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Robust Control Method of Grid-Connected Inverters
With Enhanced Current Quality While Connected
to a Weak Power Grid

Zhaoyan Zhang *“, Peiguang Wang

Abstract—In order to improve the robust stability of the grid-
connected inverter of wind power or photovoltaic power genera-
tion while connected to a weak power-grid, the robust model of
grid-connected inverter under weak power-grid is established, and
the influence mechanism of power-grid impedance and voltage
distortion on the stability and current quality of grid-connected
inverter is analyzed. On this basis, an adaptive robust H., control
method is proposed, in which there is no need to online mea-
sure the power-grid impedance, and the control parameters do
not change with the change of the power-grid impedance. Then,
the calculation method of each reference quantity and the design
method of control parameters are introduced. Finally, an exper-
imental platform is built, and the correctness and effectiveness
of the theoretical analysis and the proposed control method are
verified by experiments. Compared with other control methods,
the adaptive robust H,, control method realizes the stability of the
system when the power-grid impedance varies in a wide range,
which optimally restrains the power-grid voltage distortion and
improves the quality of grid-connected current.

Index Terms—Adaptive robust H. control, grid-connected
inverter, LCL filter, weak power-grid.

1. INTRODUCTION

ITH the rapid development of new energy power gen-
; ; eration and project construction, a large number of dis-

tributed wind turbine generation systems or photovoltaic (PV)
power generation are connected to the end of the distribution
power-grid. The distribution power-grid at the end of the net-
work has obvious weak grid characteristics, which is large line
impedance and serious power-grid voltage distortion. When the
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impedance of the power-grid varies in a large range, in order to
improve the robust stability of the grid-connected inverter, the
ability to restrain the voltage distortion of the power-grid is often
sacrificed, which leads to the decline of grid-connected current
quality. Considering that the end of the distribution power-grid is
often far away from the load center, long-distance transmission
lines and the use of transformers make the lines show high
impedance [1]-[5]. On the other hand, the terminal voltage level
of the distribution power-grid is low and the power-grid structure
is fragile, which is easily affected by nonlinear load, and the
power-grid voltage distortion is more serious [6], [7]. The power-
grid impedance and voltage distortion will bring challenges to
the stable operation of wind turbine grid-connected inverter.
Therefore, in order for the wind turbine to work normally and
stably, the grid-connected inverter must be required to maintain
system stability and provide high-quality grid-connected current
under the condition of power-grid impedance change and voltage
distortion [8]—[10].

Different from the strong power-grid, when the influence of
power-grid impedance cannot be ignored, the traditional method
to restrain the influence of power-grid voltage distortion on the
quality of grid-connected current is difficult to achieve ideal
results [11]-[17]. Wang et al. [14] and Wu et al. [15] analyzed
the operation of quasi-resonant control method and repetitive
control method in weak power-grid, and points out that power-
grid impedance will reduce the control bandwidth of the system,
and even affect the stability of the system, which will result in
the output of a large number of harmonic current. Yao et al. [16]
proposed a design method of digital notch filters for robust active
damping, and the proposed notch filter can provide sufficient
phase lead or lag around the resonant frequency to stabilize the
control system, contributing to robust active damping. Garcia
et al. [17] analyzed the operation of the voltage feedforward
method in the weak power-grid, and it is pointed out that when
considering the power-grid impedance, the voltage feedforward
control actually introduces a positive feedback channel of the
grid-connected current, which reduces the phase margin of the
system. When the power-grid impedance continues to increase,
it will even cause system instability.

In order to take into account both the stability of grid-
connected inverter and the quality of grid-connected current, the
control method of grid-connected inverter in weak power-grid
has become a research hotspot [18], [19]. Yang er al. [19]
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proposed to add a band-pass filter to the voltage feedforward
channel to filter out higher-frequency harmonics to increase
the adaptability of the system to the power-grid impedance.
Tang et al. [20] proposed that a resonant filter is added to
the voltage feedforward channel to remove harmonics, and the
method of combining proportional-integral (PI) control with
multiresonant control is used to improve the power quality of
grid-connected current. Qian ez al. [21] put forward a scheme
of combining voltage proportional weighted feedforward with
quasi-resonant control with phase angle compensation, which
needs to set proportional weighted value and phase compen-
sation value of each quasi-resonant control, so the design of
the control system is more complex. The above three control
methods are to improve the phase margin of the system by
reducing or eliminating some or all of the harmonic voltage com-
ponents in the feedforward voltage. This kind of control method
does not completely eliminate the positive feedback channel of
grid-connected current, but improves the phase margin of the
system through reasonable design of control parameters, which
sacrifices the ability of restraining power-grid voltage distortion
to a certain extent. When the power-grid voltage is distorted, if
the power-grid impedance value is large, such as the short-circuit
ratio of the power-grid is more than 10, the harmonic content
of the grid-connected current will increase obviously, and even
enter the unstable operation area. Qian et al. [22] analyzed
the two problems are analyzed in the low-frequency band and
the high-frequency band based on the simplified equivalent
impedance model. Aiming at improving the LF performance,
the weighted-proportional grid voltage feedforward and the
harmonic quasi-resonant controller with phase compensation
are proposed. The dynamic performance is enhanced with an
additional current reference generation scheme. In order to im-
prove the HF performance, a novel digital phase lead filter which
brings the system back to a minimum-phase case is proposed. By
the proposed control method, the high modulus of each inverter
output impedance Z, is guaranteed, while the phase angles of
Z, over the entire frequency band are avoided to be lower than
minus 90°.

Considering the nonlinearity of power electronic devices in
inverters, many scholars have proposed sliding mode controllers
[23]-[25]. Kchaou et al. [23] proposed sliding mode control
of PV inverter strategy, which greatly enhances the robust-
ness of the system. Yang et al. [24] proposed a perturbation
observer based robust fractional-order sliding mode control.
Fractional-order sliding mode control combines the advantages
of fractional calculus theory and traditional sliding mode control
theory. Compared with the traditional sliding mode control,
it can perform better robust control for systems with model
uncertainties and external disturbances. In [25], the estimated
value of mismatched disturbance is integrated into the sliding
mode surface, and a sliding mode control method with robust
effect on mismatched disturbance is designed, but this method
can only deal with the case that mismatched disturbance tends
to constant. Ginoya et al. [26] propose a method which can deal
with high-order mismatched disturbance to some extent, but the
derivative information of mismatched disturbance is not fully
utilized in the design of control law.
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Many scholars study the control of grid-connected inverter
based on conventional H robust control theory [27]-[29]. Fang
et al. [27] proposed the robust control method of grid-connected
inverter based on Hs theory, which makes the system have
optimal robust stability to the change of power-grid impedance.
However, when the power-grid impedance decreases, the control
output of this kind of control method is too large, and the
ability to restrain the influence of power-grid voltage distortion
is poor. Nima et al. [28] proposed a robust current controller
(CC) and dc-link voltage controller based on p-synthesis and
H method, respectively, for a single-phase PV converter with
an LCL filter under weak grid operation. The p-synthesis CC
guarantees system robustness against weak grid uncertainties,
such as grid impedance variations and voltage harmonics. Huang
et al. [29] proposed an H-control design framework to provide
a systematic way for the robust and optimal control design
of power converters, and discuss how to choose weighting
functions to achieve anticipated and robust performance with
regards to multiple control objectives. Therefore, the research
on the control method of grid-connected inverter in the case of
power-grid impedance change and power-grid voltage distortion
is not perfect.

In view of the fact that the control method of grid-connected
inverter based on classical robust H. control theory still has
the problems of poor adaptability to wide-range variation of
power-grid impedance and limited ability to restrain power-grid
voltage distortion, an adaptive robust Hs control method for
grid-connected inverter via LCL filter based on linear matrix
inequality (LMI) method is proposed in this article. Based
on the state space model of grid-connected inverter, this ar-
ticle first analyzes the influence mechanism of power-grid
impedance and voltage distortion on the stability achieved and
interference suppression ability of grid-connected inverter, and
then puts forward the method to obtain the reference voltage
value of PCC point and capacitor voltage. Without measuring
the power-grid impedance, the proposed method can achieve
the stability achieved of the grid-connected inverter and obtain
good grid-connected current quality in the case of complex
power-grid with unknown power-grid impedance and voltage
distortion. And the problems of poor adaptive ability of the
conventional H, robust control for wide-range variation of
power-grid impedance and limited ability to restrain power-grid
voltage distortion are solved. Finally, the control method pro-
posed in this article is verified by the experimental platform of
three-phase grid-connected inverter.

II. MATHEMATICAL MODEL OF LCL
GRID-CONNECTED INVERTER

The structure of three-phase LCL grid-connected inverter in
weak power-grid is shown in Fig. 1. Because the three-phase
circuit is symmetrical, we take A phase as an example in this
article. In Fig. 1, Uq. is the dc bus voltage of the grid-connected
inverter, u, is A phase voltage of power-grid, L; is the inverter
side inductor, C is the filter capacitor, L is the grid side inductor,
L, is the power-grid equivalent inductor, iy, is the inverter side
current, i¢ is the capacitive current, is is the grid-connected
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Fig. 1. LCL filtered grid-connected inverter.

current, ui,, is the inverter output voltage, upc. is the PCC
voltage. Lu ef al. [30], Jo et al. [31], and Kammer et al. [32]
point out that the resistive component has a positive effect on
the stability of LCL grid-connected inverter, so the influence of
resistive component is ignored in the analysis of the stability of
LCL grid-connected inverter in this article.

Taking into account the power-grid voltage distortion, ug is as
follows:

U=+ Y . (1)
n=2
In which u; is the fundamental component of power-grid volt-
age, and u,, is the harmonic component of power-grid voltage.
The state space model of LCL grid-connected inverter can be
obtained from Fig. 1, as follows:
Ly % = DUqgc — ue
(Lz + Lo) % = ue — ug 2
CBe — j;, — .

In which Dis the duty cycle. iy, is and u. are the state variables
of the system, respectively.

When the system is asymptotically stable, the grid-connected
current is equal to the reference value of the grid-connected
current, and the inverter side current and capacitor voltage are
also reference values, that is, the equilibrium point of the system
is as follows:

1L, = ULref
Ts = Tgref (3)
Ue = Ucref -

In order to analyze the stability of the system, the state
space model of the grid-connected inverter is translated to the
equilibrium point, and the error model of the grid-connected
inverter is obtained, as follows:

Ll% = —e3+ DUdc - Ll diégef — Ucref
(L2 + Lg)ddif = €3 (4)

des
CT; = €1 — €a.

In which eq, e2 and e are the state variables of the error sys-
tem, respectively. e1 = if, —iLref, €2 = Is—lsref, €3 = Ue—Ucref,

It can be seen from Fig. 1 that when considering the influence
of power-grid impedance, the reference value of capacitance
voltage can be expressed as follows:

disrcf +Lsdisrcf

cref — L
deret = (1 + La— dt

00
) + § Up = Ucrefo
n=2

+ ’acref~ (5)
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In which uc,efo is the fundamental component of ucy of, Uerefis
harmonic component of u.,, Which is equal to the harmonic
component of the power-grid voltage.

Combining (4) and (5), the system can be expressed in matrix
form, as follows:

Zgé = Age + Bl()W + Bz[)u. (6)

T & is the first order

In which state vector e = [e; e3 e3]
differential of e.

The control vectorisu = [ DUy, — L % — Uerero 0 0]7.

o0
The interference vectoris w = [— > u,, 0 0]7.

n=2
The impedance matrix is Zo = diag[ L1 Ls + Ls C]7.
The interference matrix is B1g = diag[1 0 0]7.

00 —1
The state matrixis Ag = [0 0 1
1-10

Because the power-grid impedance value is often an unknown
quantity in the weak power-grid, there is a parameter pertur-
bation in the impedance matrix, and the perturbation range
is related to the power-grid impedance value. There is a har-
monic component of the power-grid voltage in the interference
vector w.

III. OUTPUT INFLUENCE OF POWER-GRID IMPEDANCE ON
GRID-CONNECTED INVERTER

For systems with both parameter perturbation and distur-
bance, robust Hs theory can be used to analyze. Define the
observation vector 7 is as follows:

n = Ce. 7

In which C = diag[1 1 1]%. The robust model of grid-
connected inverter can be obtained from (6) and (7), as follows:

{éAe+B2u+B1w

n = Ce. ®)

In which state matrix A = Z, 1 Ao, Control matrix By =
Zo ' Bao, Interference matrix By = Zy'B1o. Zg ' is the inverse
matrix of Zg, Zg' = diag[%1 ﬁ %17 Because L is an
unknown quantity, parameter perturbation is introduced into
state matrix A, control matrix Bo, and interference matrix By.

From the above analysis, it can be seen that the power-grid
impedance in the weak power-grid results in the parameter
perturbation of each matrix in the system model. Parameter
perturbation often affects the stability of the system, and the
disturbance term caused by power-grid voltage distortion often
affects the static characteristics of the system. Therefore, the
performance of grid-connected inverter under weak power-grid
should be analyzed from two aspects: the influence on system
stability and interference suppression performance.

Firstly, the state matrix A, control matrix B, and interference
matrix By with parameter perturbation are expressed as follows:

00 —+ 00 0
-4 0 00 0

©))
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_L% 0 0] [00 0
By=By+ABy=| 0 £ 0|+ |00 7575
0 0 & 00 0
L C 4 L i
(10)
'L% 007 TJo0o0 0 T
Bi=Bi+AB1=| 0 4 0|+ 00 -5
0 0 L 00 0
L C J L i
(11)

In which A, By ,Bj is the definite part of the corresponding
matrix, respectively. AA, AB3 ,AB; is parameter perturba-
tion parts of the corresponding matrix, respectively. The pertur-
bation matrix A A, AB5 ,ABj isexpressed as a norm-bounded
uncertain parameter model, as follows:

[AA AB; AB; | = HF(¢) [Ea Ep1 Ep2].  (12)

In which H, E,, Ey1, Ep2 is a known real number matrix with
appropriate dimension, respectively. F(f) is an unknown time-
varying matrix function with Lebsegue measurable elements,
and satisfies F7 (¢)F(t) < I. H, E,, Ep1, Epa can be expressed
as follows, respectively

000
H= |00 (13)
000
10 0
Ea=Ep:=Ep;= {01 0 (14)
ooﬁ

Considering the influence of the control delay 7, T includes
the calculation delay of the digital controller and the pulsewidth
modulation (PWM) equivalent delay. When the sampling period
is the same as the control period, the sampling period can be
taken as T = 1.5T,, T, is the sampling period. To sum up,
for the robust control system of grid-connected inverter system
with both parameter perturbation and time delay, according
to Lyapunov theorem, the Lypunov—Krasovskii functional is
selected as follows:

V(e) = e’ (t)Pe(t)

+ /OT /t;) é(s)Xé(s)dsdf + /ttT o7 (5)Qe(s)ds.
(15)

In which matrix P>0, X>0, Q>0, so V(e)>0. If V(e) follows
the time derivative of the system shown in (8), then according
to Lyapunov’s theorem, the time-delay robust system shown in
(8) is asymptotically stable.

According to the Schur complement property, the above Lya-
punov stability theorem can be described as LMI form, and the
stability and disturbance suppression performance of the system
can be solved by using MATLAB’s LMI toolbox.

The Lyapunov stability theorem expressed in LMI form is as
follows.

For the LCL grid-connected inverter model shown in (8), the
parameter perturbation is expressed in the form shown in (12).
Then, when (15) is taken as the energy function, for a given
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constant o1, ao and positive real number >0, if there are
P >0, X>0, Q>0, Y>O0, real number matrices Zq1, Zz22, Z12
and positive real number £>0, such that following linear matrix
inequalities (16) and (17) are established. Then the robust system
shown in (8) can be asymptotically stable, and exists a class of
~- suboptimal state feedback H robust control law with state
delay information, which parameterized expression is shown
in (18)

I Hll H12 ]_31 0 cH PEz PCT_
M, My, 0 TYBY 0 PE{, 0
By, 0 —I BT 0 E[, o0
0 TYBLTBT -TX TeH 0 0 | <0
cH 0 0 TeH —eI 0 0
PE! PE{, El, 0 0 —eI 0
| PCT 0 0 0 0 0 —~I
(16)
[ X a1 X axX
041X Z11 Z12 Z 0. (17)
| @2 X Zi2 Zao
In which ]._.[11 = AP -+ PAT —+ 20&1P -+ TZ11 —+ Q,

H]_Q = YBZ + (042 - al)P + TZ12, H22 = —2a2P +
T7Z2o — Q. T is the control delay, T = 1.5, T is the sampling
period. I is identity matrix. ar; and cvp are given constant. € is
the positive real number.

e
Sup [fgoz :
weLzo.00) | Jo llwll"dt

In which 7 is the disturbance suppression ratio, that is, the H,
norm from the disturbance vector w to the observation vector n
does not exceed . The smaller the v, the stronger the ability of
the system to suppress the disturbance, and v>1 means that the
system will amplify the disturbance

u(t) =Ke(t —T) =YP 'e(t - T).

’y:

(18)

In which K is the feedback control gain matrix, the values of
Y and P matrices can be calculated from the LMI toolbox.

First of all, the disturbance suppression ratio is set v = 1,
that is, the influence of the change of power-grid impedance
on the stability of the system is studied without amplifying the
disturbance. When the power-grid impedance L is set 1 to 4
times of Lo respectively, It can be seen from (12) that with the
increase of power-grid impedance, the parameter perturbation
value of the system is also increasing, and the results are given
in Table I . When Ly = Ly and Ly = 2L, the feedback control
gain matrix K has a solution, the system can be asymptotically
stable, and it can be seen that with the increase of power-grid
impedance, in order to maintain the same disturbance suppres-
sion capability, the amplitude of each element in K will increase.
When the power-grid impedance continues to increase, that is,
the continuous increase of the amplitude of the elements in K
during Lg = 3L and Ly = 4L, results in the instability of the
system. Therefore, the increase of power-grid impedance, that
is, the increase of parameter perturbation, is not conducive to
the stability of the traditional robust He control method.
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TABLE I
INFLUENCE OF POWER-GRID IMPEDANCE ON SYSTEM STABILITY

Power-grid
impedance K Stability
(mH)
-0.506 -1.32 -0.01 )
0.36 ~273 272 001 Asymptotic
stability
-0.01 0.01 0.01
-10.49 -3.37 -0.05 )
0.72 ~522 522 0.05 Asymptotic
stability
-0.03 0.03 0.02
1.08 Null Unstabitily
1.44 Null Unstabitily
TABLE II
ROUTH LIST TABLE
st T . ak;
$3 T +1 ak,
2 o (oI +1)-ak,T ak.
S .7 +1 i
' ak [0, (0T +1)-ak,T- ak,(o.T +1)*
§ (@, T +1)—ak,T
s° ak;
e N
L,<0.9mH | L,> 0.9mH
15 |
|
|
10 |
Stability | Instability
I
5 1 I
I
- T T 1
0 1 2 3
Ls(mH)
Fig.2. Influence of power-grid impedance on system disturbance suppression
performance.

Then, take K as the value of K corresponding to the power-
grid impedance value of 0.72mH in Table I. Fig. 2 shows the
influence of the change of power-grid impedance on the static
performance of the system, that is, the ability of disturbance sup-
pression. When the feedback control gain matrix K is constant,
the disturbance suppression ratio v will increase rapidly with
the increase of power-grid impedance. Combined with Table I,
in order to maintain the disturbance suppression ability, when
the power-grid impedance increases, it is necessary to increase
the value of each element in the feedback control gain matrix
K, which is easy to cause system instability. Therefore, under
the influence of power-grid impedance, it is difficult to take into
account the stability and disturbance suppression ability of the
system. Considering that the disturbance vector is the harmonic
component of the power-grid voltage, when the disturbance sup-
pression capability is insufficient, there will be a large harmonic
current in the grid-connected current.
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IV. ADAPTIVE ROBUST H. CONTROL METHOD

A. Improved Robust He Control Method

From the above analysis, it can be seen that it is the power-
grid impedance that causes the parameter perturbation in the
grid-connected inverter model, which leads to the instability of
the system and the weakening of the disturbance suppression
ability. Therefore, how to eliminate the parameter perturbation
of the system is the primary problem to be solved in improving
the robust Hs control method. The expression of PCC voltage
is as follows:

dig di
cc — C_Liz s L57~ 1
Up U 27 Us + T (19)
Substituting into (2), there is as follows:
L%t = DUye — ue
Ly%e = ue — tpee (20)

CBe — j;, — .

The state space model of the system is translated to the
equilibrium point of the system shown in (3), the error system
model of the system is as follows:

L%l = —e3 + DUge — Ly et — Lo Bigiet — tpccres
d
LQ% = €3 — (upCC - upccref)
Cdditg = €1 — €2.
2D

In which the definitions of eq, e5, e3 are the same as in (4).
Upceref actually contains the harmonic components in the power-
grid distorted voltage

disref = ~
Upceref = <’LL1 + L, + § Un = Upcccrefo + Upccref «

dt
(22)
In which upccrefo is the fundamental component. ipccrer 1S the
harmonic component.
The observation vector is defined as shown in (7), then the
new robust H. model of the system is as follows:

é=Ae -+ B’gu + B/1W
n = Ce.

n=2

(23)

In which A’ = Z;'Ag, B’y = Z;'Byg, B'1 = Z;'Bio,
Z, = diag[ Ly Ly C]7. ZIl is the inverse matrix of Zq. The
definitions of Ag, Bog, B1g are the same as in (6), in this case,
the control vector and the disturbance vector are different from
in (6) and can be expressed as follows:

. . T
u= [DUdC - L1% - LQ% — Upccrefo 0 0} (24)
o T
W= |— Z Up Upce — Upceref 0 (25)
n=2

Because Z;! is different from Zg', it no longer contains
unknown power-grid impedance Lg, so A’, B’y ,B’; is a definite
real matrix, which eliminates the parameter perturbation.

For the grid-connected inverter model shown in (23), accord-
ing to the Lyapunov theorem, the Lypunov—Krasovskii function
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is selected as shown in (15). Obviously V(e)>0. If V(e)>0 along
the time derivative V (e) < 0 of the system shown in (23), then
according to Lyapunov’s theorem, the time-delay robust system
shown in (23) is asymptotically stable. Same as above, the
Lyapunov stability theorem expressed in LMI form.

Take the energy function as shown in (15), for a given con-
stant a1, o and positive real number >0, if there are P>0,
X>0, Q>0, Y>O0, real number matrices Z11, Zso2, Z12 and
positive real number €>0, so that following LMI (26) and (27)
are established, then the robust system shown in (23) can be
asymptotically stable. And there is a class of - suboptimal
feedback H. robust control law with state delay information,
and its parameterized expression is shown in the formula (24)

[ H11 le B/l 0 pPC”
H12 sz 0 TYB/2T 0
B, 0 -1 TBYT 0

0 TYB,' B, -TX 0

| PCT 0 0 0 -1

<0 (26)

[ X alX OzQX
o1 X Zyy Zyo
_OéQX Z12 Za2

> 0. 27)

In which II1; = AP + PAT + 204 P + 7711 + Q
Iy, = YB2 + (az — )P +TZ12
Il2s = —205P + 7Z322 — Q.

In which ~ is the disturbance suppression ratio
u(t) =Ke(t—T)=YP 'e(t - T). (28)

The values of Y and P matrices can be calculated from the
LMI toolbox. Combining the expression of the control vector u
in (23) and (28), the calculation expression of the duty cycle can
be obtained, as follows:

D 1 Ll dZs;Cf +L2 dicsi?f +upccref0
0 :Uiypile(th)+ 0
0 de 0
(29)

According to (29), when solving the duty cycle D, it is
necessary to determine the values of the reference quantities
iLrefs Lsrefs Uerefs Upcerefo. According to Zeng et al. [13], if ef =
isref can be set up. However, different from Jo et al. [26], when
there is power-grid impedance, it can be known from (5) and
(19) that ucyer and upcereto contain unknown quantities related
to power-grid impedance values. Therefore, ucref and upcerefo
can not be obtained directly, and indirect methods are needed.

B. Indirect Acquisition Method of Reference Value

In fact, if u ..t can be obtained, up,ccref can be obtained accord-
ing to the relationship shown in (19). Therefore, the following
mainly discusses how to obtain the value of U, ef. Upcerefo Can
be obtained by upccrer through a low-pass filter.

Fig. 3 shows a block diagram of the calculating method for the
reference value u.,¢. LPF is a first-order low-pass filter (LPF)
and the cut-off frequency f, is 100 Hz. PI controller is used in
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Uecref
u(.l U
. - + - . .
igre ' 2 i
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Fig. 3. Voltage reference calculation.

the controller. The first-order inertial link 1/(Ts+1) is the delay
of the system, and coefficient k., is the magnification factor
of the PWM. And i, _, is the output of is via LPF. The resulting
Ucret input to (29). In this method, the error between the reference
value of the grid-connected current and the fundamental value
of the grid-connected current is taken as the input of the PI
controller, and the output of the PI regulator is used to modify u,
to eliminate the positive feedback channel of the grid-connected
current. If the system shown in Fig. 3 is stable, the modified
Ucref CAN enable is;—iper. The suppression of harmonic current
is mainly realized by the feedback control law shown in (28).
First of all, it is proved that the system shown in Fig. 3 can still be
stable when the power-grid impedance varies in a large range.
The characteristic equation of the reference value calculation
can be obtained from Fig. 3 as follows:

Ts* + (weT + 1)83 + wes® + akys + ak; = 0. (30)

By Routh criterion, the stability of the system can be proved
and the design law of control parameters is given. Table II is
Routh List. The Routh table of the characteristic equation shown
in (30) is as follows:

In which coefficient a = kpwmwc/(Ls+La). we is the turning
angle frequency of LPF, w, = 27f..

According to Routh criterion, there is as follows:

ak; >0
welwT +1) —ak,T >0
akplwe(w.T + 1) — ak, T — ak;(w.T + 1)* > 0
0<k,<2513
{0 <k < wck’p.

€29

Therefore, as long as k,, and k; satisfy the requirements of (31),
the system as shown in Fig. 3 can be stable, and the reference
value u.,.f can be obtained by indirect method. Considering that
there is a certain margin, k,, = 2, k; = 200 is chosen in this article.
According to (19), the reference value upccrer can be obtained,
that is as follows:

(32)

Upceref = Ueref — L2

According to the above analysis, the values of the four refer-
ence quantities can be obtained.

C. Design of Optimal State Feedback Control Law

When considering the power-grid voltage distortion,
Benrabah et al. [33] compared with the method of multiresonant
control to improve the quality of grid-connected current of
inverter, the optimal robust H. control method has obvious
advantages in this article. Because when using multiresonant
control, a phase lag will be introduced near a specific frequency,
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and the phase margin of resonant feedforward control will be
reduced. Therefore it is difficult to design the parameters and
introduction times of the harmonic controller. The optimal He
control method can track the fundamental and harmonic compo-
nents without introducing phase lag. Based on this characteristic,
in the calculation of u,.f, the correction mainly affects the fun-
damental component of the system stability, and the harmonic
component is not taken into account. According to (25), there is
as follows:

T

W= | — E Un Upce — Upceref 0 (33)

n=2

The distortion of power-grid voltage makes the power-grid
voltage contain harmonic components, that is, the disturbance
vector of the system shown in (25). Because the observation
vector Z = e, which directly reflects the disturbance to the
grid-connected current. According to the physical meaning of v,
the optimal state feedback law in this article is obtained under
system stability and has the optimal disturbance suppression
ability to the disturbance vector, that is, the K corresponding
to the minimum -~ so that the harmonic content of the grid-
connected current is minimized.

For linear matrix inequalities of the system in Section I'V-A,
variable n = [P X Q Z11 Z12 Z22 Y] and coefficient I =
[03421 1] are defined, in which 03,57 is a full zero matrix with
a dimension of 3x21. Then, the optimal state feedback control
law problem is transformed into the following equivalent LMI
problem (34)-(35), as follow.

minl’n (34)
[ H11 H12 Bll 0 pC”

H12 H22 0 TYB/ZT 0

B'1 0 I TB,T 0 | <0 (35

0 TYB,' BT -TX 0

| PCT 0 0 0 —1
I X a1X OéQX

OZ1X le Z]_z Z 0 (36)
_a2X Z12 Za2

The elements in the matrix inequality are defined as shown
in Section IV-A. In order to solve this problem, mincx function
in MATLAB can be used to solve the problem offline. It can
be obtained that the minimum value of v is 0.76, and the
corresponding K is as follows:

—9.8688 —1.1372 —0.0746
10.1862 —10.1848 7.2105
—0.0746 0.0746 0.0384

K = (37)

From the solution of K, it can be seen that when solving the
duty cycle D according to (29), the coefficient of es is 0.0746,
which is much less than that of the other two terms, so the
influence on D is small. If necessary, it can be ignored to simplify
the control algorithm.

To sum up, the overall implementation block diagram of the
system is shown in Fig. 4. The system is essentially a full-state
feedback system, which needs to sample inverter-side current,
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Fig. 4. System implementation.

Fig. 5.

Experimental platform of grid-side converter.

grid-connected current and capacitor voltage. First, the reference
value of grid-connected current it iS given, and then other
reference values are calculated as described in Section IV-B.
Finally, the duty cycle is calculated.

V. EXPERIMENTAL VERIFICATION

In order to verify the correctness and effectiveness of the
proposed control method in this article, an experimental platform
of three-phase bridge grid-connected inverter with rated power
of 5 kW is built, and the circuit topology is shown in Fig. 5.
The controller is TMS320F28335 of TI company. The IGBT
(insulated gate bipolar transistor) module adopts FF100R12KS
of Infineon company. The dc adjustable stabilized power supply
is used on the dc side. Chroma 6530 is used in ac power supply
to simulate power-grid voltage distortion. The experimental pa-
rameters are given in Table III. MDO3034 or agilent oscilloscope
and FLUKE435 power analyzer were used for measurement.
During the experiment, the change of the power-grid impedance
L, is simulated by connecting different inductors in series and
different capacitors in parallel on the power-grid side. In order
to prevent the frequent protection tripping of the inverter caused
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Steady-state experimental results with different power grid impedances under the conventional He robust control method. (a) L, is OmH. (b) L is 2mH.
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TABLE III
EXPERIMENTAL PARAMETERS

Parameters Value Parameters Value
Rated power SkW LCL filter L, 0.8mH
DC voltage 400V LCL filter L, 0.36mH

Frequency 50Hz LCL filter C 20uF

Grid voltage 380V Swiching frequency 10kHz
Grid-connected current 7.6A Sampling frequency 10kHz

by the harmonics in the experiment, the steady-state experiment
is carried out under half-load condition.

Considering that the voltage in the terminal power-grid often
contains low-order harmonic components, in order to simulate
this characteristic, programmable ac power supply is adopted,
and 5th, 7th, 11th, and 13th voltage harmonics are introduced.
The amplitude of the harmonic voltage relative to the fundamen-
tal voltage is 3%, 2%, 1%, and 0.5%, respectively, and the phase
of the harmonic voltage relative to the fundamental voltage is
20°,30°,0°, and 10°, respectively. The proposed control method
in this article is compared with the conventional Hs robust
control method. Fig. 6 shows the steady-state experimental
results with different power grid impedances under conventional
H, robust control method. The total harmonic distortion (THD)
is shown in Fig. 7, corresponding to Fig. 6, respectively. As
shown in Fig. 6, with the increase of power-grid impedance, the
ability of conventional Hs robust control to restrain power-grid
voltage distortion becomes weaker and weaker, and THD of
grid-connected current increases rapidly. Especially when the
power-grid impedance is SmH, the grid-connected current dis-
tortion is serious, which may affect the nearby sensitive load.
The strength of the power grid is represented by the parameter
of short-circuit ratio (SCR). When SCR > 3, the power grid

(b) power grid impedance is 2mH

(c) power grid impedance is SmH

THD of with different power grid impedances under the conventional H« robust control method. (a) Ls is OmH. (b) L is 2mH. (c) Ls is SmH.

TABLE IV
SCR CORRESPONDING TO DIFFERENT POWER GRID IMPEDANCES

Power grid Power grid

. SCR

impedance strength
SmH 4.68 Strong
2mH 2.17 Weak
OmH 0.85 Very weak

is strong. When 2 < SCR < 3, the power grid is weak. When
SCR < 2, the power grid is very weak. Table IV gives the SCR
corresponding to different power grid impedance values [34].

Fig. 8 shows the steady-state experimental results with differ-
ent power grid impedances under the proposed control method.
The THD is shown in Fig. 9, corresponding to Fig. 8. From
Fig. 9, It can be seen that when the impedance of power
grid changes, the proposed control method in this article has
a strong ability to restrain the voltage distortion. Because the
proposed control method in this article realizes the decoupling
of the system’s self-adaptability to the power-grid impedance
and the ability to restrain the power-grid voltage distortion.
Through the proposed indirect calculation method of the ref-
erence value, the perturbation of system parameters caused by
power-grid impedance is eliminated, and the self-adaptability of
power-grid impedance is realized. In fact, the indirect cal-
culation method of the reference value is a stable system
for the change of the power-grid impedance, so even if the
variation range of the power-grid impedance is large, the
system still realizes the self-adaptation to the power-grid
impedance.

Table V gives comparison of THD results with different power
grid impedances under different control methods. As can be seen
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TABLE V
THD RESULTS WITH DIFFERENT POWER GRID IMPEDANCES UNDER
DIFFERENT CONTROL METHODS

THD(%)
Control method
Ly=0mH Ly =2mH Ly =5mH
Conventional H.. control 2.43 4.67 8.52
Proposed control 0.92 0.92 0.92

from Table IV, the influence of power grid impedance may more
effect the results in conventional H,, robust control method. The
ability to suppress the power-grid voltage distortion is realized
by the optimal Hs control theory. The disturbance vector w,
that is, the suppression ability of the harmonic component in
the power-grid voltage, is characterized by the disturbance sup-
pression ratio y, and the magnitude of v is not affected by the
power-grid impedance. Therefore, under different power-grid
impedance, the proposed control method in this article has the
same ability of restraining voltage distortion. In particular, a
set of optimal control parameters is obtained by the method in
this article under different power-grid impedances, which shows
that the proposed control method overcomes the problem that
the control output of the traditional H,, control is too large when
the power-grid impedance is reduced or cancelled.

In addition, the proposed control method is also tested when
power-grid impedance is 10 and 20 mH. Similarly, the THD is
0.92% when power grid impedance is 10 and 20 mH, which is
further verified that the proposed control method can adapt to
the large-scale variation of power grid impedance.

Fig. 10 shows the dynamic experimental results of con-
ventional Hs robust control method and the proposed control
method in this article when the power-grid impedance is 2mH.
In the experiment, the initial reference value of grid-connected

Fig.10. Comparison of dynamic experimental results under different methods.
(a) Conventional Hs robust control method. (b) Proposed control method.
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Fig. 11.  Dynamic response of system when the grid voltage drops. (a) Con-
ventional H, robust control method. (b) Proposed control method.

TABLE VI
THD RESULTS FOR DYNAMIC RESPONSES UNDER DIFFERENT
CONTROL METHODS

Different time

Conventional Hx»

Proposed control

periods control
t 3.22% 0.75%
3 4.67% 0.92%
ts 5.93% 1.21%

current is set at 30% of rated value, then suddenly rises to 50%,
and then suddenly rises to 80%. Table VI presents the THD
results for dynamic responses under different control methods.
In #; period, the grid-connected current is 30% of the rated value.
The f5 period is the transition process when the grid-connected
current is increased from 30% rated value to 50% rated value.
The grid-connected current of 50% rated value in #3 time period
is a steady-state process. The 74 period is the transition process
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TABLE VII
THD RESULTS WITH DIFFERENT POWER GRID CAPACITANCES UNDER
DIFFERENT CONTROL METHODS

THD(%)
Control method
Cy=4pF Cs = 6pF Cy = 8pF
Conventional H., control 5.15 7.09 8.78
Proposed control 1.23 3.03 4.21

when the grid-connected current is increased from 50% rated
value to 80% rated value. The grid-connected current of 80%
rated value in #5 period is a steady-state process.

As can be seen from Fig. 10 and Table VI, the harmonic con-
tent of grid-connected current is the largest under conventional
H, robust control method. Under the proposed control method,
the harmonic content of grid-connected current is minimum.
Under the same control method, the grid-connected current is
higher, the harmonic content is higher. Among the two control
methods, when the grid-connected current changes, there is an
oscillation in the transient process. The control method proposed
in this article has a small oscillation in the transient process.
In the dynamic experiment, the control method proposed in
this article has better current quality and smaller THD than the
conventional H, robust control method.

Finally, the dynamic response experiment of the system is
carried out when the grid voltage drops. The power-grid voltage
drop of less than 50% (that is, the power-grid voltage dropped
from 220 to 149 V) and the power-grid voltage drop of more
than 50% (that is, the grid voltage dropped from 220 to 88 V)
are done, as shown in Fig. 11. The power-grid voltage drops at
0.1s and then returns to the rated value at 0.28 s.

It can be concluded from Fig. 11 that the greater the drop of
the power-grid voltage is, the more the grid-connected current of
the inverter lags behind the phase of the power-grid voltage, and

(b) Power grid capacitance is 6pF

(c) Power grid capacitance is 8uF

THD with different power grid capacitances when power grid inductance is 2 mH under the proposed control method. (a) Cs is 4pF. (b) C, is 6pF.

the lower the power factor. When the power-grid voltage drops,
the transition process of grid-connected current is about 1 cycle.
When the power-grid voltage drops, the system is controlled
by the proposed control method, and the inverter power factor
will be reduced under the power-grid drop process, but after the
power-grid voltage is returned, the grid-connected current will
quickly return to normal.

When the power grid impedance is purely inductive, the con-
trol method proposed in this article can restrain the power grid
voltage distortion and improve the stability of the system. How-
ever, in many practical applications, for example ac connected
offshore windfarm, the power grid impedance will also have
a significant capacitive component as well. In order to verify
the adaptive performance of the proposed control method for
capacitive and inductive power grid impedance, the performance
experiments of the proposed control method are carried out when
the power grid inductance is 2 mH and capacitance is 4, 6, and 8
uF, respectively [35]. Table VII presents the shows comparison
of THD results with different power grid capacitances under
different control methods.

Fig. 12 shows the steady-state experimental results with dif-
ferent power grid capacitance under power grid inductance is 2
mH. The THD is shown in Fig. 13, corresponding to Fig. 12.

From Figs. 12 and 13, it can be seen that when the power grid
inductance is constant, with the increase of the power grid capac-
itance, the ability of the control method proposed in this article
to restrain the distortion of the grid voltage and grid-connected
current decreases, and the grid-connected current leads to a
certain phase angle (the leading phase angle is very small and can
be ignored). Compared with the conventional H, robust control
method, the control method proposed in this article has a better
ability to restrain the grid voltage distortion and weaken the
grid-connected current harmonics, especially when the power
grid impedance is inductive, the control performance is better.
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VI. CONCLUSION

With the rapid development of renewable energy, a large num-
ber of wind power or PV power generation have been connected
to the end of power-grid. These power supplies are affected not
only by power-grid impedance but also by power-grid voltage
distortion. The unknown power-grid impedance will become a
perturbation of the system, which will affect the stability of
the system. The traditional method to restrain the power-grid
voltage distortion is difficult to work normally in this case.
By indirectly calculating the reference values of state variables
and combining the robust H, optimal control with full state
feedback, the parameter perturbation in the system model can
be effectively eliminated, which realizes the decoupling between
the adaptive robust stability of the system to the power-grid
impedance and the ability to restrain the power-grid voltage
distortion. At the same time, the control method proposed
in this article can effectively weaken the harmonics of the
power-grid voltage. The parameter design of the proposed con-
trol method has nothing to do with the power-grid impedance, so
it has a good adaptability to the wide range variation of power-
grid impedance when the power grid impedance is inductive.
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