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ABSTRACT When theoretically studying the control method of LCL-type static synchronous compensator
(STATCOM), we often ignore the influence of complex power grid on the stability and reactive compensation
performance of STATCOM. Improving traditional current decoupling method with PI controller (PI decou-
pling) in synchronous (dq) reference frame, an original current decoupling method with active disturbance
rejection controller (ADRC decoupling) is proposed in this paper. First, the influence of internal and external
disturbances on STATCOM with PI decoupling method is analyzed. External disturbances include harmonic
grid voltage and grid inductance variation. Internal disturbances come from coupled channels between d axis
and ¢g axis, and parameter perturbations of LCL filter. Second, the principle of ADRC decoupling method
applied to LCL-type STATCOM is analyzed in detail. Taking advantage of ADRC'’s capability to estimate
and compensate for the “total disturbances”, robustness of STATCOM is improved. Comparing with PI
decoupling method, ADRC decoupling method can improve the disturbances rejection performance and
stability of LCL-type STATCOM. Finally, results from STATCOM simulation model show the effectiveness
and superiority of this original method.

INDEX TERMS Active disturbance rejection controller (ADRC), current decoupling, external disturbances,

internal disturbances, LCL-type STATCOM.

I. INTRODUCTION

STATCOM is utilized to compensate reactive power and
stabilize the voltage at the point of common coupling (PCC)
[1], [2]. With the development of renewable power gener-
ations, power grid disturbances such as voltage harmonics
and grid inductance variation should not be ignored any
more [3]-[7]. Compared with the L filter, the LCL filter has
better performance to filter high order harmonic current, but
its coupled channels between d axis and g axis are more
complex in synchronous reference frame. Sometimes, tra-
ditional PI decoupling method for LCL-type STATCOM is
unstable under the influence of power grid disturbances [3].

The associate editor coordinating the review of this article and approving
it for publication was Giambattista Gruosso.

VOLUME 7, 2019

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

Disturbances from coupled channels between d axis and
q axis would reduce the accuracy of reactive compensation
current [8]. The above disturbances bring challenges to the
traditional PI decoupling method for LCL-type STATCOM.
The original decoupling method with stronger robustness is
the focus of our study.

ADRC proposed by Han is an advanced and original con-
trol method [9]. ADRC can solve the contradiction between
overshoot and dynamic response time, and it has better
control performance at complex and changeable conditions.
Furthermore, compared with PI controller, ADRC doesn’t
need accurate and detailed mathematical model of the con-
trolled object, it has been applied to many industrial fields
[10]-[14]. In [10], ADRC and iterative learning control are
utilized to control robot finger’s joins for assisting patients
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to do rehabilitation training. In [11], the ADRC with self-
adjusting parameters algorithm is proposed to suppress the
disturbances and improve the tracking performance for con-
tinuous casting mold. In the field of electrical engineering,
ADRC is studied and applied to maximize the wind power
extraction in the wind farm consisted of direct-driven perma-
nent magnet synchronous generator [12]. At the same time,
ADRC can also be utilized to achieve multi-time scale control
for DC microgrid [13], and applied to sensorless control of
internal permanent-magnet synchronous motors [14]. On the
other hand, some improved ADRC are proposed to obtain
better control effect [15], [16].

Direct current control methods with PI controller are
applied in LCL-type grid-connected inverter [17]-[19], but
these control methods ignore the coupled channels between
active current axis (d axis) and reactive current axis (g axis) in
synchronous reference frame. In contrast, current decoupling
control method has higher control accuracy, shorter dynamic
response time and better disturbance rejection performance
by removing the coupled channels [8], [5], [20]-[22]. In [21],
PI decoupling method is applied for H-bridge cascaded
STATCOM. But the achievement of decoupling relies on
the accurate and detailed mathematical models of controlled
object. When the value of grid inductance changes greatly,
traditional PI decoupling method has unstable problems [5].
Current decoupling method without grid voltage feedforward
control has poor disturbance rejection performance to sup-
press the influence of harmonic grid voltage [4]. In [22],
ADRC combined with virtual synchronous generator control
is proposed to achieve power fluctuations attenuation and
system dynamic response improvement. In [23], ADRC is
utilized to achieve active damping control and suppress the
influence of harmonic grid voltage on output current for
grid-connected inverter. In [24], ADRC is applied to obtain
clustered balance for DC/DC converter. Decoupling method
with ADRC can remove the coupled channels of controlled
system with multiple inputs and multiple outputs, and it can
improve the robustness for LCL-type STATCOM to reject
internal and external disturbances. ADRC decoupling method
is applied for LCL-type grid-connected inverter to achieve
independent control of active current and reactive current. But
the influence of complex power grid is ignored [25].

Based on the above analysis, in this paper, the influ-
ence of internal and external disturbances on traditional PI
decoupling method is theoretically derived and analyzed
in section II. The conclusion shows that PI decoupling
method has poor performance under the influence of internal
and external disturbances. In section III, The linear ADRC
is utilized to replace the PI controller and achieve cur-
rent decoupling control for STATCOM. The internal linear
expansion state observer (LESO) is used to estimate accu-
rately the system state variables and ‘“‘total disturbances”
in real time. The linear state error feedback controller
(LSEF) is used to provide disturbances compensation and
improve the dynamic response speed. The disturbance rejec-
tion performance is analyzed by comparing with traditional
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PI decoupling method. In section IV, based on MATLAB/
Simulink simulation software, the LCL-type STATCOM sim-
ulation model is built to verify the effectiveness and superior-
ity of the proposed ADRC decoupling method under different
working conditions. The simulation results are consisted with
the theoretical analyses.

II. PRINCIPLE ANALYSIS OF LCL-TYPE STATCOM

A. CONFIGURATION OF LCL-TYPE STATCOM

A LCL-type STATCOM connected to power grid is shown
inFig. 1. Where, Uy, is DC capacitor voltage; u;, p - are three-
phase output voltage of inverter-side; i14,p,. are three-phase
output current of inverter-side; i, p . are three-phase capaci-
tor current; R, is reactive damping resistor; ioq p . are three-
phase enter-grid current; ucqp . are three-phase capacitor
voltage; C,. is DC capacitor; L1, Lo, C are filter parameters;
L, is power grid inductance.

PCC
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FIGURE 1. Configuration of LCL-type STATCOM connected to power grid.

B. MATHEMATICAL MODELS OF LCL-TYPE STATCOM

According to Fig. 1, the mathematical models of LCL-type
STATCOM are derived in three-phase (abc) coordinate
frame, they are shown in (1).

diir
17 = Mil.c — Uck
dipk
(L2 +Lg) —— = Uck — Ugk k=a,b,c (D
ducy Uck . .
7 + R, Ik — 2k,

Sk is a flag for indicating the switching state of IGBT on
the inverter bridge. Sy = 1 when IGBT on the upper bridge
arm is turned off and IGBT on the lower bridge arm is turned
on; Sy = 0 when the situation is reversed. Mathematical
models of LCL-type STATCOM in synchronous reference
frame are shown in (2) by abc/dq transformation. By Laplace
transformation, equivalent block diagram of (2) is shown
in Fig. 2. Where, w; is fundamental angle frequency. The
whole block diagram shows the characteristics of multiple
variables and multiple coupled channels.

Figure. 2 has a symmetrical structure. Considering that the
role of g axis is to control output reactive current, we choose
q axis as the research object. The ““total disturbances’” include
internal disturbances from wiLii1g, @1Cucq and wilaing;
external disturbances from ug, and L. Internal disturbances
cause influence via coupled channels between d axis and

VOLUME 7, 2019



M. Wang et al.: Improved Current Decoupling Method for Robustness Improvement of LCL-Type STATCOM Based on ADRC

IEEE Access

ju :
R, |uogle 1 124
1+sCR| [+% [s(L.+Ly)
A —== >
@,C |«— Ly |+—
,C @1 L, |+
s b —
R, |Ueq| - 1
1+sCR,| +_Tu s(LytLy) izq
89

FIGURE 2. Block diagram of LCL-type STATCOM in dq reference frame.

g axis. In addition to considering the influence of ijg, ucg
and ipy, the parameter perturbations of the LCL filter caused
by complex power grid conditions also need to be consid-
ered. On the other hand, external disturbances bring some
problems such as instability and increased total harmonic dis-
tortion (THD) of reactive compensation current. Traditional
PI decoupling method with large computation is difficult
to obtain excellent control effect under the influence of the
internal and external disturbances.

ditg _ Uid — Ued + @1L1114
dr L
ditg _ uig —ucg — wiLiilg
dt - L
diZd . Ucd — Ugd + w (LZ + Lg) iZq
dt Lr+ L
ding  leg — Ugg — @ (ng + L) ing @
dr Ly+L
ducg _ Reivg — Reizg + %cwl Cucq — Ucd
dr CR,
ducq _ Rcilq — Rcizq — Rcw1Cucqg — Ucq
dt N CR.

C. ANALYSIS OF INTERNAL AND EXTERNAL
DISTURBANCES

The process of PI decoupling method is introduced
in Fig. 21. In order to introduce the problems of PI decou-
pling method under the influence of internal and external
disturbances, we take the g axis as the controlled object. PI
controller is employed. The control block diagram is shown
in Fig. 3. The total disturbances are marked in red.
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FIGURE 3. Control block diagram of q axis with PI controller for LCL-type
STATCOM.

Where, i is the reference current; PI controller is
Gpr = K, + Ki/s. Parameters are shown in Table 1.
When the switching frequency is high enough, Gy, =
Uac/Uyi. Where, Uy, is the triangle carrier wave amplitude
of the SPWM. Taking Gi,, = 330 for theoretical analysis.
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TABLE 1. Parameters for disturbance analysis.

Parameter/Unit Value Parameter/Unit Value
Inverter-side inductor 55 Damping resistor 3
Li/mH R./Q
Gird-sLi(Zi/er;;ductor 0.6 PI par[?;neter 045
Cag/a:]lstor 6.6 PI par]gmeter 800

Single disturbance analysis method is used to analysis the
influence of each disturbance.

1) INFLUENCE OF POWER GRID INDUCTANCE

According to Fig. 3, supposing that there is only distur-
bance Lg, closed-loop transfer function from iz to izq is
derived:

DLg ()
_ RcKpGinvS"f‘RcKiGinv
 ReCLi(La+Lg)s*+Li(La+Lg)s> +Re(Li+Lo+Ly)s?
+ R KpGinys + ReKiGiny 3)

Figure. 4 is the pole-zero map of (3). When L, increases,
the poles will enter the unstable region. So traditional PI
decoupling method doesn’t have enough robustness and sta-
bility when the power grid inductance changes.
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FIGURE 4. Pole-zero map of (3) when Ly changes.

2) INFLUENCE OF HARMONIC POWER GRID VOLTAGE
Supposing that there is only disturbance u, similarly, closed-
loop transfer function from ug, to iz, is derived too.

Dug (S)
R.CLis?+Lis*+R.s
T RCL Ly + L1 Ly s>+ Re(Ly + L) + Gy R K s
+ GiancKi (4)

According to Table 1, the magnitude of K; is much larger
than K),. Ignoring items of small magnitude, (5) can be
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derived by simplifying (4).

_J2nfi

GinKi
where, f1 is the frequency of reactive compensation current,
and f; = 50Hz. Vector diagram of error caused by u, is shown
in Fig. 5. Where, i1, is reference component in izg; iygq 1S
disturbance component in izg. i,g; = 0 in the absence of grid
voltage disturbances. The disturbances of the grid voltage
cause the influence of output reactive compensation current
on phase and amplitude, it can increase the THD of ip,.

. S
Dyg_simpie (s = j27f1) = — G K ls=jonfi = o)
invi
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FIGURE 5. Vector diagram of error caused by ug.

3) INFLUENCE OF THREE INTERNAL DISTURBANCES

As we can see in Fig. 21, the coupled channels will be
removed by PI decoupling method at the ideal situation.
So if the control parameters are selected reasonably, the PI
decoupling method has great robustness for internal dis-
turbances. The d axis is the active current control axis to
stabilize DC capacitor voltage. If current signal or voltage
signal in d axis is unstable, disturbances will influence ¢ axis
via coupled channels. Parameter perturbations of LCL filter
also decreases control accuracy of traditional PI decoupling
method, which can be caused by complex power grid and old
service life [26]. So it is important to consider and analysis
the influence of three internal disturbances: wiLii14, w1 Clcq,
w1Loizg. wilpizg has the same influence with ug, because
of the same disturbance position. Closed-loop transfer func-
tions from w1Lyi1g to iz4 and from wiCuey to iz, are shown
in (6) and (7) respectively.

Di14 (5)
_ R.s
T R.CLiLps* + LiLas® + Re (Ly + L) 5% + R.GinyKps
+ RcGiani (6)
Dyca (5)
R.Lis?
= T ReCLILys" + LiLys® + Re (L + L2) 52 + ReGimKps
+ RcGiani (7)

The same simplified method from (4) to (5) is used
to (6) and (7). (8) and (9) can be derived. wilyiyg will
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cause the same influence as ug, too. The w;Cucy can cause
influence on the amplitude of i»4, not on the phase.

D ( 2fi) s | J27fi 8)
. . s = T = — — - -
ild_simple J 1 GimK: s=j27fi GimKi
D o = oy = — 115 WL,
, = 27 = ———|—j =—
ucd_simple (S =] 1 GimK: s=j2nfi GimK;

Based on the above analysis, the influence of internal
and external disturbances on LCL-type STATCOM with PI
decoupling method should not be ignored any more. ADRC
decoupling method has better performance to suppress these
disturbances, which will be introduced next.

IIl. APPLICATION OF ADRC TO LCL-TYPE STATCOM

A. CONTROL MODEL OF LCL-TYPE STATCOM WITH ADRC
The analyses in section II show that the traditional PI decou-
pling method has many problems under the influence of
disturbances. These problems include poor reactive compen-
sation performance and instability. ADRC provides a great
solution, it is an advanced controller which is different from
the traditional PI controller. The advantages of ADRC are
introduced in section I.

Taking the LCL-type STATCOM as the research object. By
estimating and compensating the internal and external distur-
bances for g axis current control. ADRC decoupling method
can decouple the block diagram shown in Fig. 2 into two
3-order integral units that do not affect each other, this will be
introduced next. The performance to reject the disturbances
of ug and L, is improved. 3-order ADRC is applied since
the LCL filter is a 3-order system. According to (2), 3-order
differentials of 74 and iy, are derived:

d3i2,1
5 = buia +fa

& S
2

dz3q = buiq + 14, T2 #

Actually, we control i by adjusting the amplitude and
phase of u;. But the “total disturbances” f; and f; shown
in (Al), as shown at the bottom of page 9, will cause bad
influence on output current control. It can be known from the
parameter b, L, can cause bad influence on output current
control too. In order to achieve a better compensation effects,
it is necessary to find a parameter by for ADRC that can accu-
rately estimate and compensate b, which will be introduced
later.

Compared with nonlinear ADRC, linear ADRC needs
fewer tuning control parameters, it has more practical appli-
cation value. Because the LCL-type STATCOM is a time-
delay system, the differential tracker (TD) contained in the
traditional ADRC can be ignored. Linear expansion state
observer (LESO) and linear state error feedback controller
(LSEF) are introduced next.

1) LINEAR EXPANSION STATE OBSERVER (LESO)
As the core part of ADRC, the LESO with excellent per-
formance can always accurately estimate the state variables
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and disturbances of the controlled system. The 4-order
matrix (11) is derived by (2) and (10).

_ di2q —
t i2g
i, 01007 | gir ars
0oo0t10|| & 00 iq
2| = R
d%izq 0001 dglzq b0 %
dr’ 0000 || d? 01
dy fa
L 4y 4
T
_ . diy dzizq
s=[r000] s, B G

(11)

The 4-order LESO is chosen according to the controlled
system. According to (11), the LESO is derived and given as
follows:

21 —p1 100 7] 0 B

22 —52010 ) 0 B Uy

. = . 12
23 —B3001 23 + bo B3 | | izg (12)
Z4 —B4000 24 0 Bs4

where, bg is compensation factor, it can be used to estimate b
shown in (10); B1_4 is observer parameters of ADRC.

2) LINEAR STATE ERROR FEEDBACK CONTROLLER (LSEF)
The LSEF is the control core of ADRC. Under the premise
of LESO’s accurate estimate of disturbances and state vari-
ables, LSEF can be designed as a proportional controller.
Fig. 22 shows the ADRC current decoupling method and PI
current decoupling method for LCL-type STATCOM. As we
see in Fig. 21, there are more complex decoupled channels
for PI decoupling method. Many sampling sensors are needed
too, which will increase the cost. The reference value of
d axis current inner-loop control comes from the output of DC
capacitor voltage outer-loop. The reference value of ¢ axis
current inner-loop control comes from the output of PCC
voltage outer-loop.

d3i2

73{1 = (fq—Z4)+uo%u0

Up = Kpl (irefq - Zl) — Ko — Kp3z3 (13)
Uig (uo — z4)

==

Giny bO

Since the triangular carrier wave amplitude of SPWM can
be selected appropriately at the actual debugging process,
Giyy takes the value of 1 for simplify analysis next. Where,
Kp1_3 are control parameters of LESO, which can directly
affect the control performance of ADRC.

B. EFFECT ANALYSIS OF ADRC ON LCL-TYPE STATCOM

If the parameters B4 and Kj;_3 are chosen properly.
Z1—4 can estimate ip,, the differential of i,, the 2-order
differential of ip,, and f;perfectly. The coupled system shown
in Fig. 2 will be transformed into two same ideal 3-order
systems. At the same time, according to the third equation
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in (13), the “total disturbances” f; can be compensated
by LSEF. According to the first two equations in (13), transfer
function (14) can be derived by Laplace transformation.

i K

2 -zl (14)
Irefy 57 + Kp3s= + Kpps + Kp1

Under the non-ideal situation, in order to consider the influ-
ence of disturbances on control performance, we change (12)
to (15) and substitute (15) to (13), u;, shown in (A2), as shown
at the bottom of page 9, can be derived. Where, A(s) and M (s)
are shown in (16), A{_4 are the first column elements of A(s);
B1_4 are the second column elements of A(s).

A@s) [ u;
[a12nul = M) [Zﬂ (15)

According to (A2), the decoupled control block diagram of
q axis can be derived, which is shown in Fig. 6.

bos B>+ Bos> + B3s+Pa
A= | oS TboBus Bas’+ B35+ Bas
bos>+boPis>+bofas  P3s>+Pas’
—boBa Bas®

M(s) = s*+P15° +Bos® + Bas+Pa
(16)

Ugq
Lrefy . +o Uig+ L= [ 1 ik R Jud £ [ 1 |
z P 1% R C
'.(S) '_T < ~TTsCR] x(Lz+Lg)|“'

o)

FIGURE 6. The control block diagram of q axis after ADRC decoupling.

According to the analysis in section II, there is no
inhibited effect for PI decoupling method on the grid induc-
tance L,. However, when the control parameters are improp-
erly selected, unstable situations will occur.

Pr=dwo fr =60, fy=dwp i =y |,
Ky = a)g, Ky = 3603, Kp3 = 3w,

According to [27], the control parameters of the ADRC can
be selected by referring controller bandwidth w. and observer
bandwidth w,. The reference relationship can be summarized
as shown in (17). We take the values that: w., = 6600 and
w, = 9600. The control parameters are shown in Table 2.
It should be noted that by with 10 power is changeable and
follows with L.

1) ROBUSTNESS IMPROVEMENT FOR POWER GRID
INDUCTANCE

The filter parameters shown in Table 1 are used to study the
influence of L on the stability of the STATCOM. According
to Fig. 6, the transfer function from iy, to iz, is shown
in (18). Based on (3) and (18), pole-zero map is shown
in Fig. 7. When L, is changed, the positions of the poles are
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TABLE 2. Parameters of ADRC decoupling method.

Parameter/Unit Value Parameter/Unit Value

LESO parameter 8; 3.84x10* LSEF parameter Ky 2.9x10"
LESO parameter #, 5.5x10° LSEF parameter K,, 1.3x10°
LESO parameter 3 3.5x10'? LSEF parameter K3 1.98% 10*

LESO parameter 84 8.5%x10' Parameter b, x10'°

<10t

0.56 0.42 0.32  0.22 0.140.07

0.74

05709 PI_decoupling;

X OX SR ®
v X

ADRC :decoupling
-0.5[ 0.9 1

Imaginary Axis (s econdsl)
<

i X
X
0.74 X

151056 042 032 0.22 0.140.07
210000 -8000  -6000  -4000  -2000 0 2000
Real Axis (seconds’l)

FIGURE 7. Comparison the robustness of Lg of two different decoupling
method.

almost unchanged using ADRC decoupling method, and the
positions never enter the unstable region, which reflects the
disturbance rejection performance.

i2g

irefq

B R.P

 ReCLi (Lo+Lg) s3+Ly (Lo+Lg) s2+Re (Li+Lo+Lg) s
+RQ (18)

2) ROBUSTNESS IMPROVEMENT FOR HARMONIC POWER
GRID VOLTAGE

According to Fig. 6, the transfer function from ug, to iy, is
derived in (19). The simplified transfer function is obtained
in (20) by ignoring the items with small magnitude. Bode dia-
grams of (4) and (19) are shown in Fig. 8. The robustness of
ADRC decoupling method for grid voltage can be improved
by selecting suitable control parameters. The suppression of
ADRC decoupling method for lower-order harmonic grid
voltage is better.

g R.CL1s*+Lis+R. (19)
ugg  ReCLiLys+LiLos?+R: (L1 +L2) s+R.Q

i2g | Lis+ R,

— |ADRC _simple = —

lgg ST Re (L + Lo) s + ReQ

i2g | L1s2 + R.s

— |PI_si =—-

gy " T TR(Ly + L) 5% + ReKys + ReK;
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FIGURE 8. Comparison of robustness of ug under two different
decoupling method.

IV. VERIFICATION BASED ON LCL-TYPE STATCOM
SIMULATION MODEL

A. COMPARISION OF ADRC AND PI CONTROLLER

Since the LCL filter is a 3-order system and the control
delay can be seen as a l-order system, in order to study
the performance of ADRC decoupling method, a 4-order
transfer function E(s) is designed in (21) for verification.
PI controller and ADRC are all employed to E(s). Control
parameters in Table 1 and Table 2 are used. Fig. 9 shows
the comparison result of the unit step response. Since (21)
is a controlled system with large inertia damping, there is

1.2 T T T :
Refersince Value PI Controller
1ot D =,
/ ADRC
0.8 { |
|
g o6 ] |
S i
> 04 | |
\
0.2 i |
3
0 N
0.2 . . . . . . .
0 50 100 150 200 250 300 t (l'IlS)

FIGURE 9. Comparison of control effect on 4-order mathematical
model (21) based on Pl controller and ADRC.
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no overshoot in Fig. 9. The dynamic response time of these
two controllers is almost the same. But PI controller has
longer adjusted time that is almost close to 150ms. On the
contrary, ADRC has better performance between response
time and adjusted time. The same control parameters are
utilized for (22). The comparison result is shown in Fig. 10.
As we can see, although there is large overshoot. ADRC has
shorter adjusted time and oscillating peak.

330
E(s) = 21
O = 056 x10 25 15 (15105511
Es) 330
S) =
(10.56x 101253 4 5% 107352 +5)(1.5x 10~ 5s+1)
(22)
12 Reference. C 1
PI Controller
1ol Value rr'\ --f{... ....... t
R ‘
08l Ii ADRC |
gos || 1
< i 3
> 04f H ‘.
0.2+ :’ l
| a
0 Vi
0.2 e

0 50 100 150 200 250 300 t(ms)

FIGURE 10. Comparison of control effect on 4-order mathematical
model (22) based on Pl controller and ADRC.

B. CONFIGURATION of LCL-TYPE STATCOM

In order to verify the performance of ADRC decoupling
method, a 20k Var LCL-type STATCOM connected to the load
side of power grid is built based on MATLAB/Simulink. The
results of different working conditions are given next to verify
the correctness of theoretical analysis and the feasibility of
ADRC decoupling method. Actually, the simulation model
and mathematical model are very similar, but still different.
The voltage control outer loop is considered in simulation
model. So the control parameters should be adjusted slightly.
Where, we take the values that: w. = 13000 and w, = 9600.
The parameters of reactive compensation system are shown
in Table 3.

1) WORKING CONDITION 1

Compared with PI controller, ADRC can solve the contra-
diction between the dynamic response time and overshoot.
Sudden fluctuation in load reactive power occurs at time 7.
Based on LCL-type STATCOM model, the control effect
comparison of PI decoupling method and ADRC decoupling
method is shown in Fig. 11. Where, RMS is the root mean
square value of output reactive compensation current ip. The
response time of these two control methods is almost the
same, even PI decoupling method is shorter. But the adjusted
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TABLE 3. Parameters of 20kVar LCL-type STATCOM.

Parameter/ Parameter/
Unit Value Unit Value
DC capacitor voltage DC capacitor
UslV 750 CIuF 1500
Swithing frequency 50 Capacity of STATCOM 20
fIlHz QO/kVar
Inverter-side inductor 55 LSEF parameter %1010
Li/mH bo
Gird-side inductor LSEF parameter 4
Ly/mH 0.6 K 3.9x10
Capacitor LSEF parameter 3
CIuF 6.6 Ky 5x10
Damping resistor LSEF parameter 12
RJQ 3 K, 2.2x10
DC voltage controller DC voltage controller
1 4
Ky ac Ki g
PCC voltage controller PCC voltage controller
1.5 200
Ky pee Ki pec
LESO parameter 3810 LESO parameter 55%10°
1 2
LESO parameter 3 5%10'2 LESO parameter 8.5x10'
B3 Ba
f t 6o ‘
20 & *En,d, |

ADRC decouplmg
N PL dec()uplmg

100) 35ms PI decouplmg

ADRC decouplmg

;
0 25 50 75 90 115 {(ms)

FIGURE 11. Control effect comparison under load reactive power
fluctuation.

i (

90 115 f(ms)

(b)

FIGURE 12. Control effect comparison under load reactive power
fluctuation. (a) wo = 10600; w¢ = 15600. (b) wo = 12600; wc = 16600.

time of ADRC decoupling method is shorter. The overshoot
of ADRC decoupling method is smaller. In order to improve
the dynamic response time of ADRC decoupling method,
we adjusted control parameters appropriately. The results are
shown in Fig. 12. As we can see, better dynamic response
performance can be obtained by selecting suitable control
parameters.
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2) WORKING CONDITION 2

Under the premise of working condition 1, increase the value
of L, from OmH to 0.8mH, Fig. 13 shows that the THD of
i> 1s increased too. The fast Fourier transform results of i
are shown in Fig. 14. The THD of i, with ADRC decoupling
method is smaller. It should be noted that by is changed
following with L,. According to [28], [29], the long distance
transmission and parallel multiple grid-connected inverters
will increase the value of grid inductance L. Although L, is
a variable, it can take the large value at the extreme condition.
Increasing the value of L, from 0.8mH to 1.5mH, i, with PI
decoupling method will diverge, which is shown in Fig. 15.
The STATCOM loses stability under the influence of large
grid inductance. In contrast, ADRC decoupling method has
stronger robustness when L, is increased. The results of
simulation are consistent with the theoretical analysis.

20 ; PI decouplm& ADRC decouplmg

i

x%xwwwxwxwﬁﬂx

. PI_decoupling

-100 3
20 45 70 95 145 #(ms)

FIGURE 13. Control effect comparison when Lg = 0.8mH.

Fundamental (50Hz) = 47.11 , THDi= 6.62%

:'73\ ADRC_decoupling
g 0.5F 1
= —MMMNMMWMMWLMM
g o
55
g 06 Fundamental (50Hz) = 43.69 , THDi= 13.18%
o
é/ PI_decoupling
o 0.4F
<
=
0.2f

0 5 10 15 20 25 30 35 40
Order

FIGURE 14. Comparison of THD;.

3) WORKING CONDITION 3

Because the d axis is mainly used to keep the DC capaci-
tor voltage stability, the fluctuations of current and voltage
in d axis will occur frequently. Actually, the internal dis-
turbances from coupled channels are difficult to measure.
We only need to verify the robustness of ADRC decou-
pling method to suppose these disturbances. Supposing that
w1Liiig = “4+20A at 11 and wiLii;g = —20A at
in Fig. 16 and Fig. 17, it can be found that the PI decoupling
method and ADRC decoupling method all have the great
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i2(A)
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-100
100
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T

-50(

o
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-100 i
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FIGURE 15. Control effect comparison when Lg = 1.5mH.

50, T T T T T

45
PI_decoupling

N "‘MM\‘ Ao ‘“WM’ '/ “t, “4”""4“"%‘““11*‘4""*!M'l;
: :l,m TN ww A A

ADRC_decoupling

o

30

RMS of ix(A)

25

20

4—Without_decoupling
15-

1

20 45 70 95 120 145 t(ms)

FIGURE 16. Control effect comparison under the influence of coupled
channel disturbances. wo = 10600; wc = 13600.

0 l (yellow) |
n‘LMM'WM\MMMW , Mﬁ‘l‘tw‘*:h’lw'M“N'WWW b

APNN A T

RMS(A)

ADRCﬁEdecoupling :

<—Without_decoupling

i i L 1 1

20 45 70 95 120 145  #(ms)

FIGURE 17. Control effect comparison under the influence of coupled
channel disturbances. wo = 11600; wc = 14600.

performance to reject disturbances, because these two meth-
ods all can remove the decoupled channels. These methods
can restore the STATCOM to normal working state quickly.
The oscillation is large under the direct current control with-
out decoupling. The following performance and robustness of
ADRC decoupling method are excellent, which are consistent
with the theoretical analysis. The different results with dif-
ferent control parameters are shown in Fig. 17. We can find
that the disturbance rejection performance can be improved
by selecting suitable control parameters. Because the param-
eters selection isn’t the studying focus in this manuscript,
the detailed content is omitted.
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4) WORKING CONDITION 4

According to IEEE Std.1547-2003, the maximum allowable
THD of grid voltage is 5%. In normal, the THD of grid volt-
age is far lower than 5%. 3-order harmonic grid voltage and
5-order harmonic grid voltage are injected into the funda-
mental grid voltage in the simulation system. The contents of
these gird voltage harmonics are shown in Table 4. According
to the analysis in section II, the THD of i, will increase under
the influence of harmonic grid voltage. The grid voltage feed-
forward control based on PI controller is shown in Fig. 23.
The simulation results are shown in Fig. 18. The ADRC
decoupling method and PI feedforward decoupling method
can all alleviate the THD of i, caused by the harmonic grid
voltage. The traditional direct current control doesn’t have the
harmonic suppression capability, and it leads to an increased
THD of i, which is shown in Fig. 18(b). The results of
simulation are consistent with the theoretical analysis too.

TABLE 4. The contents of harmonic voltage distortion.

Individual B B -~ Total harmonic
harmonic order h=1 h=3 h=5 distortion
Voltage value (V) 220 6 8
% of fundamental 100% 2.79% 3.6% 4.5%
voltage ° e D70

50

25 50 75 100 #(ms)
(a) PI_decoupling_feedforward, THD=5%

R

100 t(ms)
(b) Without_decoupling_feedforward, THD=8.1%

AT

100 t(ms)
(c) ADRC_decoupling, THD=4.3%

50

iA(A)

-50°

i2(A)

FIGURE 18. Control effect comparison under the influence of harmonic
grid voltage.

In order to verify the effectiveness of ADRC decou-
pling method for different capacity of the STATCOM.
We reduce the capacity in simulation. The results are shown
in Fig. 19 and Fig. 20. As we can see, the STATCOM has
the same robustness to external disturbances too. Because
the perfect decoupling lies in control structure and parame-
ters, the robustness for internal disturbance doesn’t be influ-
enced by the capacity of the STATCOM. Based on the above
simulation results under the different working conditions,
the control performance comparisons of the ADRC decou-
pling method, the PI feedforward decoupling method and the
direct current control method are shown in Table 5.

[ I
i | L,=1.0mH
40 :
| |
= 20 | :
(! (1
T o[ e
20| |
| / | !
-40 | THDI= 6.14% | THD/= 7.42%
1 i i L i
60, 25 50 75 90 115 #(ms)

FIGURE 19. Control effect for grid inductance variation under different
capacity of STATCOM.

60
40
20

i(A)

0

-20[%

W\

-40 THDi= 5.38%
; ;

0 ; ;
25 50 75 90 15 #(ms)

FIGURE 20. Control effect for harmonic grid voltage under different
capacity of STATCOM.

V. CONCLUSION

An original current decoupling method with ADRC is pro-
posed in this paper, this method can improve the robustness
of LCL-type STATCOM to reject the internal and external
disturbances. These disturbances will influence the stability
of PI decoupling control and deteriorate the reactive com-
pensation performance of LCL-type STATCOM. Principle
analyses about how to apply the ADRC to achieve current
decoupling control of STATCOM are given. Based on the
mathematical models, the comparison results show that the

1 dirg
L S—
Ji=cr, (L2+Lg)< C

1
11= R (ot Ly) <_ “di

Uiqg = Plig — Qizg =
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L —CR? LIS PR Cducq+ R N d%ing 1 dug
—U — 14— —1 w — T llg—W1U w —
di " LiCR, T T MR gy TR e T e J O g T Y L, dr?
ding Li—CR? 1 duca d%irg 1 d?ug
2 e b —ing— —i1g—Rew) C—2 — w1 Reig + - -
LiCR, a7 ¢l gham Rt =y m Rl T Oted J O T v L, dr?
(A1)
MK by — Ky1B1 + KpoBy + Kp3Bs + By i (A2)
1e;
boM + KA1 4 KppAs + K343 + Ay boM + Kp1A1 + KppAr + Kp3As + Ay !
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FIGURE 22. Block diagram of LCL-type STATCOM, (a) ADRC decoupling method. (b) PI decoupling method with voltage feedforward.

[
i Ujq - ; -+ I
2d + 1 |hd, + R, |Upg 1 2d
sLy 1+sCR. s(Lo+Ly)
B —

R, |Uc 1

1+sCR. +2 Tug;(Lz +Lo) qu

FIGURE 23. Voltage feedforward control method.

method proposed in this paper has higher robustness than PI
decoupling method under the influence of grid inductance
variation. At the same time, ADRC decoupling method can
reject internal disturbances by removing coupled channels

121790
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between d axis and ¢ axis, and it also has high robust-
ness to harmonic grid voltage. The results from a LCL-type
STATCOM simulation models are consisted with the theo-
retical analyses. The effectiveness and superiority of ADRC
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TABLE 5. Performance comparisons of different control method.

Dynamic Robustness Robustness Depending on accurate
Control method Complex Cost Y (internal (external Stability model of controlled
response .. .
disturbance)  disturbance) system?
ADRC decoupling [25] ** * ik ok HHE HkE No
PI feedforward decoupling ., . . Sxx . . Yes
- 8], [201-[22]

direct current control % . . " « % Yes

[17]-[19]

decoupling method are verified too. According to multiple
performance indicators shown in Table 5, ADRC decoupling
method has higher application value and better industrial
application prospects.

APPENDIX
See (A1) and (A2), Figs. 21-23, and Table 5.
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