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Abstract: With the higher penetration of renewable energy, the influence of grid equivalent distribution
cable impedance on grid-connected inverter stability is attracting increasing attention. In order to
suppress the interaction between grid distribution cable impedance and output impedance of the
grid-connected system, the active damping strategy is often used. When a capacitive current loop is
used, the damping coefficient increases with the grid impedance increasing. However, the excessive
damping coefficient will cause the unstable operation of the system. In order to enhance the robustness
of the system, a novel control strategy which is suitable for wide-range grid impedance variation
is proposed. In this strategy, the capacitor current inner loop is combined with the grid current
inner loop, and grid voltage feedforward is included. Since the virtual impedance, active damping
and voltage feed-forward are normalized, the changing tendency of the damping coefficient of the
grid-current inner loop is opposite to that of capacitor current inner-loop. The overall damping
coefficient of the system remains relatively constant when the grid impedance changes, and this
effectively suppresses the resonance of the system. In this paper, the method is analyzed and the
parameters are designed and optimized. Finally, the simulation and experiment are presented to
verify the analysis.

Keywords: grid-connected inverter; grid impedance; resonance suppression; LCL filter; active
damping

1. Introduction

With the aggravation of the global energy crisis, the development and utilization of renewable
energy is especially important [1]. The higher penetration and position uncertainty of independent
distributed generation systems mean that the grid-connected inverter distribution cable cannot be
ignored. Moreover, the increase in non-linear load makes the grid contain a large number of background
harmonics which are no longer ideal a voltage source. These two principal reasons lead to a weak grid.
The effect of the interaction between the distribution cable impedance and the output impedance of the
inverter on the grid current quality can no longer be ignored in a weak grid. In a broad sense, the grid
impedance should be defined as the equivalent impedance of the grid. The traditional grid impedance
only includes the impedance of transmission lines and the impedance of the transmission equipment.
Moreover, the equivalent impedance of power grid also includes the equivalent output impedance of
power generation equipment in distributed generation system, which is equivalent to the impedance of
the grid side. The grid impedance varies according to the geographic location of the power generation
equipment; the change in penetration will also cause changes in the equivalent impedance of the
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power grid while the geographic location of the power generation equipment is fixed. Therefore, the
equivalent impedance of the grid will change when the penetration of the grid-connected renewable
power generation changes, so that the system may resonate. Therefore, it is of great significance to
study the control strategy suitable for wide-range grid impedance variation.

An LCL filter is a T-filter network, composed of inductance and capacitance. It has stronger ability
to suppress the high frequency components of current, but it has resonance peaks, which easily lead
the system to oscillate [2]. At present, the active damping method [3,4] or effective control of cut-off
frequency [5-8] is commonly used to suppress resonance. The LCL virtual damping with physical
meaning corresponding to different state feedbacks was studied in [9,10]. It adopts inverter-side
current closed-loop to achieve damping in [11]. However, none of the above control schemes can adapt
to the change in grid impedance under weak grid conditions.

Scholars have proposed various control schemes for the problem of a weak grid, including series
virtual impedance [12], phase compensation [13,14], and robust control [15-18]. In [12], a series-parallel
virtual impedance setting scheme was proposed to overcome the disadvantage that the capacitive
current closed-loop virtual impedance method suppress the stability of the system with the increase
in grid impedance. In [13], the conclusion was drawn that the phase margin of the system decreases
gradually with the increase in grid impedance under weak grid conditions. In addition, the lead-lag
compensation function is obtained to compensate the phase of system by measuring grid impedance
on-line. In [14], the relationship between virtual impedance of capacitor current inner-loop and lead-lag
compensation function was analyzed, then the lead-lag compensation control function was proposed,
but the value of grid impedance should be known, which is a very important premise. [18,19] used
robust control to design the controller directly according to the performance of the inverters, taking grid
impedance into account. However, this control scheme requires a lot of variables to be collected and the
calculation is complicated. In [20], The stability of voltage feedforward and current decoupling system
in weak grid is analyzed by complex vector. The system stability is related to the grid impedance,
so the control scheme needs to be improved. The above control strategies for weak power grids has
the disadvantages of complex control and difficulty in accurately obtaining grid impedance on-line.
Therefore, these strategies cannot adapt to the wide range variation of grid impedance.

The analysis shows that when a capacitive current loop is used to increase the system damping
coefficient, the damping coefficient increases with the grid impedance increasing. Moreover,
the excessive damping coefficient will lead to the second-order damping system becoming two
first-order inertia links, thus reducing the phase margin of the system. In [21-23], the grid-current inner
loop is used as the active damping; due to the damping coefficient varying with the grid impedance,
the robustness is poor.

In addition to the guaranteed stability properties, the goal of the closed-loop control of
grid-connected inverters also needs to take harmonic suppression and grid interference suppression
into account. At present, there are two main schemes to suppress grid background harmonics:
improving the outer-loop controller and adding additional loops. Nowadays, improving the outer-loop
controller commonly uses harmonic quasi proportional integral resonance controller (H-QPIR) and
harmonic quasi proportional complex integral controller (H-QPCI) with phase compensation function.
Adding additional loops is mainly used to suppress grid interference by adding a circuit related to
grid voltage. In [24,25], full voltage feed-forward is obtained from the closed-loop transfer function.
However, full voltage feed-forward contains differential items which are easy to generate interference,
so only proportional feed-forward is generally used. Of course, scholars have also put forward many
improved control schemes for voltage feed-forward.

According to the above, in order to make the control system suitable for wide range variation of
grid impedance and able suppress the grid background harmonics, in this paper, through parameter
design, the damping coefficient of the grid-current closed loop decreases with the increase in the
grid impedance. In addition, the trend is opposite to the change in the damping coefficient of the
capacitor current inner-loop. At the same time, the grid voltage proportion feedforward is included,
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thus effectively suppressing the impact on the system, which is caused by the change in the equivalent
impedance of the power grid. This control strategy is certainly creative.

The first part of this paper analyzes the new problems under weak grid conditions which exist in
the current closed-loop control of grid based on active damping of capacitor current feedback; in the
second part, a normalized active damping control strategy is proposed; in the third part, the parameters
of the proposed control scheme are designed; in the fourth part, the correctness and effectiveness of the
proposed control strategy and the obtained parameters are verified by simulation and experiment; and
in the fifth part, the conclusions are drawn.

2. Closed-Loop Control of Grid Current Based on Capacitor Current Feedback Active Damping
(Scheme 1)

The three-phase grid-connected inverter is transformed to o-f3 frame through coordinate
transformation. Figure 1 is the structure diagram of x-axis equivalent system. The figure is composed
of two parts: the main circuit and the control circuit. When grid impedance contains resistance
components, it is beneficial to the stability of the system. In order to analyze the worst case, pure
inductance is selected as the grid impedance in this paper. H(s) is the feedback coefficient of capacitor
current inner loop, Gc(s) is the control compensator of grid current loop, and Gg¢4(s) is the feed-forward
coefficient. V. is the DC bus voltage, u, is the AC grid line voltage, and L, is the grid inductance.

Main circuit

Figure 1. Closed-loop system of grid-connected inverter with Scheme 1.

Scheme 1 selects the capacitive current loop as LCL filter damping. In order to suppress
the grid harmonics, the following two control strategies can be considered to suppress the grid
background harmonics.

Case 1: Adding the full feed-forward control of grid voltage [23], then the interference of grid
voltage could be eliminated, but in full feed-forward control, only proportional feed-forward is usually
used because of the existence of differential;

Case2: Add a harmonic controller to the outer-loop controller G.(s) to achieve an infinite open-loop
gain at the specified sub-harmonic, thereby suppressing the harmonic current.

The mathematical model corresponding to Figure 1 can be obtained.

The open-loop transfer function can be obtained from Figure 2 [26].
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Figure 2. System equivalent block diagram of Figure 1.
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where
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Leq=Ly+Lg;  A=LgCL;;  B=HKpmlegC;  D=Li+Ley

Kpwm is the amplification factor of the power-switching device, which is related to the input
DC-voltage and the amplitude of the modulation wave. Kpwm is 400 in this paper.

When considering the suppression of background harmonics, it is known from the above analysis
that the voltage feedforward and harmonic controller can choose one of them. Therefore, when selecting
voltage proportional feed-forward, Gy (s) = 0, and when choosing harmonic controller, G¢4(s) = 0. Set
the LCL filter parameters in this paper as: Ly =4 mH; L, =2mH; C =6 X 107 uF [27].

In order to simplify the calculation, no matter which method is adopted to suppress the grid
background harmonic, the outer loop controller could be designed according to the proportional
integral (PI) controller.

Case 1: Adding the full feed-forward control of grid voltage is selected to suppress the background
harmonics, the outer loop is the fundamental quasi proportional integral resonance (QPIR). At the
fundamental frequency, this controller can provide a larger open-loop gain compared with the PI
controller, thus reducing the steady-state tracking error of the system. Then, the amplitude and phase
of both controllers are basically the same at the cut-off frequency and the harmonic frequency, which
does not affect the stability of the system.

Case 2: When H-QPIR is selected to suppress background harmonics, the outer-loop controller
Gc(s) contains the harmonic controller. Compared with the Bode diagram of open-loop transfer
function with PI controller as outer loop, the amplitude curve of this controller moves up as a whole.
By adjusting the Bode diagram, the Kp corresponding to the same cut-off frequency as a PI controller
can be obtained. In medium and high frequency bands (w > 7wy), PI controllers can be equivalent to
proportional controllers.

The typical second-order model can be used to design regulator parameters. In order to obtain the
optimal static and dynamic characteristics under strong grid conditions, the parameters are calculated
according to Lg = 0 mH. As the length of this article is limited and Scheme 1 is not the focus of this
paper, only the design parameters are given: H, = 0.144; w. = 1.5;

Case 1: When voltage feed-forward control is adopted to suppress grid background harmonics,
Kp =0.052 and K; = 10.8 are the values of the outer-loop control compensator G.(s);

Case 2: When the harmonic control compensator is used to suppress the grid background
harmonics, Kp =0.035 and K; =7.3 are the values of the outer-loop control compensator G(s).

The open-loop Bode diagram with different grid impedances in both cases of Scheme 1 are given
in Figures 3 and 4.
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Figure 3. Open-loop transfer function Bode diagram using the approach of proportional voltage
feed-forward.
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Figure 4. Open-loop transfer function Bode diagram using the approach of harmonic controller.

From Figures 3 and 4, no matter which control method is adopted in Scheme 1. As the grid
impedance changes (Lg = 0 mH to Lg = 10 mH), the phase margin and cut-off frequency of the open-loop
transfer function drop sharply. In addition, this could result in the slower dynamic response of the
system, then poor stability, ultimately making it unstable. Therefore, Scheme 1 cannot adapt to the
change in grid impedance, thus Scheme 2 is proposed to solve this problem.

3. Normalized Active Damping Voltage Feed-forward (Scheme 2)

It can be seen from previous study that if the grid current inner-loop produces the same virtual
impedance effect as the capacitor current inner-loop, it is needed that both of their open-loop transfer
functions are consistent around the natural resonant frequency [6,7]. Therefore, the feedback function
of grid current inner-loop can be introduced as:

sKg

B

@)

Figure 5 is a closed-loop block diagram of single-phase grid-connected inverter. The figure is
composed of two parts, the main circuit and the control circuit. In order to analyze the worst case, pure
inductance is selected as the grid impedance. Hc(s) is the feedback coefficient of capacitive current
inner-loop; Hg(s) is the feedback function of grid current inner-loop; G(s) is the control compensator
of grid current outer-loop; and Gg4(s) is the feed-forward coefficient.

Main Circuit

Figure 5. Closed loop system of grid-connected inverter with Scheme 2.

The system block diagram can be obtained from Figure 5, as shown in Figure 6,
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Figure 6. System equivalent block diagram of Scheme 2.
The open-loop transfer function can be obtained from Figure 6:

B Ge(s)Kpwm
~ $3A +52B + sD + HgKpwm — SLgKpwmGrd

T(s) ®)

where

_ 1 (+)Kwc, _ _1 (1-Kwe
Ge(s) = Khp + n—gds ; V3 —jwntac’ Gra(s) = Kowm (s—ja)0+wc +k)

A=LyCLi;;  B=HKpmleyC;  D=Li+Le

Compared with Scheme 1, Scheme 2 introduces two new functions: Hg(s) and Ggq(s). According
to the previous analysis, both a harmonic controller and PCC point voltage feed-forward are used
to suppress the grid background harmonics. At the same time, both of them can change the cut-off
frequency of open-loop transfer function T(s), but their degree of change is different. The harmonic
controller enlarges the proportional coefficient K}, of controller G(s), and feed-forward reduces the
impact of grid impedance on the system. Therefore, when the system contains a harmonic controller,
the PCC point voltage feed-forward is no longer used to suppress the grid background harmonics.
It cooperates with the harmonic controller to change the cut-off frequency of the open loop and suppress
the start-up inrush current. Therefore, the function of G¢4(s) represents the introduction of fundamental
grid voltage and k(k < 1) times harmonic voltage. The fundamental grid voltage feed-forward does
not affect the cut-off frequency w. of the open-loop transfer function T(s); it only improves the initial
response speed of the system. The k times harmonic voltage feed-forward can change the open-loop
cut-off frequency and restrain the grid background harmonic.

As before, in order to design parameters rapidly, the above controller is simplified to PI controller.
Without considering the steady-state error around the fundamental frequency, the open-loop transfer
function can be approximately divided into two parts according to the time constant T in the feedback
function Hg(s) of the grid current loop [20,21].

The purpose of introducing the grid current inner-loop feedback is to increase the damping of the
system. It is found from Formula (4) that the normalized damping can be added only when sT > 1.
Therefore, the cut-off frequency crossing point should be in the part of sT < 1 in Formula (4) and the
natural resonance frequency should be in the part of sT > 1 in Formula (4).

KPWpr
T(s) = AS B2 15D KgKpmwm) (sT<1) “
o T (sT > 1)

SSAT+52BT+s(D—kLg) T~KgKpwm

where

Therefore, at the frequency wiyes, the system should run on the part of sT > 1 in Formula (4).
The time constant T of Hg(s) is used to convert to the part of sT > 1 in Formula (4), so the time constant
of Hg(s) satisfies:

©)

S

L1+ Leq - kLg — Kngwm
CUlreslmin = [,CL |
eq

min
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On the premise of satisfying Formula (5), the approximate open-loop transfer function expression
and damping coefficient at cut-off frequency w., the amplitude and damping coefficient of the open-loop
transfer function at harmonic frequency are obtained.

4. Parameter Design

4.1. Design of Control Parameters at Cut-off Frequency

According to the above analysis, the open-loop transfer function expression at cut-off frequency
w¢ is shown in Formula (6).

prpr

IT(jwe)l = |
oo = | (Toq + I = KLy — KK

=1 (6)

Formula (6) shows that the w. decreases with the increase in grid impedance, and w. is positively
correlated with Ky, k, and K. This verifies the conclusion mentioned above that both the harmonic
controller and the feed-forward control can increase the cut-off frequency w.. In order to ensure that
the cut-off frequency is within the range of [400,1000], Formula (7) can be obtained from Formula (6)

[3.2 - 2k - 0.8 X 10°Kg| 7 X 107 < Kp < [3 -2 X 10°Kg |t x 1072 @)

from Formula (7):
2k-0.2

0<Kg < 1075 (8)

On the premise of satisfying Formula (8), then study K, to make it satisfy Formula (7). Formula
(8) shows that k > 0.1 and the larger the value of k, then the larger the value of Kg. Therefore, Formulas
(7) and (8) show that k not only directly affects the cut-off frequency, but also indirectly changes the
cut-off frequency through Kg. Therefore, under the premise of ensuring that the cut off frequency is
within the range of 400 to 1000, the larger value of k will make the w, larger, which means the larger
bandwidth can be obtained.

It can be known from the part of sT < 1 in Formula (4) that the phase margin at the cut-off
frequency w, is related not only to the damping coefficient & but also to the ratio of the first natural
resonance frequency wiyeg corresponding to the cut-off frequency. For the convenience of analysis, the
part of sT < 1 in Formula (4) can be changed to:

_ KpwmKp
T(s) = AT DKL~y Kpm)
et ©)

T LogCL153+ HcKpromLegCs2+5 (L1 + Leg—kLg—Kg Kpwem)
— Ke

= 2
5(2+2&cress+a? )

where
_ KpwmKp , Leq + L1 — kLg — KgKpwm

K. = _
€T TiLegC Ve [1CLeg

28 cw1res= HcKpwm /Ly

From Formula (9), it can be concluded that the open-loop transfer function consists of three parts:
proportion, integral and second-order damping function. The integral part causes a phase lag of 90°,
and the second-order damping function generates a phase lag of 90° at the natural resonance frequency
W1res- If the frequency-band damping before natural resonance frequency wjyes is larger, the phase lag
will be more serious.
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For the convenience of the following analysis, we needed to obtain the law of the natural resonance
frequency of the part of sT < 1 in Formula (4) and the grid impedance. To start with, the assumption is
that w1yeq of the part of 75 < 1 in Formula (4) decreases with the increase in the grid impedance. So

Ly + Ly — KgKpwm  Leq + L1 — kLg — KgKpwm

10
L1CLy L1ClLeq (10)
where .
Kg < (1+5K)107°
Compared with Equation (8), when k is less than 1, it can be obtained as
2k-02_ 5 1 _5
< _

0<Kg< 15 1077 < (1+ 2k)lO (11)

Therefore, it can be obtained that the natural resonance frequency wiyes of the part of T5 < 1 in
Formula (4) decreases with the increase in the grid impedance L;. Therefore, when Ly = 10 mH, @1yes
gets the minimum value, which can be known from Formula (5):

T> 17 1070 (12)

/1.6 — k — 4K, 104

From Equation (9), the damping coefficient at cut-off frequency can be obtained as

. HeKpwm yL1CLeq
C

2Ly \JLeq + L1 — kLg — KgKpwm

(13)

It is known that wyes decreases with the increase in Lg, while wyes&c does not change. Therefore,
the damping &. increases with the increase in Lg and is positively correlated with Kg, k and He. That
means the magnitude of & is related to these three parameters, and the growth ratio is only related to
Kg and k, which can be known from Equation (14).

& _ yLeq y/L2 + L1 — KgKpwm
&0 VILp \Leq L1 — kLg — KgRpwm

(14)

The ¢y in Formula (14) is the value of & at Lg = 0. Therefore, it is necessary to lower the
cut-off frequency to thereby increase the phase margin correspondingly, which is contradictory to
maintaining a high bandwidth. In order to measure the change law of the relationship between cut-off
frequency, damping coefficient and resonance frequency, a standardized proportional product function
is introduced as:

weorbeor  Leq(La+ L1 — KgKpwm)®
W1resOf Ly (Leq + L1 - kLg - Kngwm)z

(15)

In Formula (15), weot, Ecorf and wirespf are the ratios of their real values to their initial values
respectively. The smaller the value of function (15), the larger the phase margin at the cut-off frequency,
but the lower the cut-off frequency. Therefore, a compromise between response speed and stability
is needed. The value of “e=c

- is positively correlated with k and negatively correlated with K, in
1resOf
Formula (15).
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4.2. Design of Control Parameters at Resonant Frequency
The part of sT > 1 in Formula (4) can be simplified as

T(s) — KpwmKpT
(5) = SATT BT 1= DALy Ty

— prprT (16)
= PLegCLy T+52HeKpuomLeg CT+5(Ly + Log—kLg ) T—Kg Kprwm

J— res

S(52‘i’zéresCl)Zress‘s’wz )

2res

where

Leqg +Lq—kL H.K K.K
) eq g cSpwm glpwm
Kres = prpr/L1CLeq Wyres = I CLeq L - 2L, CLeqT = 2&resWores

From Formula (16), it can be concluded that the open-loop transfer function consists of three
parts: proportion, integral and second-order damping function. The natural resonance frequency woyes
obviously decreases with the increase in Lg, and the smaller the value of k, the slower the decrease
tendency of wyyes. At this point, the damping part is divided into two parts. (E1res + Eores = Eres):

HCKme Hcprm \/Ll CLeq
Elres = = 17)

2Ly wores AR \/Leq + L - kLg

Formula (17) shows that the damping coefficient &1,es varies with Lg. Moreover, as the k becomes
smaller, the increase rate of £1ys becomes slower, which is irrelevant to the operating frequency point,
and it decreases compared with &. of Formula (13). In addition, Formula (18) shows that the o is
related to the operating frequency point.

| KgKpwm  KgKpwmI1CLeg
éZres - 3 - (18)

3/2
2L1CLequ2res 2T (Leq + L — kLg)

The damping at resonance frequency is composed of Formula (17) and Formula (18). If the
damping coefficient &yes is greater than 1, the second-order damping part will be divided into two
first-order time constants. Due to the larger time constants affecting the phase margin at cut-off
frequency w,, the damping coefficient &5 should be less than 1. As the damping coefficient &jyeq
increases with the increase in L, it is necessary to reduce or increase the damping coefficient &yres with
the increase in Lg, but to ensure that the total damping coefficient is between 0.4 and 0.7.

In order to analyze the influence of the damping coefficient at the resonance frequency on the
phase margin at the cut-off frequency with the change in L, a standardized proportional function (19)
is introduced.

2
W c0fE2resOf _ (Leq + L1 - kLg) (Leq +Ly— kLg - Kngwm) [LoHe(Ly + Ly )T + KgL1L2]
Wres0f (L +L1)*(La + L1 — KgKpwm) [LeqHc(Leq + L1 — kLg) T -+ KgLiLeg]

(19)

In Formula (19), &orefor and woresof are the ratios of their real values to their initial values respectively.
When &yres decreases as the grid impedance Lg increases, the parameter design can be simplified,
and the conditional Formula (20) needed to be satisfied is:

3/2
Eoresd _ (Leq +Li- kLg) \/L_z

Eores (L2 + Ll)S/Z A /Leq

The &arefg in Formula (20) is the value of &y at Lg = 0. The ratio of Formula (20) varies with grid
impedance Lg and k, then a three-dimensional Figure 7 can be obtained.

>1 (20)
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06 08

L, 7 02 04

k

Figure 7. Function values of Formula (20) with different k and L.

It can be seen from the Figure 7 that when k < 0.5, the greater the grid impedance, the easier it is
to satisfy Formula (20); however, when 0.5 < k < 1, the greater the grid impedance, the more difficult it
is to meet the conditions. In addition, the previous analysis tries to keep sum of the two dampings
unchanged. The smaller the k, the slower the &1, increase and the faster the &y,o5 decrease, so it is
not easy to find the value of k that meets the requirements intuitively. Therefore, it is necessary to
further analyze the change ratio of the two dampings. Therefore, a standardized damping proportional
function is given as

2
ElresEores _ Leq (L2 + Ll) 1)

2
élresOEZreSO L2 (Leq + Ll _ kLg)

The &1refp in Formula (20) is the value of &1res at Lg = 0. From Equation (21), a three-dimensional
graph of the relationship between the standardized value of the damping proportional function and
the grid impedance L¢ and feed-forward k can be obtained:

From Figure 8, it can be seen that when k < 0.5, the standardized value of the damping ratio function
does not change much with the increase in the grid impedance, but when k > 0.5, the standardized
value of the damping ratio function increases with the increase in the grid impedance and increases
rapidly. It is basically consistent with the conclusion shown in Figure 7. In Figure 8, when k < 0.5, the
function value increases first and then decreases with the increase in grid impedance Lg. Therefore,
we can use the maximum product criterion to set two dampings as equal when the ratio is maximum,
and then make the sum of the two dampings equal to the sum of the two dampings when Lg = 0 mH.

Sy
é:msf:ms 4.

émsofzmo 34

LymH > 204, 06 08
Figure 8. Function values of Formula (21) with different k and L.

In Formula (15), when KgKpwm is taken as a constant value, the changing law of function value
and the requirement for k value are basically consistent with that in Formula (21). When the range
of k value is changed, considering the k value of Formula (21) from the viewpoint of mathematical
calculation, it can generally satisfy Formula (15). Through the cut-off frequency Formulas (7) and (8) of
the system, it can be known that the feed-forward coefficient k is expected to obtain a larger value to
obtain a larger bandwidth. When considering the stability of the system, k needs to satisfy Formulas
(15) and (21), so k = 0.5. At this point, Figure 8 becomes:

According to Figure 9, it can be found that when Lg = 6 mH, the normalized damping proportional
function of Equation (21) reaches the maximum value, but when Lg > 6mH, the decrease tendency of
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function value is slower, which indicates that the sum of the final value of damping is larger than the
sum of the initial value of damping. Therefore, by choosing &iresl g—smt = E2reslig=emnu = 0.3, Lg = 6
mH can be brought into Equations (17) and (18), respectively.

3.25K, (22)

élreleg:(;mH =73H. =03
52res|Lg:6mH =T = 0.3

46 8 10
0 2 Ly/mH

Figure 9. Function values of Formula (21) varying with Ly when k = 0.5.

The parameters can get: He = 0.41; T = 10.8K,. It can be seen that the added damping coefficient
of grid current feedback mainly provides damping at the resonance frequency, restrains the resonance
peak, and has little influence on the damping coefficient at the cut-off frequency. Thus, the damping
coefficients at cut-off frequency and resonance frequency can be designed separately to meet the
requirements of the phase margin and amplitude margin. At the same time, the magnitude of additional
damping provided by the grid current inner-loop is related to the ratio of T to Kg.

Taking H. = 0.041 and T = 10.8Kg into Equations (17) and (18), and summing up the two dampings,
the total damping curve changing with the grid impedance is obtained in Figure 10 (red line):

0.7r

§2re> ‘Lg:(:mH -

=0.3

§2rcs ‘L.:»:(»mH

0 2 4 I3 g/ml'(f 8 10
Figure 10. s with impedance changes of Formula (13).

It can be seen from Figure 10 that the damping at the resonance frequency increases with grid
impedance increasing. It is consistent with the conclusion shown in Figure 9. However, when Lg =0
mH, the damping is small and the resonance peak easily occurs. It is found from Formulas (13) and
(17) that &1yeg is directly related to &c. For &, the smaller the &, the better. At the same time, &yyes is not
related to &, so EZrelegzémH = 0.4. At this point, T = 8.13k,q, a new damping curve is obtained in
Figure 10 (blue line). Although the larger the damping of &ores|p g—mp, the smaller the peak value at
the resonance frequency, it has been found that the excessive damping at this point will also affect the
phase margin at the cut-off frequency.

In order to get the parameter Kg, k = 0.5 can be taken into Equation (8), and we can get: Kg < 0.67
x 107>

The influence of Kg and Lg on the damping coefficient & can be obtained by introducing k = 0.5
and H. = 0.41 into Equation (13):

It can be seen from Figure 11 that when K, is constant, the damping coefficient increases with grid
impedance. At the same time, when K becomes larger, the increasing extent of the damping coefficient
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is small. As the magnitude of the damping coefficient cannot fully represent the phase margin, so it
needs to be judged by Formula (15). Therefore, the effect of K and Lg on the normalized value of the
proportional product function is obtained by taking k = 0.5 into Equation (15) as shown in Figure 12.

Ly/mH

Figure 11. Function value of Formula (13) with different Ly and Ky,

L R RSP

]7\ ........

164 <SOCS : ........
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124
Li{
P FRREEI

Ly/mH

Figure 12. Function value of Formula (15) with different Ly and K.

From Figure 12, it is found that the larger the Kg, the smaller the ratio of functions, which is
consistent with the conclusion of Formula (15). Therefore, K is expected to obtain a larger value.
In addition, it is necessary to analyze the influence of the damping coefficient at resonance frequency
on the phase margin with the change of impedance Lg and Kg. Take k = 0.5, Hc = 0.41, T = 8.13K into
Equation (19) and get Figure 13.

Figure 13. Function value of Formula (19) with different Ly and Ky,

As can be seen from Figure 13, no matter what the grid impedance is, that the effect of Kg on the
value of the function is negligible. When Lg = 4 mH, the parameters at the resonant frequency have the
least influence on the phase margin. The parameter design of this paper is based on Lg = 6 mH, so it is
necessary to verify the phase margin on the Bode diagram when Lg = 0, 4, 6, and 10 mH.
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In the frequency band of the part of sT > 1 in Formula (4), the focus of the open-loop transfer
function is the peak value around the resonance frequency, and the peak value at the natural resonance
frequency is used to replace the amplitude margin. Therefore, the amplitude at the resonant frequency
needs to satisfy Equation (23):

K,T

1
= (23)
LeqCH.T + Ky 2

IT (jwares)l = | 5
Dores

As the denominator of Formula (23) increases, the worst case is that when Lg = 0 mH, K;, < 0.09
is obtained. So far, the maximum meeting the requirements can be selected: Kg = 0.67 X 107>, and
bring it in Formula (7) to get 0.044 < K, < 0.052. The larger the K}, is, the larger the cut-off frequency is.
Therefore, K, = 0.052 is chosen, and this satisfies Formula (12).

The above parameters neglect the influence of the phase lag of the PI controller, so the smaller K;
is, the smaller the influence on the system is. Generally, the inflection frequency of PI controller whose
cut-off frequency is more than 5 times can be taken. The larger K is, the smaller the steady-state error
is, so the K, is 32.7.

By substituting the above parameters into Equations (15) and (18), the influence on the phase
margin of the open-loop transfer function can be obtained. At the same time, because wares > W1res,
the influence of the two parts on the phase margin is different. In order to normalize, proportional
factor should be introduced as

W1res T Wores

WcofEcof Wc0fEres0f
+ Wores

w
lres™ 1resOf W2res0f

y= (24)

The curve with grid impedance changing is obtained according to (24).
It can be seen from Figure 14 that with the increase in grid impedance, the system parameters
make the phase margin GM decreases first and then increases, but the overall change ratio is not large.

1.26
v 1.2
1.14
1.08

1.02
0.96
0

6
L/mH

Figure 14. y with grid impedance variation.

5. Analysis and Verification

5.1. Analysis of Control Parameters

The parameter design is mainly based on the phase margin PM, amplitude margin GM and
cut-off frequency w. of the open-loop transfer function T(s), so as to ensure the stability of the system.
Through the above analysis, the control parameters under PI control are shown in Table 1.

Table 1. Control parameters under PI controller.

K, K, K, T H, k
0.052 32.7 0.7 x 107> T =20 kad 0.06 0.5

The Bode diagram of the open-loop transfer function can be obtained by taking the parameters in
Table 1 into Formula (3), as shown in the Figure 15.
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Bode Diagram
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Figure 15. Bode diagram of open loop transfer function with different Ly

It is found that the amplitude margin increases with grid impedance Ly increasing. The amplitude
margin is related to the amplitude at the second resonance frequency. The larger the damping at the
resonance frequency is, the smaller the resonance amplitude is. This is consistent with the conclusion
shown in Figure 10 that the damping at the resonance frequency increases with the increase in the
L¢. The phase margin decreases first and then increases with the increase in L¢. The phase margin is
related to the parameters at the cut-off frequency, which is completely consistent with the conclusion
shown in Figure 14.

As mentioned above, compared with the harmonic controller and PI controller, the amplitude
curve of the open-loop transfer function under the harmonic controller moves up under the same
proportional coefficient. Therefore, Ky, = 0.035 is obtained by the Bode diagram. The Bode diagram of
the open-loop transfer function can be obtained by introducing this parameter into Formula (3).

It can be seen from the diagram that the phase margin and amplitude margin of the open-loop
transfer function do not change much with the increase in the L¢, and can adapt to the change
in equivalent impedance of power grid well, and are within acceptable range compared with the
parameters of PI controller.

According to Figures 3, 4 and 16, with the increase in grid impedance (Lg = 0 mH to 10 mH),
for the traditional strategy, the phase margin drops sharply; this could result in the slower dynamic
response of the system, then poor stability and ultimately making it unstable; for the normalized active
damping strategy, the phase margin is basically unchanged.

Bode Diagram

; T I, —0mil
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40k —im L=6mH
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3%
S

Phase (deg)

180k o GM=352TCMS
223} :
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Q
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Figure 16. Open loop transfer function T(s) bode diagram of Scheme 2.
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5.2. Simulation Analysis

In order to simulate the grid background harmonic, the grid background harmonic, as shown in
Table 2, is added to the grid voltage.

Table 2. The parameters of the grid background harmonics.

Harmonic number 5 7 11 13

Harmonic proportion 5% 5% 1% 1%

Figure 17 shows the grid voltage waveform with harmonics.

Figure 17. Grid voltage waveform with harmonics.

In the case of the strong grid, the two cases in Scheme 1 are compared with the normalized active
damping scheme proposed in this paper, the inverter is in a stable state, and the simulation of the
Scheme 1 under the strong grid is no longer necessary to analyzed. Figures 18 and 19 are the simulation
waveforms of the grid current under Scheme 1 when the grid impedance is Lg = 5 mH.

Figure 19. Waveform of the grid current using harmonic quasi proportional integral resonance controller
(H-QPIR) control when Lg =5 mH in Scheme 1.

Figure 18 shows that the system is stable, but the ability to suppress harmonics is limited. The grid
current contains a large number of fifth and seventh harmonics, which is consistent with the Bode
diagram in Figure 3. The open-loop gain in the low frequency band is low and the ability to suppress
harmonics is poor; Figure 19 shows that the system is in an unstable state, and the harmonics around the
cut-off frequency are amplified, which is consistent with the Bode diagram in Figure 4. The harmonic
amplification is caused by the low phase margin.

Figure 16 in Scheme 2 shows that the phase margin and cut-off frequency of the open-loop transfer
function T(s) are similar when Lg = 4 and 6 mH, then Lg = 5 mH is used in simulation.

Figures 20-22 verify the Bode diagram of T(s) of Figure 16. It shows that the system can maintain
stability when the equivalent impedance of the power grid changes from 0 to 10 mH and can suppress
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the grid background harmonics. The only difference is that the dynamic response becomes slower with
the increase in the Ly. The given current amplitude increases abruptly from 3 to 5 A at 0.093 s, as shown
in Figures 20-22. When the grid inductance Lg = 0 mH, the dynamic rise time of the incoming current
is 0.002 s; when the grid inductance Lg = 5 mH, the rise time of the grid current is 0.003 s; when the
grid inductance Lg = 10 mH, the rise time of the grid current is 0.005 s. The bigger the grid impedance,
the slower the transient response of the grid current and the PCC point voltage is, which is consistent

with the conclusion in Figure 16.
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Figure 20. Grid current waveform of the Scheme 2 when Ly = 0 mH.
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Figure 22. Grid current waveform of the Scheme 2 when Lg = 10 mH.

According to the previous analysis, both the traditional active damping strategy and the normalized
active damping strategy are in stable state under strong grid. When the grid impedance is 5 mh,
according to Figures 18, 19 and 21, the previous strategy has poor ability to suppress harmonics,
while the normalized active damping strategy has strong ability to suppress harmonics. In addition,
the previous strategy cannot adapt to the changing grid impedance, and the normalized active damping
strategy can still ensure the stable operation of the system when the grid impedance changes from 0 to
10 mH.

5.3. Experimental Verification

In order to verify the correctness of the above theoretical analysis and simulation, a three-phase
grid-connected inverter experimental platform of DSP (Digital Signal Processor) + FPGA (Field
Programmable Gate Array) control board was built in the laboratory. Figure 23 shows the experimental
platform. DSP adopts TMS320F28335 of TI company (Dallas, TX, USA), FPGA adopts EP3C25Q240C8N
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of Altera company (SanJose, CA, USA). The parameters used in experiments are as follows: V. = 80 kV,
f1 =50 Hz, fs = 20 KHz, ug = 50 V. The other system parameters are shown in Table 1.

Figure 23. Experimental platform.

Figure 24 is the voltage waveform with grid background harmonics; Figure 25 is the experimental
waveform corresponding to Figure 18; Figure 26 is the experimental waveform corresponding to
Figure 19; Figures 27-29 show the experimental waveform of Figures 20-22. The four curves in the
figure represent three-phase current and d-axis current after equivalent coordinate transformation.

Time (4ms/div)

Figure 24. Experimental waveform of grid voltage with grid background harmonic.

Time (iOms/div) |

Figure 25. Experimental waveforms of the grid current using feed-forward control in Scheme 2 when
L, =5mH
8
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Time (20ms/d1v) '

Figure 26. Experimental waveforms of grid current using H-QPIR in Scheme 1 when Lg = 5 mH.

Tlme (1 Oms’/dlv)

Figure 27. Experimental waveforms of grid current in Scheme 2 when Lg = 0 mH.

: d-axis Current

Tlme (10ms/d1v)

Figure 28. Experimental waveforms of grid current in Scheme 2 when Lg = 5 mH.

- "d-axis current: SPAREABES AVMRE RO

Tlme (10ms/d1v)

Figure 29. Experimental waveforms of grid current in Scheme 2 when Lg = 10 mH.

The grid current in Figure 25 contains a lot of harmonics, which is consistent with the simulation
waveform in Figure 18. In Figure 26, the grid current loses stability, which is consistent with the
simulation waveform in Figure 19. Figures 27-29 show that with the increase in the grid impedance,
the grid background harmonics can be well suppressed, which is consistent with the simulation
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waveform in Figures 20-22. In Figures 30 and 31, compared with Scheme 1, Scheme 2 has more
advantages in harmonic suppression in a weak grid.

T L L T T T

Time (20ms/div) '

Figure 30. Experimental waveforms of grid current in different schemes when Lg = 3 mH.

I I I 1 I I I I

Time (mes/div) '

Figure 31. Experimental waveforms of grid current in different schemes when Ly = 6 mH.

When the grid impedance is 5 mH, according to Figures 25, 26 and 28, the previous strategy has
poor ability to suppress harmonics, while the novel strategy mentioned in this paper has a strong
ability to suppress harmonics. According to Figures 30 and 31, it can be intuitively found that the
capacitor current feedback active damping cannot adapt to the change in grid impedance. Moreover,
the normalized active damping solves the problem of the traditional strategy, the system can operate
stably when the grid impedance varying between 0 and 10 mH.

The experimental results show that the traditional control strategies can also suppress harmonics,
but the ability is limited in weak grids. The normalized active damping strategy can suitable for
wide-range grid impedance variation and ensure the stability of grid connected system.

6. Conclusions

In view of the disadvantage in that the LCL grid-connected inverters with traditional control
schemes cannot adapt to the change in the equivalent impedance of a power grid, three new control
variables are introduced, and the normalized active damping strategy is designed through detailed
theoretical deduction. By optimizing the parameters, the changing tendency of the damping coefficient
of the grid-current inner loop is opposite to that of capacitor current inner-loop. Then, the grid-connected
inverters can maintain stability when the equivalent impedance of the power grid changes from 0 to
10 mH and can suppress the grid background harmonics. The sum of the damping produced by these
two damping is basically unchanged with the change of grid impedance. The derivation process of the
theoretical basis of this method is slightly complicated, but only a few formulas are needed to complete
the parameter design in practical application. For different LCL filter parameters, according to the
design steps in this paper, the corresponding control parameters can be obtained, and the following
conclusions can be drawn.
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(1) The active damping generated by capacitive current loop is positively correlated with the
equivalent impedance of the power grid. When the damping system becomes larger, the LCL filter
will become the cascade connection of an integrator and two first-order inertia links, which will reduce
the phase margin of the open-loop transfer function.

(2) In this paper, the functional relationship between cut-off frequency w., damping coefficient
& and natural resonance frequency w;.s related to phase margin is introduced, which is suitable for
judging the phase margin of all second-order functions and can be used to observe the variation of the
phase margin.

(3) The sum of the damping produced by capacitive current loop and grid current loop is basically
unchanged with the change of grid impedance. It is suitable for the system of wide-range grid
impedance variation, and has strong robustness.

(4) Proportional feed-forward of grid voltage is not only used for harmonic suppression, but also
positively correlated with the cut-off frequency w. of the open-loop transfer function of the system,
and thus it can be used to improve the cut-off frequency.
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