3.3. System Stability Analysis

The closed-loop stability of the control system was analyzed with the improved
indirect current control strategy. MATLAB was used to construct a bode diagram of the
control block diagram shown in Figure 4, as shown in Figure 6. It can be seen from Figure 6
that the amplitude margin GM = 5.77 dB > 0 at the crossing frequency on the amplitude—
frequency characteristic curve, and the phase margin PM = 46.32° > 0 at the shear frequency
on the phase—frequency characteristic curve, indicating that the control system is stable.

100

W
(=3

T
|
t
|

T

Magnitude(dB)
f=}

|
W
(=3

L
S
S

Phase(deg)

10 10° 10° 10
Frequency(Hz)

Figure 6. Bode diagram of the improved indirect current control method characteristic diagram.

In addition, to further analyze the adaptability of the proposed method to a weak
power grid, Figure 7 shows the closed-loop pole diagram of the control system when the
power grid impedance value Lg changes from 0 to 1.54 mH (corresponding to a short-circuit
ratio SCR =10 [32]). It can be seen from Figure 7 that the poles of the closed-loop control
system are all within the unit circle with a certain margin in the Lg variation range. This
indicates that the grid-connected inverter system can maintain stability. Therefore, the
proposed method shows good robustness in a weak power grid.

L XXX
08 X X
X
06|/
X

04
Foal
2
2 o}
é“ :
=021\ 09m/T

-04} ‘

0.87/T 0.21/T
061 0.70/T 03T
—osf 0.61/T 0.47/T
0.51/T
_1 - 1

-1-08 -06 -04-02 0 02 04 06 08 1
Real Part

Figure 7. Closed-loop pole diagrams of the system under various grid impedances.
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4. Digital Simulation Results and Analysis

To verify the feasibility of the improved method, a discrete domain simulation model
of the three-phase LCL-type grid-connected inverter was established in MATLAB/Simulink.
The simulation control parameters are shown in Table 1. The corresponding system control
block diagram is shown in Figure 8. Its basic structure is a double closed-loop structure
comprising a DC voltage outer loop and grid-connected current inner loop. To balance the
voltage of the upper and lower split capacitors on the DC side of the NPC inverter and
reduce the active power fluctuation caused by midpoint potential imbalance, a voltage
equalization control structure on the DC side is also introduced.

Table 1. Parameters used for simulation.

Parameters Symbol Value
DC-side splitting capacitors Cac1r Cae2 4200 pF
Inverter-side inductance Ly 600 uH
filter capacitor Ct 20 uH
Grid-side inductance Ly 250 uH
Grid voltage Ugline 380V
DC-side reference voltage Uge 780V
Frequency of fundamental fo 50 Hz
voltage
Sampling frequency fs 12.8 kHz
Gi (S) Kpir Kri 12, 520
G(s) Kpe, Kie 1.5, 250
Current feedback coefficient Hi. 1

[ 0 DC voltage equalization \
I _t control |
\ User™ Ve P Upalance .

X+ Q—~)
PRCC [ "™y L™ W

-
an

Carrier
Stack
PWM

| ©- [ %

i (x=a,b,c)
(24) ——\Xx—» H.

Figure 8. Control block diagram of the three-phase LCL-type grid-connected inverter system.

Umc

Y

4.1. Steady-State Simulation of Grid-Connected Current Control

In this section, the traditional indirect current control method shown in Figure 2 and
the indirect current control method proposed are respectively adopted and an active current
with an amplitude of 10 A is simulated at 0.2 s. Figure 9 shows the simulation waveform of
the A-phase grid-connected current, and Figures 10 and 11 show the power factor curve
and FFT analysis results of the grid-connected current, respectively. It can be seen from
Figures 9-11 that the measured amplitude of ip, is 8.75 A, and its THD is 5.3% when the
traditional method is adopted. In addition, the phase difference between ug, and i, is
about 10°, and the corresponding power factor is about 0.984. The results show that the
steady-state value of the grid-connected current shows deviation in its amplitude and
phase, reduces the power factor of the system, and the current quality is poor. When using
the method in this paper, the output grid-connected current is almost in phase with the grid
voltage. It can be seen from Figure 10 that the system operates almost as the unit power
factor. According to Figure 11b, the measured amplitude of iy, is 10.01 A, and its THD is
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2.08%. The results show that the amplitude and phase deviations of the output current
are almost eliminated, and the high-precision output and unit power factor operation are
realized using the proposed method.

3001
1501
0
—150r1
—300E

10 S A

Uga/ V

0 L

il A

—10 f Traditional method
10}

0 iy

i/ A

—107[ Proposed method

0.200 0.225 0.250
t/s

Figure 9. Simulation results of the grid current.

1000 ottt s
0995 <
§ 0.990 <
R e R S S
=~
5 09801 4
E 0.975 | 1
0.970 [ —=— Tradition method )
0.965 | —*— Proposed method .

020 021 022 023 024 025

Figure 10. Simulation results of the power factor.

Fundamental (50Hz) = 8.75, Fundamental (50Hz) =10.01,
5 THD= 5.38% 5 _ THD_= 2.0_8%
4 4t
0 80
=2 =8
1 II 1r
0 > 0
0 20 40 60 80 100 0 20 40 60 80 100
Harmonic order Harmonic order
(a) (b)

Figure 11. FFT analysis of the grid current: (a) Traditional method; (b) proposed method.

4.2. Simulation Comparison of the Dynamic Response

To verify that the control strategy in this paper has a better dynamic performance, the
amplitude of the reactive current instruction ig of the inverter was set to change from 0
to 10 A when the simulation ran for 0.2 s under no-load conditions. A comparison of the
simulation results is shown in Figure 12.
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in iop ine

0.24 0.26 028 030 032 0.18 020 022 0.24 0.26 028 030 0.32
t/s t/s

(a) (b)

Figure 12. Simulation results comparison of the dynamic response performance: (a) Traditional
method; (b) proposed method.

Figure 12a shows that the grid-connected current reaches the stable state after At; = 55 ms
with the traditional method, and Figure 12b shows that the grid-connected current reaches
the stable state after Af, = 15 ms with the proposed method. This indicates that the dynamic
response performance is better than the former.

5. Experiment Research

To further verify the effectiveness of the proposed control strategy, an experimental
platform of the three-phase LCL grid-connected inverter was built as shown in Figure 13.
Figure 13a shows an actual picture of the prototype, and Figure 13b shows a connection
diagram. In the experiment, the three-phase AC power was connected to the inverter
through the autotransformer T;. The algorithm was implemented by the 32-bit floating
point dual-core processor TMS320F28377D of TI Company, and the dead time of PWM
pulse signal was set to 3 ps. A TEKTRONIX TPS2024 oscilloscope was used to observe
the waveform, and a FLUKE 435 power quality analyzer was used to analyze the power
quality of the 3-phase grid-connected current.

Voltage
Regultor

s —réwlﬂx_ __|_Udc1
. L.
Ci—= —F

1
PN
DSP Voltage | ( User N

& < Ui
TMS320 | Current | «— u.p, en, tere
F28377D | Sensors | «— i, i1y, it

|l PWM Signal

() (b)

Figure 13. Three-phase LCL grid-connected inverter experimental setup: (a) Picture of the real
products; (b) schematic diagram.

5.1. The Steady-State Experiment

Considering the possibility of serious LCL resonance, the experiment was carried out
at a lower voltage level due to safety reasons, and the G;(s) parameters and Kp; and G(s)
parameters K, were appropriately adjusted. Some experimental parameters are given in
Table 2, and the remaining parameters were consistent with those shown in Table 2.
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Table 2. Some parameters of the experimental setup.

Parameters Symbol Value
Grid voltage Ugline 50V
DC-side reference voltage Ugc 120V
Gi(S) Kpi/ Kri 7.5,400
G(s) Kpe, Kic 0.7, 200

According to Section 4.1, a reference current of 10 A was used. Figure 14 shows the
steady-state experimental waveform results of the two methods, and Figures 15-17 show
the FLUKE data comparison results of the two methods.

E g U o~ PR
E 3 . l \ ./ e \ s/ ot
> > |
o o | | 7
[=] (=] + 2a
2 S |
o = |
A < |
S < W\A
= S
o o
~~ '
e % \/\N\/\/\
s o |
< 2|
S | o | .
a | in
= c ,\ o
r BN
Nl < |
i S

t (10ms/div) ¢ (10ms/div)

(a) (b)
Figure 14. Steady-state experimental results: (a) Traditional scheme; (b) proposed scheme.
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Figure 15. Power quality analysis results of conventional methods. (a) The measurement results;
(b) THD of phase A grid-connected current; (c) THD of phase B grid-connected current; (d) THD of
phase C grid-connected current.
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Figure 16. Power quality analysis results of the proposed methods. (a) The measurement results with;
(b) THD of phase A grid-connected current; (c) THD of phase B grid-connected current; (d) THD of
phase C grid-connected current.
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Figure 17. Analysis results of power and electric energy: (a) Traditional method; (b) proposed method.

It can be seen from Figures 14a and 15a that when the traditional indirect current
control method is adopted, the effective value of the 3-phase grid-connected current is
about 6.4 A (corresponding amplitude of 9.05 A), and there is an obvious phase difference
with the 3-phase grid voltage (about 7°). The corresponding power factor of Figure 17a
is PF = 0.982. In addition, it can be seen from Figure 15 that the THD of the 3-phase
grid-connected current is relatively high, which is 7.3%, 6.8%, and 6.9%, respectively. When
using the method in this paper, it can be seen from Figure 16a that the effective value of
the 3-phase grid-connected current is about 7.1 A (corresponding amplitude of 10.04 A),
and it is almost in phase with the 3-phase grid voltage (about 1°), which corresponds to the
power factor PF = 0.999 ~ 1 shown in Figure 17b. Moreover, it can be seen from Figure 16
that THD of the output of the 3-phase grid connection current is 3.4%, 3.3%, and 3.6%,
respectively, which meets the requirement of the power quality standard IEEE519 of being
below 5%. The experimental results are consistent with the simulation results.

5.2. Dynamic Experimental Results

According to Section 4.2, Figure 18 shows the effect comparison of the dynamic re-
sponse experiment of the grid-connected inverter under the power quality control condition.
To minimize the current impact and ensure safe operation of the equipment, the method
of voltage crossing zero detection was adopted in the algorithm, and the amplitude of the

reactive current instruction ig was triggered from 0 to 10 A.
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Figure 18. Experimental results of the dynamic response: (a) Traditional method; (b) proposed method.

According to the results of Figure 18b, the transient response time of the 3-phase grid-
connected current in this paper is about 1/3 of that of the traditional method as shown in
Figure 18a, which quickly reaches the steady-state value of 10 A. The results show that the
dynamic response performance of the proposed method is better than that of the traditional
method, and the experimental results agree with the simulation results.

5.3. Comparison of the Experimental Results

This section compares the experimental performance of the two methods, and the
results are shown in Table 3.

Table 3. Comparison of the experimental performance.

Parameters Traditional Method Proposed Method
PLL Yes No
The THD of iy, (steady state) 7.30% 3.40%
The THD of iy}, (steady state) 6.80% 3.30%
The THD of ip. (steady state) 6.90% 3.60%
The PF of phase A (steady 0.982 0.999
state)
The PF of phase B (steady 0.98 0.999
state)
The PF of phase C (steady 0.981 1
state)
The effective value of i, 64 A 71A
The effective value of iy, 6.5 A 71A
The effective value of iy, 65A 70A
The phase difference of phase o o
A 7 1
Dynamic response time 55 ms 15 ms
Reactive power loss 0.23 kvar 0.02 kvar

It can be seen from Table 3 that the improved indirect current strategy does not need
PLL, which simplifies the control system. In addition, the improved method shows a good
performance in both the transient and steady state. During steady-state operation, the
current THD of the improved method is much lower than that of the traditional indirect
current control strategy, and effectively solves the defect of power factor reduction, so that
the grid-connected inverter can operate at a unit power factor, and reduces the network
loss. During transient operation, the improved method shows a shorter response time and
better dynamic performance than the traditional methods.

6. Conclusions

In this study, an improved indirect current control method for an LCL grid-connected
inverter was proposed. The error signal was calculated using the preliminary reference



Energies 2022, 15, 965

150f 16

References

current and the reference value of the current loop was compensated for to achieve high-
precision control of grid-connected current. The unit vector method was used to calculate
the power grid phase, the phase-locked loop was omitted, and the traditional digital
differential operator was improved to compensate for the calculation delay of a half beat.
The closed-loop stability of the proposed method was analyzed by using the amplitude-
phase curve and pole diagram, and it was proved that the proposed method can maintain
good robustness in a weak power grid. Compared with the traditional indirect current
control strategy, the THD of the steady-state current is about 3.5%, and the transient
response time is about 1/3 of that of the traditional method. Thus, it showed an excellent
dynamic and steady performance.

Although the indirect current control strategy has better security, its tracking accuracy
and stability are not as good as the direct current control strategy, so LCL grid-connected
inverters rarely use the indirect current control strategy. Considering these problems, the
main contributions of the indirect current strategy in this paper are as follows:

(1) The proposed preliminary reference current compensation strategy can realize unit
power factor operation of grid-connected inverters, which effectively makes up for
the defects of traditional methods to reduce the power factor.

(2) Compared with previous studies, the unit vector method was used to obtain the
power grid phase information, which avoids the control system instability caused by
improper phase-locked loop parameters.

(3) The relationship between system state variables was used to optimize the control
structure, reduce the number of sensors, and reduce the system cost.

(4) The defects of the traditional differential operator were analyzed, improving the tradi-
tional differential operator by designing an FIR filter, and improving the experimental
accuracy of digital control.
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