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Abstract: Grid-connected inverters are an important part of the connection between distributed
power generation units and the large grid, and their stability is the basis for ensuring the safe
operation of distributed power generation units. This study found that there is an inherent digital
control delay in the three-phase LCL grid-connected inverter system. This characteristic causes the
effective range of capacitive current feedback active damping to be reduced, the selection range of
the active damping coefficient to be limited, and the phase at the open-loop cutoff frequency to be
reduced. In order to reduce the impact of digital delay, this article conducts a detailed analysis of the
characteristics of the first-order lead link that can be used as delay compensation, pointing out that its
infinite gain when it obtains the optimal compensation effect will bring noise to the inverter system.
This paper proposes a method of cascading digital filters for the first-order leading link to suppress its
infinite gain. An improved delay compensation link that is more suitable for numerically controlled
inverter systems is constructed. Finally, the effectiveness and necessity of the proposed improved
delay compensation link are verified by a simulation platform and an experimental platform.

Keywords: LCL-type grid-connected inverter; digital delay; active damping; delay compensation

1. Introduction

LCL-type grid-connected inverters have the advantage of a better harmonic filtering
effect; as such, the stability of LCL-type grid-connected inverters has been studied and
given attention by many scholars [1,2]. The third-order undamped nature of the LCL filter
will cause the Bode plot of the grid-connected inverter system to cross the —180° line when
the gain is greater than zero. In order to avoid this situation, a method of adding passive
damping in the hardware or adding active damping in the control loop is usually chosen
to suppress the infinite gain at the resonant frequency of the filter. Compared with passive
damping [3], active damping has received more attention and been given more applications
due to its flexible implementation and the advantages of not causing energy waste [4-8].
Among such methods, the active damping method based on capacitive current feedback is
widely used [5-8].

Through appropriate filter design and the filter capacitor series active damping
method, filter resonance can be suppressed, and a good steady-state error and fast dynamic
response can be achieved through simple PI control [9]. Pan et al. [10] effectively reduces
the harmonic content of the output current through the LCL filter designed by magnetic
integration. However, Sgro et al. [9] and Pan et al. [10] did not analyze the influence of the
selection of the active damping coefficient and the delay of digital control on the effective
range of active damping.

Due to the equivalent delay in digital control, the equivalent impedance of capacitive
current feedback active damping changes with the change of frequency [11], and its ef-
fective range of resonance spike suppression is reduced. In order to improve this nature,

Energies 2021, 14, 2730. https:/ /doi.org/10.3390/en14092730

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-3562-4337
https://doi.org/10.3390/en14092730
https://doi.org/10.3390/en14092730
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14092730
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14092730?type=check_update&version=2

Energies 2021, 14, 2730

20f13

many scholars have put forward their personal hypotheses. The effective range of the
capacitive current feedback active damping method is expanded when reducing the effect
of the equivalent delay in digital control. Some design methods have been proposed: for
example, changing the capacitive current proportional feedback to proportional integral
feedback [12,13]. The leading link with delay compensation is used to replace the pro-
portional link in the controller [14]. The delay compensation method based on the state
estimation method is used to reduce the influence of the digital delay on the active damping
properties [15]. Liu et al. [16] proposed a second-order lead-lag link delay compensation
function, but the compensation function is proposed in the continuous domain, which is
more cumbersome for digital realization.

Lu et al. [17] describes the principle and performance of four delay compensation
links. On this basis, various delay compensation methods are proposed. For example,
using the delay compensation method based on additional area insertion, using the delay
compensation method based on the principle of area equivalence [18], using the phase
advance link to compensate for the digital delay [19], adding a first-order advance link with
phase advance properties to the forward channel of the control loop [20], and reducing
the impact of digital delay by adding a second-order lead link with phase lead to the
capacitive current feedback channel [21]. The second-order lead link used in Liu et al. [21]
is the square form of the first-order lead link, its gain in the middle and low frequency
bands is almost zero, and it has the nature of phase lead. However, Chen et al. [18], Yang
et al. [19] and Liu et al. [21] does not consider the nature of the first-order lead link in
the high frequency band, especially near the Nyquist frequency. In Wang et al. [20], the
method of reducing the delay compensation effect is adopted to avoid the infinite gain of
the first-order lead link near the Nyquist frequency.

Aiming at the influence of digital delay on the effective range of active damping
and the noise problem introduced by delay compensation, this paper has conducted the
following work. First, this paper establishes a three-phase LCL grid-connected inverter
system model based on digital control. The influence of inherent delay in digital control on
active damping and the influence of active damping on the phase properties of the grid-
connected system near the filter resonance frequency are analyzed in detail. Second, the
characteristics of the first-order leading link of delay compensation are analyzed, pointing
out that its infinite gain at the Nyquist frequency will bring noise pollution to the inverter
system. Most importantly, this paper constructs an improved delay compensation link
that is more suitable for digital control grid—connected inverter systems by cascading zero-
phase-shift digital filters. While this link extends the effective range of active damping, it
does not affect the amplitude of the grid-connected inverter system, avoids noise at the
Nyquist frequency, and improves the stability of the system. Finally, the validity of the
theoretical analysis is verified through a simulation platform and an experimental platform.

2. Three-Phase LCL-Type Grid-Connected Inverter System Model

First, a three-phase LCL grid-connected inverter system model is established under
digital control, as shown in Figure 1. The hardware circuit mainly includes a three-phase
bridge inverter circuit, an LCL filter, and a sampling circuit. The software portion mainly
includes the coordinate transformation of the sampled value, the realization of the control
algorithm, and the generation of the control signal SPWM. In the ap-frame, the control
system does not need decoupling and can reduce the influence of the phase-locked loop on
the control loop. Therefore, this paper has chosen to design the inverter in the o3-frame.

The equivalent delay time in digital control can be expressed as

Gy ~ e—l.STss (1)

where T represents the value of the sampling period. The modulation method of the
bipolar symmetric regular sampling method is adopted in this article, and the sampling
period is consistent with the switching period setting.
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Figure 1. Topology and control structure of three-phase LCL-type grid-connected inverter.

In Figure 1, Upc represents the input voltage on the DC side of the inverter; iy /.
represents the amount of three-phase capacitor current; u,,./. represents the amount
of three-phase voltage at the PCC; Zg represents the equivalent grid impedance on the
transmission line (because the resistance component in the grid impedance is beneficial to
the stability of the inverter system, this article only considers the inductance part.); izpc/g
represents the grid current value of the inverter; iap./g represents the three-phase grid
voltage; 0 is the phase output value of the phase lock link; and iqg/ref and igg/ref Tepresent
the current reference value in the dg-frame given by the power loop. In the case of the
unity power factor, iqg ref = 0, idg/ref and iqg/ref undergo frame transformation to become
the current reference value in the af-frame.

Gpwm can be expressed as

Gpwm(S) = Kpwm X Gq = K pwm X o—15TsS ?

where Kpwm represents the ratio of the DC side input voltage to the carrier gain and H;
is the capacitive current feedback active damping coefficient. G;i(s) is the quasi-resonant
(QPR) controller and can be expressed as

2K wjs

Gi(s) = Kp + ——— 18
i(s) =Ky 2 4 2w;is + w}

®)

where Kp, is the proportional coefficient, K; is the resonance coefficient, and wy is the
fundamental angular frequency, whose value is 1007t. w; determines the bandwidth of
the controller. In order to ensure that the grid current still has a small steady-state error
when the fundamental frequency fluctuates +0.5 Hz, w; = 7 is often selected. Excluding
the fundamental frequency, the QPR controller can be regarded as a purely proportional
link [22].

The «-axis control block diagram is shown in Figure 2.

Upee (5)

Figure 2. Block diagram of grid-connected inverter under digital control.
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iref Tepresents the reference value of the grid current of the x-axis and L represents
the sum of the grid-connected side inductance of the filter and the inductance in the grid
impedance. According to Figure 2, the open-loop transfer function of the c-axis can be
expressed as
Gi (S) Gpwm

G =
(5) = L1+ Coum FLLC32 + (L1 + Li)s

(4)

3. The Influence of Digital Delay on Active Damping Characteristics
3.1. Active Damping Characteristics under Digital Control

Let the denominator of the open-loop transfer function in Equation (4) be N.
N can be expressed as

N = L1LCs® + Gpwm HiLeCs? + (Lq + Ly)s (5)

Carrying out the Euler transformation of Equation (2) and introducing Equation (5),
the result is

N =s((Ly + Lt) + Asin(1.5wTs)) + B cos(1.5wTs) + s°Ly L«C (6)

where
A = KpwmH;LiCw, B = Kpwms*H; LcC

When the imaginary part of Equation (6) is zero, the inverter system resonates. At this
time, the absolute value of the coefficient of the first-order term and the coefficient of the
third-order term are equal:

(L + Lt)w + Kpwm HiLiCw? x sin(1.5wTs) — Ly LiCw® = 0 7)

According to Equation (7), the actual resonance frequency of the inverter system can
be derived as

\/ (Ly + Le) + KpwmHiLiCw x sin(1.5wTs)
wy =

L,LC ®
The initial resonance frequency of the filter can be expressed as
_ (Lt Ly
Wres = L1L:C )

It can be seen from Equations (8) and (9) that the resonant frequency of the inverter
system under digital control will be affected after active damping is added.

When KpwmH;LiCw x sin(1.5wTs) > 0, the resonance frequency value increases; when
KpwmH;LiCw x sin(1.5wTs) < 0, the resonance frequency value decreases. When the active
damping coefficient H; is taken as a positive value, the change of the actual resonant
frequency is determined by sin(1.5wTs5).

The reason why the LCL filter cannot be stable is that it is a third-order undamped
system. The purpose of adding capacitive current feedback is to generate a damping term
for the filter—that is, the quadratic term in the transfer function. Observing Equation (6),
we can see that after adding capacitive current feedback active damping under digital
control, the quadratic term in the transfer function is shown in Equation (10):

% Kpwm Hi LtC x cos(1.5wTs) (10)

With the change of w, cos(1.5wTs) will change the sign of the quadratic coefficient. Ac-
cording to the Routh criterion, the inverter system will become unstable when the quadratic
coefficient is negative. To ensure the stability of the system, the value of cos(1.5wTs) should
always be positive.
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From the above derivation, it can be seen that the equivalent delay will change the
actual resonant frequency of the inverter system and affect the positive and negative
coefficients of the quadratic term introduced by the capacitive current feedback, limiting
the effective range of active damping. In the frequency range less than Nyquist, when
the switching frequency f5 is set to 20 kHz, the effect of the equivalent delay is shown in
Table 1.

Table 1. Effect of digital delay in different frequency ranges.

Frequency Range (0, 1/6f5) (1/6fs, 1/3f5) (1/3fs, 1/2f )
cos(1.5wTs) positive negative negative
sin(1.5wTs) positive positive negative

It can be seen from Table 1 that the coefficient of the quadratic term introduced by the
capacitive current feedback is only positive at (0, 1/6fs). Active damping will only work
when the actual resonant frequency is in this range. In the (0, 1/6f5) frequency band, the
resonant frequency will increase due to the influence of the imaginary part of the capacitive
current feedback. When the actual resonant frequency exceeds the effective area of active
damping, the active damping will fail, and the inverter system will lose stability.

From a comparison of Equations (8) and (9), it can be seen that the magnitude of the
resonant frequency shift is affected by the active damping coefficient H;. When f s € (0,
1/3fs), the greater the active damping coefficient, the greater the deviation of the resonance
frequency. In order to make the actual resonant frequency value not exceed the effective
area of active damping, the actual resonant frequency should be within (0, 1/6f;). At this
time, according to Equation (8),

w? _ (L4 Le) + KpumHiLiC g x sin(15¢Ty)

= 11
36 — L1L:C (11)
Then, the value range of the active damping coefficient is obtained:
2
FL1LC —6(Ly + Ly) (12)

b= KpwmLeCaws

It can be seen that when fres € (0, 1/3f;), the maximum value of the active damping
coefficient should not exceed the limit of Equation (12).

3.2. The Influence of Active Damping on Properties near the Resonance Frequency

At the resonance frequency, the amplitude stability margin of the inverter system is
required to be no less than GM. According to Equations (4) and (6), this can be expressed as

Gi (S) Gpwm

szprmHiLtC x cos(1.5w; Ts)

KoK
p_pwh > GM (13)

> GM = —201
= GM = —20g WK pwm i LeC x cos(1.5w;Ts) | =

At the initial resonance frequency, the amplitude can be expressed as

Kp prm

— 20Ig|G(jwres)| = _201g’(; H; LiCewres? |
pwm Hj res

> GM (14)

Active damping changes the amplitude of the inverter system at the actual resonance
frequency. Since | cos(1.5w,Ts)| < 11is always established, achieving the same amplitude
margin at the actual resonant frequency as at the initial resonant frequency requires a larger
active damping coefficient. According to Equation (12), it can be seen that an excessively
large active damping coefficient will introduce unstable poles to the inverter system.

In order to clarify the influence of the change of the active damping coefficient on the
inverter system, the Bode diagram of the open-loop transfer function under the values
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of the active damping coefficient of 0.04, 0.08, 0.12, 0.16, and 0.2 is plotted, as shown in
Figure 3.
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Figure 3. Comparison of transfer function Bode diagrams with different active damping coefficients: (a) considering the

digital delay; (b) without considering the digital delay.

From Figure 3, considering the influence of digital delay with the gradual increase
of the active damping coefficient, the offset of the resonance frequency also gradually
increases. When the active damping coefficient exceeds a certain value, the phase of
the transfer function changes significantly—that is, from crossing the —180° line once to
crossing the —180° line twice.

In summary, a larger active damping coefficient will cause the actual resonant fre-
quency to increase beyond the effective area of active damping. This will cause the inverter
system to cross the —180° line negatively and positively at wres and ws/6, respectively. At
this time, the inverter system has a sufficient gain margin at wres and ws /6, which is a neces-
sary condition to ensure the stability of the grid-connected inverter system. Stability design
becomes complicated and contradictory. In order to improve the design environment, the
effect of the equivalent delay in digital control needs to be reduced.

4. Delay Compensation Link
4.1. First-Order Lead Link

The structure of the first-order lead link with phase lead properties is shown in
Figure 4.

\ 4

—» m 1

—kxTgs

InXxe

Figure 4. Structure of zero-gain first-order lead link.

The transfer function of the first-order lead link can be expressed as

m

Cls) = 1+ n x e kxTss

(15)

The first-order lead link contains three coefficients: m, n, and k. Taking into account
—kxTss
e S

=1, in order to avoid the first-order lead link having an impact on the amplitude
of the original system, the values of the coefficients m and n should satisfy the relationship
ofm=1+n.

In order to clarify the influence of each coefficient on the nature of the first-order lead
link, Bode diagrams under different coefficient changes are drawn, as shown in Figure 5.
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Figure 5. Bode diagrams of first-order lead link under different coefficient changes: (a) Bode diagrams of first-order leading

links under different values of m; (b) Bode diagrams of first-order leading links under different values of n; (c) Bode

diagrams of first-order leading links under different values of k.

It can be seen from Figure 5a that when the other coefficients remain unchanged, the
change of the coefficient m only changes the gain of the first-order lead link and has no
effect on the phase. With the increase of the coefficient m, the gain of the first-order lead
link gradually increases. Therefore, the coefficient m can play the role of first-order lead
link gain correction.

It can be seen from Figure 5b that when m = 1 + n is satisfied, the change of the
coefficient n can change the compensation effect for the delay—that is, the change of the
coefficient n will affect the phase size of the first-order lead link. With the gradual increase
of the coefficient 1, the phase of the first-order lead link also gradually increases.

It can be seen from Figure 5c that no matter how the coefficients change, the first-order
lead link will always have phase jumps and gain spikes at a certain frequency in the high
frequency band. As the coefficient k increases, the frequency of the phase jump and gain
spikes gradually decreases.

4.2. Improved Delay Compensation Link

The ideal time delay compensation link should only raise the phase of the original
system without affecting the amplitude of the original system. In order to eliminate the
infinite gain problem at the Nyquist frequency of the first-order lead link, a method of
cascading low-pass filters is proposed. The traditional low-pass filter in the continuous
domain has the effect of keeping the amplitude of the low frequency band unchanged, but
the phase change occurs while attenuating the high-frequency signal. If the first-order lead
link is cascaded with this type of low-pass filter, the compensation effect of the equivalent
delay under digital control will definitely be affected.

The digital low-pass filter in Pan et al. [23] has the characteristic of being able to
produce a large amplitude attenuation at the cut-off frequency and to maintain a gain
of zero before the cutoff frequency. The choice of coefficients can ensure that its phase
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is always zero. Therefore, this article chooses the first-order lead link of the cascaded
digital filter to construct an improved delay compensation link that is more suitable
for the numerical control grid-connected inverter system. The newly constructed delay
compensation link suppresses the infinite gain of the first-order lead link at the Nyquist
frequency. The expression of the digital low-pass filter selected in this article is as follows:

Z+a+2Z7!
()= 2= 1
Ql (Z) 2 +a ( 6)
As a continuous domain expression by Z = e'®, it can then be expressed as
e +a+e T  2cos(wT)+a
Qi(s) = = (17)

2+4+a 2+a

It can be seen from Equation (17) that because cos(wT) € [-1, 1], if the coefficient a
always satisfies 2 > 2, then Q;(s) is always positive, thus ensuring that its phase is always 0.
When a =2, Qji(s) = 2, the digital filter has the maximum attenuation at the cutoff frequency,
and the digital filter satisfies

2cos(wT)+2=0= wT =rr(r=1,3,5--) (18)

Let the first cutoff frequency of the digital low-pass filter be the same as the frequency
at which the first-order lead link produces infinite gain—that is, the Nyquist frequency.
Then,

%T — 7 (19)

Then the period of the digital low-pass filter is equal to the sampling period—that is,
T=T,.

The discrete domain form of the improved delay compensation link after the cascaded
digital low-pass filter can be expressed as

-1
Cn(z) = 2 20)

It can be expressed as a continuous domain expression by Z = e’.

By comparing the Bode diagram in Figure 6, the advantages of the improved delay
compensation link over the first-order lead link are shown. The phase of the improved
delay compensation link is exactly the same as the phase of the first-order lead link, and its
amplitude is kept near 0 dB in the whole frequency band, which avoids the hidden danger
of noise amplification.
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—90L )
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Frequency (Hz)
Figure 6. Comparison of new delay compensation function with first-order lead link.
As shown in Figure 7, there are two options for the position of the delay compensation

link inserted into the control loop: the forward channel of the control loop and the capacitive
current feedback channel, which are called compensation location 1 and compensation
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location 2. Location 2 only compensates for the equivalent delay of the active damping
part.

Location 1
+

Figure 7. Insertion position of delay compensation function.

When the delay compensation link is inserted in compensation location 2, the open-
loop transfer function of the inverter system can be expressed as

_ Gi(s)Gpwm
a LlLtCS3 + Gpwm X CN(S) X HiLtCSZ + (Ll + Lt)S

Gea(s) (21)

Next, the effectiveness of active damping is verified by analyzing the active damping
equivalent circuit with the improved delay compensation link. The control block diagram
is equivalently transformed, and the equivalent circuit of active damping can be expressed

as
Ly 1.56T, 44 4ecTs

= ————p X

? CHiKpwm 2e5Ts + 4 + 25T

The curve of the real part of the active damping equivalent circuit with the frequency
change under different compensation coefficients # is drawn, as shown in Figure 8.

Zc (22)

OD L L L L L L L L L

g 22— — ]

Q. -~

E —_‘\\ ~~—~
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= S~ ~
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0 0.05, 0.1, 0.15f, 0.2f, 0.25,
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Figure 8. Range of active damping with different coefficients.

It can be seen that with the gradual increase of the coefficient n, the effective range
of active damping gradually increases. When the coefficient 7 is set to 1, the maximum
effective range of active damping is (0, 1/4f5), which is larger than the original effective
range without delay compensation (0, 1/6f;). This is beneficial to the selection of active
damping parameters.

When the delay compensation link is added to compensation location 1, its effect
on the active damping is the same as that of compensation location 2. This paper does
not repeat it. At the same time, the system can also compensate for the phase around the
open-loop cutoff frequency, so this paper has chosen to add the delay compensation link to
location 1.

5. Simulation and Experimental Verification

In order to verify the validity of the aforementioned theoretical analysis, a three-phase
LCL-type grid-connected inverter simulation platform and experimental platform were
built. The specific parameters of the platform are shown in Table 2. The IGBT model used
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in the main circuit of this experiment is FGH40T120SMD, and the DSP control chip model
used in the control circuit is TMS320F28335.

Table 2. System parameters.

Parameter Symbol Value
DC voltage Upc 500 V
Inverter side filter inductance Ly 2mH
Filter capacitor C 9.4 uF
Grid-side filter inductance L, 0.4 mH
Output active power P, 4950 W
Phase voltage amplitude ug 110V
Switching /sampling frequency fs 20 kHz
Compensation coefficient n 1
Active damping coefficient H; 0.04
Current loop proportional coefficient Kp 0.023
Current loop integral coefficient K; 65.5

The three-phase experimental platform built is shown in Figure 9.

DC Side Voltage
Regulator Capacitor =

Figure 9. Three-phase LCL grid-connected inverter experimental prototypes.

Figures 10 and 11 are the simulation waveforms of the three-phase grid current
before and after the improved delay compensation link is added under the strong power
grid (power grid impedance is 0) and weak power grid (power grid impedance is 4 mH,
corresponding short circuit ratio is less than 3).

100 T T T T I T T T T
80

" Disconnect delay compensation

Figure 10. Switching of delay compensation link in strong grid.

Observing Figures 10 and 11, it can be seen that the current into the grid becomes
unstable after the off-delay compensation link in a strong power grid. This is because the
active damping coefficient takes a large value, which causes the actual resonance frequency
offset to be too large and exceed the effective range of active damping. When the delay
compensation link is not added in the weak grid, the harmonic content of the grid current
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is large. This is because the steady-state margin of the inverter system at this time is low,
which causes the harmonic voltage to generate a large harmonic current, which affects the

quality of the grid current.

Add delay compensation link at 0.2s

Figure 11. Switching of delay compensation link in weak grid.

Figures 12 and 13 show the experimental results of the grid current under the strong

and weak grids.

__ Off delay compensation |

1(20ms/div)

(@)

i, (2A/div)

u,.(50V /div)

1(10ms/div)

(b)

Figure 12. Experimental results under strong grid: (a) switching of delay compensation links; (b) network current and PCC

voltage at steady state.

: THD = 4.05%:

HA0ms/div)

(@)

#(10ms/div)

(b)

Figure 13. Experimental results under weak grid: (a) the grid current waveform when no delay compensation link is added;
(b) network current and PCC voltage when delay compensation link is added.

It can be seen from Figure 12a that the grid current waveform becomes unstable after
the delay compensation link is disconnected in a strong power grid. Figure 12b shows the
phase A grid current waveform, the grid current waveform, and the PCC voltage waveform
at steady state after the improved delay compensation link is added. It can be seen that the
current quality at this time meets the grid access requirements, which is consistent with the

simulation results.
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Figure 13a shows the grid current waveform when the improved delay compensation
link is not added in the weak grid, and the harmonic content is relatively large at this time.
Figure 13b shows the phase A grid current waveform and the PCC point voltage waveform
at steady state after the improved delay compensation link is added. It can be seen that
after the improved delay compensation link is added, the output current quality of the
inverter system improves, which meets the network access requirements, and is consistent
with the simulation results.

6. Conclusions

The LCL grid-connected inverter system with capacitive current feedback active
damping method suppresses the inherent resonance of the LCL filter while improving
the harmonic filtering effect. However, the inherent delay effect in the digital control of
the system reduces the effective range of the capacitive current feedback active damping
method, limits the range of the active damping coefficient, and reduces the phase at
the open-loop cutoff frequency. This paper has analyzed in detail the influence of each
parameter of the traditional first-order lead link with a delay compensation function on the
compensation effect. The infinite gain at the Nyquist frequency of the first-order lead link
when the optimal coefficient is selected has the hidden danger of noise pollution.

This paper has proposed an improved delay compensation link that can achieve the
optimal compensation effect while avoiding the impact on the original system amplitude.
The effective range of the active damping method is expanded from (0,1/6f5) to (0,1/4f5).
Finally, this paper has completed the theoretical analysis and experimental verification of
the proposed method.
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