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Strong Adaptability Control Based on
Dual-Division-Summation Current Control for
an LCL-Type Grid-Connected Inverter

Jiang Liu", Xiangdong Sun

Abstract—The nonignorable grid impedance is one of the char-
acteristics of a weak grid. Meanwhile, the filter inductance also
fluctuates with temperature or aging factors. The resonant fre-
quency offset of an LCL filter will be caused by the change in
power grid impedance and filter inductance. To this end, a strong
adaptability control based on dual-division-summation (D-D-X)
control is proposed in this article, which considers both the accu-
racy of grid-connected current tracking and resonance suppression
under the variation of grid impedance and filter inductance. A full
inductance parameter identification method based on an extended
Kalman filter for simultaneously estimating filter inductance and
grid impedance is proposed without remote voltage sampling. An
enumeration method of the Routh array with less calculation is
proposed. The algebraic relationship between control parameters
and total inductance parameters is obtained by the Routh criterion.
A gain correction method to realize strong adaptive control is
proposed to deal with the variation of grid impedance and filter
inductance. The experimental results prove the feasibility of D-D-3
control in a three-phase LCL-type grid-connected inverter under
the variation of grid impedance and filter inductance.

Index Terms—DC AC power converters, electric current control,
kalman filters, stability criteria.

1. INTRODUCTION

HE grid-connected inverter is the power electronic inter-

face between a distributed power generation system and
the power grid. To improve the robustness of the power grid, an
LCL filter is usually used to filter the high-order harmonics in
the grid current. The LCL filter has a smaller inductance value,
better high-frequency harmonic suppression effect, and higher
power density than an L filter. However, the inverter with the
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LCL filter is subjected to an instability issue, which will result
in grid-current distortion [1]-[3].

Although the LCL filter can filter out the high-order har-
monics, the harmonics injection caused by the control method
and modulation strategy should be considered. Convention-
ally, the voltage source inverters are modulated with sinusoidal
pulsewidth modulation (SPWM) or space vector pulsewidth
modulation and are controlled by various control methods.
The common grid-connected current control methods are
proportional-integral control in the dg frame [4], [5] and
proportional-resonant control in the a3 frame [6], [7]. These
two control methods need coordinate transformation, which
transforms the control variables in abc frame to dg or af
frame. Model predictive current control [8], [9] was proposed
to improve the anti-interference ability of the system, but the
improvement of switching frequency is very important. One
cycle control [10] used the dual-buck concept to derive the
control law without the coordinate transformation. However,
inductance current variation levels have not been considered in
the controller design yet. Deadbeat control [11], [12] established
the system dynamics model and its state equation and then
used the system parameters, load changes, and error signals to
operate the state equation so that the error current signal could
be compensated in the next switching cycle. Hysteretic control
[13], [14] was a simple structure without closed-loop compen-
sation. But its filter design is difficult due to varying switching
frequencies. Other control methods also provided some current
control schemes, such as direct power control [15], [16], model-
based current control [17], and weighted average current control
[18]. Researchers proposed a division-summation (D-X) digital
control to cover wide inductance variation and to track sinusoidal
inverter current reference precisely [19]. D-3 digital control can
overcome the limitations of the conventional abc to dq frame
transformation and cover the effect of wide filter-inductance
variation. Then, the applications of D-3 digital control are
reported, such as applications in single-phase [20] and three-
phase inverters [21], surface-mounted permanent-magnet syn-
chronous generators [22], active power filters [23], three-phase
back-to-back transformerless inverters [24], and bidirectional
grid-connected modular multilevel converters [25]. All these
references verify the feasibility and superiority of D-X digital
control. However, most of the references about D-X digital
control are in an LC-type inverter. The applications of D-X
digital control in an LCL-type inverter are relatively less. Since
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there typically exist grid voltage harmonics, the injected grid
current will contain harmonic components due to the effect of
the LCL filter capacitance. For the research of the LCL inverter,
resonance suppression is an inevitable problem. In [26], the low-
frequency and high-frequency components of capacitive current
are filtered by filter-capacitance current compensation (FCCC)
and RC damping, respectively. However, the descriptions of
the capacitance-current-feedback coefficient and the selection
of damping parameters are vague. Wu et al. [20] applied the
D-X control method to an LCL-type grid-connected inverter for
the first time. Compared with LC-type inverters, LCL-type grid-
connected inverters are characterized by resonance suppression.
The FCCC method is selected for resonance suppression in [20].
The current control laws under rectification and grid-connection
modes are deduced. In terms of suppressing the resonance effect,
a very ingenious design is proposed in [20]. Comparing an LCL
filter with an LC filter, the inductor current at the inverter side
of the LCL filter is equivalent to the inductor current in the LC
filter. Then, the inductor current reference at the inverter side of
the LCL filter is the sum of the fundamental sinusoidal current
and the filter capacitor current. The filter capacitor current is
obtained by integrating the capacitor voltage. The capacitor
voltage is the sum of the point of common coupling (PCC)
voltage and inductor voltage on the grid side of the LCL filter.
In general, when the capacitance current compensation method
is used to suppress the resonance, it can be found from the
control block diagram that the capacitance current is obtained
by subtracting the grid-connected current from the inductance
current on the inverter side [27], [28]. The method in [20] reduces
the number of sampling channels. However, the D-X control
method is a digital control method considering the variation of
inductor current. The method in [20] does not fully consider
the current variation of the two inductors. As a result, the
dual-division-summation (D-D-X) digital control is proposed
in this article, which considers the accuracy of grid-connected
current tracking and resonance suppression simultaneously.
Generally speaking, the nonignorable grid impedance under
a weak grid affects the resonant frequency of an LCL filter. A
grid-connected inverter requires higher stability under a weak
grid. In [29], the variation of gird impedance is considered, and
amodel reference adaptive state feedback control is employed to
guarantee the system stability. Its disadvantage is that it needs
more sampling circuits to realize. He et al. [30] proposed an
active grid impedance cancelator to suppress the effect of the
grid disturbance and stabilize the single-phase grid-connected
inverters with an inductive capacitive inductive filter operating
under variable grid conditions. However, the grid impedance is
considered unknown and variable. In [31], the coupling rela-
tionship between phase-locked loop (PLL) and grid impedance
is revealed. A decoupling method is proposed to improve the
stability of the system. A simplified full feedforward strategy
based on grid-side inductor voltage differential feedback active
damping is proposed and a virtual impedance branch is added
to meet the stability requirements of the inverter when the grid
impedance changes suddenly [32]. These references do not con-
sider the online parameter estimation method to obtain accurate
real-time parameters of grid impedance. The online estimation
method of grid impedance has been reported in some references.
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For example, pulse injection [33], orthogonal binary sequence
[34], and discrete interval binary sequence [35] realize online
grid or inverter impedance measurement for stability evaluation.
In [36], the EKF is proposed to estimate the grid impedance
online, which avoids additional harmonic injection. However,
these grid impedance estimation methods do not consider the
filter inductance parameters, which also affects the stability of
the system. To this end, a full inductance parameter estimation
method based on EKF is proposed in this article, which does
not require remote voltage sampling. The proposed method can
estimate the changes in filter inductance and grid impedance at
the same time.

Thus, the main contributions of this article are as follows.

1) Based on D-X digital control, a D-D-X digital control is
proposed to consider both the accuracy of grid-connected
current tracking and resonance suppression simultane-
ously. The D-D-X digital control is used to deduce the
control laws of inverter-side current and grid-connected
current, which avoids the complicated coordinate trans-
formation.

2) To adapt to the wide range variation of filter inductance
and grid inductance under a weak grid, an RC is chosen
as the stability criterion of the three-phase inverter. The
demonstration of the adaptability of D-D-X current control
to a wide range of variations of inductance is quantified.
The correctness of the stability analysis is proved by the
Bode diagram of the open-loop transfer function.

3) A full inductance parameter estimation method based
on EKF is proposed in this article. The proposed EKF
only needs the gird-connected current, which reduces the
number of sampling channels. The inductance estimation
method considers not only the grid impedance under the
weak grid but also the fluctuation of the filter inductance.

4) Based on the proposed D-D-X current control, a gain
correction method is proposed to deal with the variation of
filter inductance and grid impedance. The gain correction
method can still ensure the grid current tracking accuracy
and inverter stability.

Driven by this urgent demand, a strong adaptability control
based on D-D-X current control is proposed in this article, which
can improve the stability of grid-connected inverter systems
under the variation of filter inductance and grid impedance. This
article consists of the following sections. Section II derives the
grid-connected current control method based on D-D-3 digital
control in detail. In Section III, RC is introduced as a stability
criterion to quantify the adaptability of D-D-X digital control. In
Section IV, a full inductance parameter estimation method based
on EKF and a gain correction method is proposed to cope with a
wide range of variations of filter inductance and grid impedance.
Section V presents the experimental verification and analysis.
Section VI concludes this article.

II. REVIEW OF D-D-Y CURRENT CONTROL

The circuit topology of a T-type three-level grid-connected
inverter with the LCL filter is shown in Fig. 1. The voltages
of upper and lower capacitors on the dc side are uc; and uco,
respectively. Uq. is a dc input voltage, and Upcc, represents the
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Fig. 1.

voltage at the PCC. The output voltage of the inverter is repre-
sented by u,,. The inverter-side inductance L,;, capacitance Cy,
and grid-side inductance L, constitute the LCL filter; x = a, b,
c. Note that the grid-side inductance L,, here does not include
the grid impedance.

According to Kirchhoff’s voltage law, the mathematical
model of the T-type three-level grid-connected inverter with the
LCL filter in the abc frame can be listed as

dig;
Lmi dt = Ugo — UCx
AT _
e = fai g , x=a,b,c (1)
log
g dt = ucz — Upccz

where i,; and i, represent inverter-side and grid-side inductance
currents, respectively, and u ¢, represents the voltage of filter
capacitance.
Equation (1) can be converted into
dig; diy
Uy = Lopi —t 4 [, 29
xo i dt xg dt
Within a half cycle of the modulation wave, (2) for half switch-
ing cycle under the balanced dc-side voltage can be written as

ding diy;
ar dt
Udc
2

1
—Upccz, t € (n+tP0n7 n+ 7)
=1 UL 1 2 3)
-3 — Upcca, t € (n+§, n+ % + tnon)

1
—Upccs, t € (n + § + tNon, M+ 1)

+ UPCC.’IH T = a, b) C. (2)

L

- UPCsz te (TL, n+ tPon)

where n represents the sampling time. tp,,,, represents the action
time of +Uq4./2. tnon represents the action time of —Ug./2.
+Uqc/2 means that the modulation wave is within the positive
half-period. —Ug4./2 means that the modulation wave is within
the negative half-period. x = a, b, c.

The inverter output voltage includes three working states
+Uqc/2, 0, and —Ugq./2. Thus, the duty ratios corresponding
to +Uqc/2 (P), 0 (0), and —Uq./2 (N) can be set to

de - dw
deo =1—2d, 4)
da:N = 7d.’£

e
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Circuit topology of the T-type three-level grid-connected inverter with the LCL filter.

where d, represents the duty ratio when the output voltage is
+Uqc/2;x =a, b, c. Because of the symmetry of the output wave-
form, when the output voltage is —Uq./2, the duty cycle is —d,.

According to [37], since the amplitude of the capacitor current
is relatively small, it is assumed that the fundamental reference
currents of the two inductors of the LCL filter are equal. The
proposed D-D-3 digital control needs additional consideration
of resonance suppression. When the resonance suppression ef-
fectreaches its best, the fundamental current flowing through the
filter capacitor is almost zero. Therefore, it can be considered
that the fundamental inductor current on the inverter side is
consistent with the grid-connected current

Igcgref(n + 1) = ;mlref(n + 1) (%)

where I grep(n+1) and Iyer(n+1) are the reference values of
grid-connected current and inverter-side inductance current at
the (n+1)th switching period, respectively.

A. Dual Division

The dual division of the inverter-side inductor current and
grid-connected current can be obtained as

Ude

2LrgAirgP+ + 2LT1AZTZP+ = ( 2d - UPCCfE) d"cT‘;

. . o Udc
2LngZa:gO— + 2L‘m’A2xi07 = - _7 — Upccy | d2T5s
2LrgAirgO+ + 2L12AZI10+ - - (1 - dm) TsUpccy
2La:gAia:gP— + 2Ly Aigip = — (1 + dac) TsUpccz
AingJr = AiajiNJr =0
Aimgpf = Aizin =0

(6)
where Ai,,. represents current variation corresponding to
working state z of phase x on y-side inductance under positive
half cycle. Ai,,,_ represents current variation corresponding to
working state z of phase x on y-side inductance under negative
half cycle (x = a, b, ¢; y = i (inverter); and g (grid). z = P, O,
N).

B. Summation

By summarizing (6), the total current change of the positive
half cycle and the negative half cycle can be expressed as

2Lgg (Aiggy + Nigg) + 2L4; (ANigiq + ANigi)
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= 2Ly g Nigy + 2L iy
= Udcdsz - 2TSUPCCZE (7)

where Ai,, represents the current variation of phase x on y-side
inductance under a complete cycle.

Thus, the duty ratio expression of the grid-connected current
in a complete cycle can be deduced to

ZQLWA%9+2MMMm+2ﬂUmu. ®)
UdcTs
As described in [20], Iet(n+1)—i.(n) can be used instead of
the two inductance current variations
2Ly [Lpiret(n 4 1) — igi(n)]

da

dy
UdcTs
+ 2Lxg [I:cgrcf(n + 1) — ixg(n)] + 2UPCC$ (9)
UdcTs Udc

where i,4(n) and i;;(n) are the sampling values of grid-connected
current and inverter-side inductance current at the nth switching
period, respectively.

Therefore, the reference value of inverter-side inductance can
be replaced by that of grid-connected current. Equation (9) can
be converted into

- 2L4; [Izzzgref(n + 1) — g (n)}

r =

UdcTs
+ 2La:g [Imgref(n + 1) - ng(n)] + 2UPCC:10 (10)
UdcTs Udc )

By changing (10) appropriately, the following equation can
be obtained

dy = Kpl [Imgref(n + 1) - lmz(n)]
+ Kp2 [Ifcgref(n + 1) - ng(n)] + Kp3UPCCx (11)

where K1 = 2L,;/(UqcTs), Kpo = 2L;4/(UqgcTs), and Kp3 =
2/( Udc Ts)

In (11), K;» represents the grid-connected current control
gain, which affects the current tracking accuracy. K 1 represents
the inverter-side inductance current control gain, which affects
the resonance suppression effect. K;,3 represents the feedforward
gain of grid voltage at PCC. Through the derivation process, D-
D-X digital control is a three-phase current independent control
without coordinate transformation. Therefore, when the three
phases are unbalanced, the balanced three-phase grid current can
still be obtained under D-D-X digital control. With the control
law based on the D-D-X digital control, the grid-connected
current can track the reference precisely by cycle to yield the
sinusoidal grid-connected current. The configuration of D-D-3
digital control is depicted in Fig. 2. The PLL provides the
phase of grid voltage at PCC to ensure the reference current
in synchronization with the grid voltage. The grid-connected
current feedback is the outer current close loop to trace the
reference current. Besides, the inverter-side current feedback
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Fig.2. Configuration of D-D-X digital control.

is the inner loop to improve the resonance suppression effect.
The PCC voltage feedback through feedback parameter K,,3 is
feedforwarded to reduce the influence of PCC. Total controls
are in the abc coordinate. Finally, the signal is modulated by an
SPWM strategy to gate drivers in switches.

III. ADAPTIVE ABILITY FOR WIDE RANGE VARIATION OF GRID
INDUCTANCE IN WEAK GRID

According to (11), the current control block diagram based
on D-D-X digital control can be illustrated in Fig. 3. Note that
Upccy in (11) can be considered as a disturbance term. The
feedforward term of grid voltage can improve the antidistur-
bance ability of the system. In Fig. 3, Gy, is the transfer gain
of the inverter. In general, Gjy, is the product of delay link G4
and Kpwm [38].

According to Fig. 3, the closed-loop transfer function of the
system can be expressed in (12) shown at the bottom of this
page.

By using the two bilinear transformation equations of s
= 2/ITH[(z—D/(z+1)] and z = (w+1)/(1—w), Gelose(s) in s-
domain is transformed to that in w-domain [39], [40]

T (Kpl + Kp2) w* =T} (Kpl + Kp2) w?

Gclose(w): 2 1 3 25 1 0
agw* + a1w? + a2w* + azw+ + agw

Gclose ( S)

B 33Lm‘ngCo; + 52La:ngKp16_STs + 8(Lgi + Lﬂcg) + (K:Dl + Kp2) e st

(13)
The parameters in (13) are shown as follows:
ao =T (Kp1 + Kp2)
a1 = QTE(LM + Lag) — T53 (Kp1 + Kp2)
az = 2TQ2(L:E’L + Lrg) + 4T901Lrng1 (]4)
az = SCLL“LLQ - 4TSC$L,;ng1
Ay = 8Cszszg
(py + Kya)e ™ (12)
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Fig. 3. Current control block diagram in s-domain.

To verify the adaptability of the D-D-3 digital control pro-
posed in this article to the wide range variation of grid impedance
by RC, the value range of K,; and K2 can be obtained, which
is shown in the following equation (see Appendix for a detailed
Routh criterion process):

O<Kp1+Kp2 < M
T

According to the definitions of K1 and K2 in the previous
section, Kj,1+K,o always satisfies (15). This means that no
matter how the grid impedance changes in the weak grid, K1
and K2 can meet the stability requirements. This proves that
the proposed D-D-X digital control has strong adaptability to a
weak grid.

15)

IV. ONLINE IDENTIFICATION OF GRID IMPEDANCE

In the field of motor control, EKF is often used for parameter
identification [41]. Similarly, it is also applied to grid impedance
estimation [42]. In this article, a convenient extended Kalman
filter method is proposed to identify the grid impedance. This
method can reduce the input channels of state variables, which
only need the grid-connected current. The generic state-space
model for a linear system in the discrete-time domain is pre-

sented by
L1 =
Yp =

where xj is the state variables at the kth moment, u is the input
vector, A is the state transition matrix, B is the input matrix, y
is the output vector, H is the output matrix, and v and w are the
system noise and measurement noise, respectively.

A parameter vector is added to the system state vector, which
results in a nonlinear system description of the linear system
with time-variant parameters. The physical measurement model
remains unaffected [42]

Aklk + Bkﬂk + v

16
Hyz), + wy, (16)

X (%

[9:3} = f(zg,ug, 0)) + [00:
| Cq 0| |z 4| wn (17

%= 100l 0

The grid-connected currents i,4 and the voltages Upcc at
the PCC are sampled for gird impedance estimation. In the

D-D-X digital control method, the currents of L,; and L, are
considered to be consistent because the currents can be tracked
accurately. Therefore, an LCL filter can be equivalent to an L
filter in inductance identification. Set the identified impedance
to AL,. AR, is the equivalent resistance. Among them, AL,
includes the inverter-side impedance, grid-side impedance, and
impedance variation. The fluctuation of grid-side impedance can
be regarded as the fluctuation of grid impedance. According to
the circuit shown in Fig. 1, the a-axis and (3-axis grid-connected
currents are selected as the state vectors, and the state-space

equation is written as follows:
AR :
A LZ Z!] B

4 iga | _
Ang 0 |:ut,vo - ea:|
1
0 &L, | Luso —es

where iyq, Uqo, and e, are the components of i, uz,, and e, in
the -axis, respectively. igg, ug,, and eg are the components in
the [-axis, respectively.

Generally, the grid voltage e, is considered an ideal three-
phase sinusoidal power supply. Therefore, the voltage signal e,,
of the ideal power grid can be constructed according to the phase
information, which is obtained by PLL. Thus, the input sampling
variables of EKF can be reduced. Meanwhile, the fundamental
component of the inverter output voltage u,, can be obtained by
multiplying the dc-side voltage and the duty cycle d, as

_ Ve
2

where Uq./2 is the dc-side voltage because a T-type three-level
inverter is finally used as the research object in this article.

By discretizing (18), the state-space equation in the discrete-
time domain can be obtained as (20) shown at the bottom of
the next page. As a result, the Jacobian matrix of EKF can be
expressed by (21) shown at the bottom of the next page. To
introduce the process of EKF estimating grid impedance in more
detail, the flowchart of EKF implementation is shown in Fig. 4,
where y = (iyq, Iy )1 is the grid-connected current measured in

AR,
AL,
0

+ (18)

dy 19)

uiEO

real time, P is the error covariance matrix of state variables
in prediction process at the kth moment, K is the Kalman
filter gain matrix, Q is the system noise covariance matrix, R
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Predict the state with initials:
X = A1 Xy + Byt
Compute the error covariance:
5 T
B =G Py Gy + 04
Compute the Kalman gain:
5 T 5T -1
Ky =B H, (H B Hy +Ry)
Update the state estimation:
X =% + K (y, —Hp %)
Update the error covariance:
Pr=(U-KH)E
Fig. 4. Flowchart of EKF implementation.

is the measurement noise covariance matrix. In practice, the
noise covariance matrices are assumed to be constant diagonal
matrices.

As mentioned above, K, affects the current tracking accu-
racy and K, affects the resonance suppression effect. With
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Experimental platform of a T-type three-level inverter with an LCL

the variation of filter inductance, the resonant frequency also
changes. However, the change of grid impedance is equivalent
to the change of grid-side inductance. According to (11), the
change of L, will bring about the change of K3 but cannot
improve the resonance suppression effect, which is not allowed.
Therefore, a gain correction method is proposed to deal with the
variation of inductance.

It can be seen from (15) that K,1+Kp calculated by (11)
meets the requirement of stability. Whether the inverter-side
impedance or the grid impedance changes, the following equa-
tion represents the relationship of K1 +K,o:

2 (Lus + ALus + Loy + ALy,)  2AL

K Koo — i i zg xg) _ g

pL 2 Usc T Uac,
(22)

where AL, represents the variation of grid impedance and AL,;
represents the variation of inverter-side impedance.

T,AR, AR,
igo(k+1) N O 00 [igalk) AL,
igs(k + 1) _ 0 1— TsAR, 0 lgﬁ(k) T 0 AR, Uno(k) — €alk)
AR, (k+1) AL AR, (k) ALg | | ugo(k) — ep(k)
ALg(k+1) 0 0 001 VAL (k) 00 ~
=k
—_— 0 0 0 0 0
Zpt1 pe Ly T/ (20)
iga (k)
iga(])] 10007 | dgs(k)
iga(k)]  10100] | AR,(K)
= ————
Ly
[ LAR, T ") T,ARyiza(k) T [tao(k) — ea (k)]
AL, AL, ™ AL? AL?
o o 1 TbR T g TbBing(k)  Tofugo(k) — es(k)]
B AL, AL, AL? AL?
0 0 1 0 @D
L0 0 0 1
1
H, _ [1000
10100
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TABLE I
EXPERIMENTAL PARAMETERS

Parameter Value
DC-link voltage 200V
Grid voltage(pk-pk) 100V
Grid-connected current 10A
Rated power of inverter 1kW
Inverter-side inductor L,; 3.8mH
Grid-side inductor L, 1.1 mH
Filter capacitor C; 20 uF
Fundamental frequency 50 Hz
Switching frequency 10 kHz
Sampling frequency 10 kHz

U/)('('[ (ZOV/le) U/!( ( 1,(20V/d1 V)

Up(~(~,,(20V/div)

Upcca(20V/div)
i,e(SA/div)

ing(5A/div)
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Fig. 6. Control effect of D-D-X digital control under a balanced grid.
(a) Capacitance voltage ucq1 on dec-side and three-phase voltages at PCC.
(b) Three-phase grid-connected currents. (¢) THD of phase a current.
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Fig. 7. Control effect of D-D-X digital control under an unbalanced grid.
(a) Capacitance voltage ucy on dec-side and three-phase voltages at PCC.
(b) Three-phase grid-connected currents. (¢) THD of phase a current.

Therefore, keeping K> unchanged, the corrected K},; can be
expressed as

_ 2 (ALQ — ng)

K, = (23)
! UdcTs

P

The corrected K1 and Ko cannot only ensure the current
tracking accuracy but also ensure the resonance suppression
under the variation of impedance.

V. EXPERIMENTAL VERIFICATION

To verify the strong adaptability control based on the D-D-X
digital control proposed in this article, an experimental pro-
totype with a T-type three-level inverter and an LCL filter is
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Fig. 8.  Startup performance. (a) Soft start. (b) Current mutation. (c) Partial
diagram of current mutation.

built. Fig. 5 shows the experimental platform. The controller is
composed of STM32F407+EPM240T100C5N. In this article,
a zero-sequence injection method is used to control the neutral-
point potential [43]. Table I shows the experimental parameters.

A. Control Effect With D-D-%. Digital Control Under Different
Grid Conditions

Fig. 6 shows the grid-connected current waveforms under
balanced grid conditions. The voltages at PCC are shown in
Fig. 6(a). The grid-connected currents are shown in Fig. 6(b).
In Fig. 6(a), the upper capacitive voltage on the dc side is
100 V, which proves that the neutral-point potential is balanced.
It can be seen from Fig. 6(b) that the grid-connected currents
are sinusoidal and symmetrical, verifying the feasibility of the
designed inverter with D-D-X digital control. THD in Fig. 6(c) is
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Fig. 9. Dynamic response capability. (a) Overall dynamic waveform.
(b) Reducing grid-connected currents. (c) Increasing grid-connected currents.

less than 3%, meeting the grid-connected requirements. Mean-
while, the grid-connected current and the corresponding grid
voltage are in phase. Moreover, the inverter is also tested with
the unbalanced grid. As shown in Fig. 7, even if the voltages
at PCC are unbalanced, the grid-connected currents can still be
sinusoidal and symmetrical, which meets the requirements of
grid connection. This proves that the inverter with D-D-3 digital
control has good grid-connected performance.

B. Dynamic Response Capability With D-D-X. Digital Control

Fig. 8 shows the startup performance of grid-connected cur-
rent control based on D-D-X method. This starting performance
adopts a soft start mode to make the current change slowly from
0to5 A. Meanwhile, the current variation process from 5to 10 A
adopts the mode of current mutation, as shown in Fig. 8(b) and
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EKF. (a) Simulation waveform of variation of L;. (b) Simulation waveform of
variation of L. (¢) Experimental waveform.

(c). The processing time of the current mutation is short, i.e.,
only 1.5 ms.

For the dynamic response capability test, Fig. 9 shows the
transient response of grid-connected currents changing from 10
to 8 A and from 8 back to 10 A. It is shown that the transient
response time from 8 to 10 A is about 1.25 ms, as shown in
Fig. 9(b). For the transient from 10 to 8 A, the grid-connected
currents reach their steady state at the same time, and the
response time is about 1 ms, as shown in Fig. 9(c). Fig. 9 shows
that the proposed D-D-X digital control has a strong rapidity for
the current dynamic response.

C. Verification of EKF

Fig. 10 shows the simulation and experimental results of
the parameter identification method. Since the actual grid
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Fig. 11.  Control effect of different K}2. (a) Overall dynamic waveform.
(b) Reducing K2. (c) Increasing K 2.

impedance value is not known, the EKF method is verified in the
simulation. The simulation waveforms as shown in Fig. 10(a)
and (b) are obtained by changing L,; and L, respectively. It
can be seen from the simulation waveforms that the proposed
method can accurately identify the inductance parameters no
matter which inductance value of the LCL filter changes.

In the experiment, the author connects an inductor between
the PCC and the power grid to simulate the grid impedance.
The variation of this inductor is equivalent to the variation of
grid impedance. As shown in Fig. 10(c), the grid impedance
values AL, are identified by the EKF method when L,; and L,
change, respectively. Channel 2 of the oscilloscope is the ideal
grid voltage waveform of phase a, which gets good sinusoidal
characteristics. Channel 4 shows the voltage of phase a at PCC.
Channel 1 in Fig. 10 is the grid impedance value AL, estimated
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Fig. 12.  Control effect of different K;2. (a) Overall dynamic waveform.
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by EKF. The waveform of L, is observed through the digital-to-
analog conversion function of the controller. The inverter-side
inductance L,; and grid impedance L, are changed by 1 mH,
respectively. It is seen from Fig. 10 that the validity of the EKF
proposed in this article is proved, which only needs the voltage
at the PCC and grid-connected current. The proposed EKF with
fewer inputs can accurately identify the grid impedance.

D. Control Effect With D-D-% Digital Control Under Different
Kp1 and Kpg

As the meaning of K1 and K,,» are mentioned earlier, here,
the value of K1 and K5 are changed to verify the correctness of
this statement. In Fig. 11(a), the value of K5 in (11) is used, and
then the value of K5 is reduced, and finally, it is restored. When
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Kp2 is reduced as shown in Fig. 11(b), the amplitude of grid-
connected currents is reduced. When K5 is restored as shown in
Fig. 11(c), the grid-connected currents can accurately track the
reference value of 10 A. The dynamic process opposite to that
in Fig. 11 is reflected in Fig. 12. When the value of K5 is less
than the value in (11), the amplitude of grid-connected currents
cannot reach the reference value. When K, in (11) is used,
the grid-connected currents can accurately track the reference
value. This proves that K5 affects the tracking accuracy of the
grid-connected currents. The current fluctuations in Fig. 11(b)
and (c) are due to the distortion of the oscilloscope when the
time axis is expanded from 25 to 2.5 ms/div.

Similarly, a similar conclusion that K,; affects resonance
suppression effect can be obtained from Figs. 13 and 14. In
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Fig. 14.  Control effect of different K})1. (a) Overall dynamic waveform. (b)
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Fig. 13(b), the current fluctuation is larger than that before
reducing K,;. This kind of fluctuation is not caused by the
change in the time axis. It can be seen from Fig. 13(a) that the
current fluctuation is caused when the value of K, is reduced,
which reduces the resonance suppression effect. The process in
Fig. 13 is opposite to that in Fig. 14, which also proves that K,
described in this article affects the resonance suppression effect.

E. Control Effect With D-D-%. Digital Control Under Different
Ly and Ly

To verify the adaptability of the D-D-X digital control pro-
posed in this article when the inductance changes, the inverter
is tested under different filter inductances L,. Fig. 15 shows
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the grid-connected currents waveform when the grid-side induc-
tance changes. The equivalent grid impedance after the induc-
tance on the grid-side changes is 0.9 mH, and the corresponding
short circuit ratio is 4:4. The estimated inductance AL, based
on the EKF method is marked in the figures. When the induc-
tance of the grid-side increases and K, remains unchanged,
the resonance frequency decreases, and the fixed K},; does not
fully meet the resonance suppression requirements. Therefore, in
Fig. 15(b), the harmonics appear in the grid-connected currents.
When K,,; is amended, it can be seen from Fig. 15(c) that
the resonance is completely suppressed to meet the require-
ments of grid connection. This proves that the proposed D-D-%
digital control has strong adaptability to the variation of grid
inductance. Of course, when the inductance on the inverter-side
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changes, Fig. 16 shows that the value of K, in (11) can still
ensure the safe and stable operation of the inverter.

Moreover, to show the advantages of D-D-X digital con-
trol, it is compared with the method in reference [20]. The
D-D-X digital control method is switched to the D-X method
with FCCC under the same working conditions, and the results
are shown in Figs. 17 and 18. From the comparison results,
it can be seen that when the inductance changes dynamically
or increases the resonance suppression effect, the proposed
D-D-X digital control method has good rapidity, which saves
the calculation time of filter- capacitor current. Table II shows
the performance comparison of the two control methods. The
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D-¥ control method is applied to an single-phase LCL-type
inverter. In this article, it is extended to the three-phase grid-
connected inverter. When the sampled quantities are the same,
the control method proposed in this article is simpler and less
computational. Meanwhile, this article not only considers the
grid impedance under the weak grid but also considers the
influence of the variation of filter inductance.

FE. Phase Control of Grid-Connected Current Based on D-D-%
Control

Fig. 19 shows grid-connected current switching waveforms at
different phase angles pf. In this article, three groups of switching
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experiments are carried out, which are the switching between
pf>0and pf=0, pf<0 and pf = 0, and pf>0 and pf<0. It can be
seen from the experimental waveforms that the grid-connected
current control method based on D-D-3¥ control proposed in
this article can quickly and accurately realize current tracking
under different phase angles of grid-connected current reference
values.

G. Control Performance Under Multiple Disturbances

Fig. 20 shows the grid-connected current change waveforms
when the I,4r and L;, change at the same time. In Fig. 20(a),
when the /,4cr and L,, change at the same time, the harmonic
of grid-connected current occurs because of unchanged control
parameters. The resonance effect is not completely suppressed.
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Meanwhile, the grid-connected current tracking effect is poor
because K> remains unchanged. In Fig. 20(b), when the control
parameters are modified according to the method proposed in
this article, it can be found that the resonance effect of the grid-
connected current is completely suppressed. The grid-connected
current amplitude can accurately track the reference value 8 A.

VI. CONCLUSION

In this article, a D-D-X digital control suitable for the LCL
-type grid-connected inverter is proposed, which can take both
grid current tracking and resonance suppression into account.
Different from the traditional D-3 digital control, the proposed
D-3 digital control is used for two inductances of the LCL filter
simultaneously. The proposed D-D-X digital control does not
need coordinate transformation and is more suitable for unbal-
anced grid conditions. Meanwhile, a full inductance parameter
identification method based on EKF proposed in this article
is used to deal with variations of filter inductance and grid
impedance. The strong adaptability of D-D-X digital control
to a wide range of variations of inductance is demonstrated
quantitatively by a gain correction method. It is proved by
experiments that the proposed D-D-X. digital control can ensure
that the grid-connected current of the inverter is sinusoidal and
symmetrical under balanced or unbalanced grids. For the wide
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TABLE III
DISCRETE ROUTH ARRAY IN W-DOMAIN

Sequence Coefficient Value
wt ap a as
w? a; a;
5 aa, —agay
W ag
q
W (aay —agas) as - ayaay
ady —apds
w as

variation of inductance, the proposed D-D-¥. digital control and
gain correction method can ensure a stable inverter.

APPENDIX

The characteristic equation in w-domain can be obtained as

a0w4 + a1w3 + a2w2 + CL3’U)1 + a4w0 =0. (A-1)

The discrete Routh array in w-domain can be constructed as
in Table III.

The stability of the system depends on positive or negative
coefficients of the first column of the discrete Routh array. In a
stable system, the first column coefficients of the discrete Routh
array can be obtained as

ag >0

a; > 0

aias — agag > 0

(alag — aoag) az — ajaiaqg > 0
ag >0

(A-2)
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