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Abstract: This paper presents a current control design for stabilizing an inductive-capacitive-inductive
(LCL)-filtered grid-connected inverter (GCI) system under uncertain grid impedance and distorted
grid environment. To deal with the negative impact of grid impedance, LC-type grid impedance
is considered in both the system model derivation and controller design process of an LCL-filtered
GCI system. In addition, the integral and resonant control terms are also augmented into the system
model in the synchronous reference frame to guarantee the reference tracking of zero steady-state
error and good harmonic disturbance compensation of the grid-injected currents from GCI. By
considering the effect of grid impedance on the control design process, an incomplete state feedback
controller will be designed based on the linear-quadratic regulator (LQR) without damaging the
asymptotic stabilization and robustness of the GCI system under uncertain grid impedance. By means
of the closed-loop pole map evaluation, the asymptotic stability, robustness, and resonance-damping
capability of the proposed current control scheme are confirmed even when all the system states are
not available. In order to reduce the number of required sensors for the realization of the controller,
a discrete-time current-type full-state observer is employed in this paper to estimate the system
state variables with high precision. The feasibility and effectiveness of the proposed control scheme
are demonstrated by the PSIM simulations and experiments by using a three-phase GCI prototype
system under adverse grid conditions. The comprehensive evaluation results show that the designed
control scheme maintains the stability and robustness of the LCL-filtered GCI when connecting
to unexpected grids, such as harmonic distortion and L-type and LC-type grid impedances. As a
result, the proposed control scheme successfully stabilizes the entire GCI system with high-quality
grid-injected currents even when the GCI faces severe grid distortions and an extra grid dynamic
caused by the L-type or LC-type grid impedance. Furthermore, low-order distortion harmonics come
from the background grid voltages and are maintained as acceptable limits according to the IEEE
Std. 1547-2003. Comparative test result with the conventional one also confirms the effectiveness of
the proposed control scheme under LC-type grid impedance thanks to the consideration of LC grid
impedance in the design process.

Keywords: distorted grid; grid-connected inverter; incomplete observation; L-type grid impedance;
LC-type grid impedance; LCL filter

1. Introduction

The growing global energy demand results in the energy transition, which increases
the percentage of renewable energy sources (RESs) in the total energy generation. Solar and
wind energy sources are mostly used around the globe thanks to their accessibility, afford-
ability, and the fast development of power electronics to effectively integrate RES power
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into the utility grid [1]. Recently, the grid-connected inverter (GCI) has played the main role
not only in injecting renewable energy into the main grid but also in improving the power
quality in case there are several serious disturbances in the main grid environment [2].

Generally, to maximize the power conversion efficiency in the control of the GCI sys-
tem, a pulse width modulation (PWM) scheme is deployed with a high switching frequency.
Additionally, to meet the standard of power quality, such as the IEEE Std. 1547 [3], high
switching frequency harmonics in the GCI output currents should be attenuated effectively
by filters. For this aim, the inverter is connected to the main utility grid through a low
pass filter such as L or LCL type filter. In comparison to the L-type filter, the higher order
filter, like the LCL type, is preferred thanks to its excellent harmonic attenuation capability
with smaller physical size and weight [4-6]. However, the LCL filter introduces the res-
onance phenomenon in the inverter operation, which should be mitigated by damping
techniques [7].

Damping techniques to suppress the resonance caused by LCL filters can be commonly
classified as passive and active damping techniques. The passive damping methods are
implemented by attaching a physical resistor to the filter capacitor branch to reduce the
resonance peak. Even though this method is simple and effective, it results in additional
loss of power via passive resistance [8]. On the other hand, the active damping technique
presented in [9] uses a virtual resistance concept to alleviate the resonance phenomenon
without any extra power loss due to physical resistance. However, this active damping
technique has the problem of increasing the complexity of the overall system configuration
by requiring an extra number of sensors. As another active damping technique, a full-
state feedback control scheme can compensate for the resonance caused by the LCL filter
straightforwardly and flexibly [10,11]. Since this control scheme needs the information
of all system states for the realization of the damping, full-state observers are commonly
adopted to decrease the number of sensing devices in real operation.

Apart from the attenuation of the high switching frequency components, low order
frequency components at orders of 5th, 7th, 11th, and 13th in the distorted grid voltages
due to the non-ideal grid should also be considered in the design process of the current
controller. Generally, the proportional-resonant (PR) controllers constructed in several
forms are widely used to compensate for such distortions in the grid-side currents [12,13].
The study in [14] presented the full-state feedback current controller designed in the
synchronous reference frame (SRF). In this study, the integral control and resonant control
terms are augmented into the system model in the state space to obtain the control objectives
of the reference tracking and grid voltage distortion attenuation. Another method to deploy
the PR control was presented in [15], in which the PR control is represented in the form
of the discrete-time transfer function. However, it is worth mentioning that those studies
are not robust against the system uncertainty introduced by filter component variations or
unexpected grid impedance.

Another challenge in the GCI system design is the additional impedance linking be-
tween the GCI and the main grid [16]. Since RES can be installed from various geographical
regions, the renewable power is normally transferred to the main grid and loaded via a
long transmission line, which forms an inevitable grid impedance. It is well known in
numerous studies that the negative effects of grid impedance increase the complexity of
RES system dynamics and raise a challenge to maintain the stability of the integration
system and the power quality. Furthermore, the grid impedance variation also severely
affects the performance of both the active damping and harmonic compensation [17].

In general, there are two types of grid impedance: L-type and LC-type. L-type
impedance is caused by the long transmission line, which makes the point of the common
coupling (PCC) become weak and influences the stability of the GCI system. The weak grid
problem has been widely studied in [18,19], in which several current controllers have been
presented to ensure the robustness of inverter operation against the L-type grid impedance
variation. Particularly, the study in [18] presents an impedance-phased compensation
control method to enhance the stability of GCIs with L-type grid impedance variation.
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However, the scheme in [18] requires prior knowledge of the grid inductance information.
A control scheme for an LCLfiltered inverter under a non-ideal grid, such as a weak grid,
is proposed by taking into consideration the parameter uncertainties [20]. The research
work in [21] investigates the stability margins of the conventional current control methods
under a weak grid.

The study in [22] presents a linear matrix inequality (LMI)-based model predictive
current control for LCL-filtered GCIs under unexpected grid and system uncertainties.
Impedance-based stability analysis is also investigated for a single-phase inverter [23].
However, the above control schemes cannot guarantee system stability under LC-type grid
impedance. To further extend the robustness of parallel-connected GClIs against the weak,
distorted grid conditions, a robust control scheme is presented in [24], which effectively
attenuates the distortion harmonics in the main grid up to the 21st order.

Besides the impact of the inductance component in the main grid, the grid impedance
may contain both inductive and capacitive components, which form the complex grid
condition [25-27]. Recently, since more and more power electronic devices are integrated
into the power grid, the grid condition has become more complex. The main grid contains
not only an unknown inductance component caused by a long transmission line but also
a capacitive component formed by the power factor correction, which harms the stability
of the LCL-filtered GCI system. As compared to the studies regarding L-type impedance,
only a few studies considering the LC-type impedance in the current control design process
of GCI systems have not been conducted. In [25-27], the control schemes are designed
based on the passivity-based stability criterion to enhance the stability of a GCI system
under various grid conditions. In [25], the interconnection stability of the L-filter inverter
connected with a complex grid has been fully assessed via the dissipative properties of
inverter input admittance, in which the accuracy of the input-admittance model is improved
by taking the PWM and sampling processes into consideration. Other research work in [26]
investigates the passivity of the GCI system equipped with LCL filters, in which both
converter-side current feedback control and grid-side current feedback control structures
are evaluated to study the system stability regions when connecting to the complex grid.
However, the grid background harmonics are not considered in this study. An inverter
output impedance enhancing control mechanism realized by an additional hardware setup
has been presented in [27] to guarantee sufficient passivity to grid disturbances. The
robustness of the presented method against several grid conditions is guaranteed at the
expense of an additional complex hardware setup.

From a different point of view, additional LC-type grid impedance can be considered as
an extra LC-filter stage linked to the LCLfiltered inverter. A current control scheme should
also be designed to drive the inverter system stably with an LCL filter connected to an extra
LC filter stage caused by the complex grid. Even under LC-type grid impedance, all the
system state variables introduced by the LCL-filtered GCI can be obtained by constructing
a state observer, as mentioned in [19]. In addition, the PCC voltages serve as additional
states for the capacitance of the LC-type grid impedance. However, the current flowing
through the grid inductance cannot be measured. As a result, a full-state feedback current
controller cannot be realized because of the absence of a state for grid inductance current
when the grid has the LC-type grid impedance.

Inspired by the idea to design a controller by using the linear quadratic regulator
(LQR) with incomplete state feedback for a tracking problem in [28], an LQR-based state
feedback current controller is developed for an LCL-filtered GCI under the circumstance of
the complex grid in this paper. When the grid has the LC-type grid impedance, the current
flowing through the grid impedance is not possible to be measured or estimated. In this
case, it is not possible to implement a full-state feedback control because the grid inductance
current is not available. To overcome such a limitation, an incomplete state feedback control
approach is implemented by removing the unmeasured state feedback control term for
the state of the grid inductance current. Other control objectives of harmonic disturbance
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compensation and zero steady-state tracking error are achieved by augmenting the multiple
internal control terms in the inverter system model.

To systematically obtain the gain set in the proposed current controller, the optimal
gain is first derived from the standard LQR problem. For this purpose, the model of
the LCL-filtered GCI with LC-type grid impedance is derived with the values of grid
inductance and grid capacitance set to certain values. Then, the integral and resonant
control terms are augmented into the system model, and the feedback control gain is
derived from the standard LOR problem. Finally, the gain matrix to achieve the incomplete
state feedback current control is derived from the optimal gain matrix by simply eliminating
the columns corresponding to the state variables of grid inductance currents. By means of
the closed-loop pole map evaluation, the asymptotic stability, robustness, and resonance-
damping capability of the proposed current control scheme based on the incomplete state
feedback are confirmed. The feasibility and effectiveness of the proposed current control
scheme are demonstrated by the Powersim (PSIM) software (version 9.1) simulations and
experiments by using a three-phase GCI prototype system under adverse grid conditions
such as harmonic distortion, L-type, and LC-type grid impedances. The main contributions
of this paper are summarized as follows:

(i) To deal with the negative impact of grid impedance, LC-type grid impedance is
considered in both the system model derivation and controller design process of an
LCLfiltered GCI system. The proposed scheme ensures the reference tracking of
zero steady-state error and good harmonic disturbance compensation of the grid-
injected currents. By considering the effect of grid impedance on the control design
process, an incomplete state feedback current controller is designed based on the LQR
without damaging the asymptotic stabilization and robustness of the GCI system
under uncertain grid impedance.

(ii) By means of the closed-loop pole map evaluation, the asymptotic stability, robustness,
and resonance-damping capability of the proposed control scheme are confirmed even
when all the system states are not available. The proposed control scheme successfully
stabilizes the entire GCI system with high-quality grid-injected currents even when
the GCI faces severe grid distortions and an extra grid dynamic caused by the L-type
or LC-type grid impedance.

(iii) The comprehensive evaluation results show that the designed control scheme main-
tains the stability and robustness of the LCL-filtered GCI when connecting to unex-
pected grid such as the harmonic distortion, L-type and LC-type grid impedances.
Comparative test result with the conventional one also confirms the effectiveness of
the proposed control scheme.

2. System Model of a GCI with LC-Type Grid Impedance
2.1. Modeling of a GCI

To design the current controller and the state observer in the SRF, the phase variables
in “abc” are transformed to DC variables in “dg” by the Park’s transformation as

f1] _ [cos(8) cos(—2F) cos(8+ 2F) f!
[/d}[sin(é)) sin(e—%) sin(9+%) jcdz 1)

where f represents the variables to be transformed and 6 is the phase angle.

Figure 1 represents the configuration of an LCL-filtered GCI, which is connected to
the grid with LC-type impedance, and the proposed scheme is based on incomplete state
feedback control. In the proposed scheme, six states of the LCL-filtered GCI are estimated
from the full-state observer. In Figure 1, i1, i3, and v, are the inverter-side current, the
grid-side current, and the capacitor voltage, respectively, vy is the PCC voltage, v, is the
utility grid voltage, Vpc is the DC-link voltage, i, is the grid inductance current, and v; is
the inverter output voltage. The PCC voltage vy is the same as the utility grid voltages v if
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the grid impedance does not exist. The parameters L1 and L, denote the filter inductances,
Cy denotes the filter capacitance, and Ly and Cq denote the inductance and capacitance
caused by the LC-type grid impedance. The symbol “ denotes the estimated quantity, and
*” denotes the reference quantity. The conventional phase lock loop (PLL) is employed
to determine the phase angle of the grid voltage 6 by using the PCC voltages at the SRE.
The reference voltages generated by the proposed control scheme are applied by the space

vector PWM.
- - aF =
Vi
o\ )
N/
+ b
I'D(" ju— Ui Vo\— O
c
i MV e
- - | [AAl
) ] abc, L
Y J qd 3 g 3
.q* .dx | |
) l L, b2 l i |
6 y e e e s
abc,
v y # d*— 6
Space }'ector Proposed current i? i‘ll
I PWM control scheme |~ q -q Full-state .q .
pa* d based on <2 2| discrete-time | b2 b2
0 Lt incomplete-state 29 b observer
feedback control |+ M
X
q d
m‘ Vpce Vpee
Il

Figure 1. The proposed incomplete state feedback current control scheme.

The state equations of the LCL-filtered GCI system and LC-type grid impedance are
expressed mathematically in the SRF as follows:

d, :
0 = Lol = Lol - wil(n) @
dog_ 1 4 d q
0 = Lol () - Lol + il ) ®
S0 = Tl = o) - wif(t) @
80 = Lol () — Totee(0) + wil(0) ®)
010 = 0~ 0 el ©
G0 = G0~ A0 el @)
d 1., 1.,
0he () = O — ) — et ®
d 1, 1,
ﬁvfﬂcc(t) = Fflg(t) - alg(t) + WUZCC(t) 9)
d 4 1 1,

(t) = L—gv?ma) — —ol(t) — wid(t) (10)
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where the superscript “g” and “d” denote the g-axis and d-axis. Also, iy, i2, iy are the
inverter-side current, the grid-side current, and the grid inductance current; w is the
angular frequency of grid voltage.

Using (2)—(11), the inverter system is expressed in the continuous-time state-space as
follows:

x(t) = Ax(t) + Bu(t) + Dd(¢)
y(t) = Cx(t)

(12)
(13)

T T
where x = i?,i‘li, ig, ig, vz,vf, vZCC, v‘;cc, ig, lg} is the system state vector, u = [U?,v;’l] is

d

T
g] is the grid voltage vector, and the system matrices

the system input vector, d = {ZJ;, v
A, B, C, and D are expressed as:

—w 0 0 —1/14 0 0 0 0 0

0 0 0 0 ~1/L4 0 0 0 0

0 0 —w 1/L, 0 -1/L, 0 0 0

0 w 0 0 1/L, 0 -1/L, 0 0

0o -1/C 0 0 —w 0 0 0 0 14)
1/Cy 0 -1/Cf w 0 0 0 0 0

0 1/Cq 0 0 0 0 —w  -1/C, 0

0 0 1/Cq 0 0 w 0 0 —1/Cq

0 0 0 0 0 1/L, 0 0 —w

0 0 0 0 0 0 1/Lg w 0 |

0 ] [0 0 ]

1/Ly 0 0

0 0 0

0 0 0

0 0 0 001 000O0UO0T 0O

o |'P~= 0 o 'S looo100000 0 (15)
0 0 0

0 0 0

0 —1/Lg 0

0 | 0 —1/Lg|

2.2. Discrete-Time System Model

The continuous-time state-space model in (12) and (13) can be discretized for a digital
implementation as follows:

y(k) = Cax(k) (17)
where A4, B4, C4, and Dy are expressed as
Ag =eAT (18)
Ts
Bd = (/ eATsdt>B (19)
0
Cq=C (20)
Ts
Dy = ( / eATsdt> D. 1)
0
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where T; is the sampling period.

When implementing the current controller for a GCI system in digital hardware, the
controller output u(k) computed at the kth step time is modulated by the space vector PWM
at the next sampling time to apply the reference voltages to the real system. In other words,
the actual controller output applied to the system at the present time step is u(k — 1), which
causes the one-step delay. The one-step delay is also included in the modeling of the system
in (16) by considering u(k) as additional state variables of uq (k) as below [29]:

x(k+1) = Agx(k) + Bqug (k) + Dgd (k) 22)
y(k) = Cax(k). (24)
Equations (22) and (23) are combined to present the entire system model in the matrix
form as below:
x(k+1) ] _ [Aq Bg|| x(k) 0 Dy
[ud(k—i—l)} B [o 0] [ud(k)] + Mu(k) + [ 0 }d(k). (25)

3. Proposed Control Scheme with Incomplete Observation under Grid Uncertainties

In this section, an incomplete state feedback current control scheme is designed to
stabilize the LCL-filtered GCI under LC-type grid impedance. The control objectives of good
harmonic compensation and reference tracking are realized by augmenting the multiple
internal control components in the inverter system model in state space. To systematically
obtain the gain set in the proposed current controller, the gain matrix is derived based on
the standard LQR problem, considering the partial state feedback problem.

3.1. Current Controller Design Considering L-/LC-Type Grid Impedance

The integral and resonant control components are combined in the discrete-time
inverter system model to achieve the reference tracking and harmonic compensation
objectives, respectively. In continuous time, an integral control component is expressed

x1(t) e1(t)
= Arc| a.,)| T Bic|, (26)

as [30]:
X7 ()
# (1) xq (1)
q d

T. . T .
where x; = [x] x7] is the integral control state ¢ = [¢7 ¢?]" = r — Cyx s the current error

_orgx g T
vector, r = [12 12*] 0 1
To compensate for the harmonic distortion, resonant control components tuned at the

orders of 6th and 12th in the SRF are designed as below [14,31]

is the current reference vector, Ajc = {8 8] ,and Byc = F O} .

(:Sgi(t) 57i(t)

d2;(t) 81(1) [s”’(t)} ,

. Ay |03 By fori = 6,12 27
5 o4, (1) P ed (1) | OT! @7
) %0

where &; = Wi ‘Sgi &, ‘Sgi]T
0 1
—(iw)* —2&(iw)

is the resonant control state, ¢ is the damping ratio,

Are = 0 1

—(iw)* —2¢&(iw)
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The state equations of the integral and resonant control components in (26) and (27)
are combined as

zc(t) = Aczc(t) + Bee(t) (28)
where z. = [z} z] lez]T is the state variables for integral and resonant terms,
zog = [x] x‘ﬂT is the state vector for the integral term, zg = [&8f, 01, &%, (536]T

. . T
is the state vector for the resonant term in the order of 6th, z1p = [5?12 5;’12 5{112 5%12]
is the state vector for the resonant term in the order of 12th

Aic Bic
A= Arc6 /BC = Brc6
Arc12 Brch

For the aim of digital implementation, the combined state equations for the integral
and resonant terms in (28) can be discretized as

Zo(k+1) = Acqgze(k) + Bege(k) (29)
where A4 and B4 are expressed as

Aq = et (30)

Ts
By = ( / eAcTsdt> Be. @31)
0

By combining (25) with (29), the entire system model for a GCI control under the
existence of LC-type grid impedance can be represented as follows:

x(k+1)1051 Ad1ox10 Baiox2  0O10x10 x(k)10x1 0102 Da10x2
ug(k+1)y | = 0210 02x2 0210 uq(k)psr | + | Iaxa [u(k)auq + | O2xa [d(k)yyq
ze(k+1)1051 —Bea10x2Ca2x10  010x2  Acdiox10] [Ze(k)1ox1 010x2 0102 (32)

0102

0252 | 1(K)ps1-

Bediox2
Or, Equation (32) is rewritten as
Xe(k +1)p0,1 = Ae2zx22Xe(k) 2051 + Be2axau(k)p s + Dezax2d (k) g + Bederawat(k)py1- (33)

The entire system model consisting of 22 states in (32) has three terms, which are the
inverter system model and LC-type grid impedance as expressed in (16), one-step delay of
controller output in (23), and an integral-resonant controller embedded in the system in (29).

Generally, the full-state feedback control scheme can be successfully applied for
stabilizing the system (32) when all system state variables are available, as expressed below:

x(k)
u(k) = —Kxe(k) = — [Ky Ky K ud((II:)) = ug(k) +ua(k) +ug(k)  (34)

where uy (k) = —Kx x(k), uy (k) = —Kqugq (k), uz(k) = —Kzzc(k).

K= [KX Ku KZ] is a feedback gain, K represents the component for state feedback
control gain, Ky represents the component for the delay step feedback control gain, and K,
represents the component for the integral and resonant feedback control gain.
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By the LOR approach, the optimal controller gain K in (34) is attained by minimizing
the cost function (35) as [32,33]

]= % i xe ! (k)Qxe (k) + u” (k)Ru(k) (35)
k=0

where Q is positive semi-definite matrix and R is positive definite matrix. The optimal

gain K is obtained by selecting the weighting matrices Q and R according to the relative

importance of the state variables and expense of energy. In this study, the optimal controller

gains are attained by the Matlab Control System Toolbox version 10.11 function “dlqr”.
By means of the optimal gain K, the closed-loop dynamic is expressed as

xe(k+1) = (Ae — BeK)xe (k) + Ded (k) + Boger(k). (36)

This system is asymptotically stable with the eigenvalues of closed-loop matrix
(A. — B.K) maintained inside the unit circle.

However, the grid inductance current ig in (12) or (25) cannot be measured or estimated
due to the fact that exact grid impedance information is rarely known in practice. Then, the
available state variables are presented as follows:

Xava = [z’?, i‘f, ig/ ig, vl, Uf:lr UZCC, v‘;’m ”er u?l' x?, x{fl/ 5?6’ 526' 5?@ 556' 5f12,5312, 5?12/ 5?12} ! = Cex,(k) (37)
Isxs  Ogx2  Ogx12
012x8 012x2 T12x12] 50000

To overcome this limitation in this study, an LQR current controller based on the
incomplete state feedback is presented. In the incomplete state feedback control, the
number of available feedback states is less than the total number of system state variables.
Particularly, in the case that the only available states x4, given by (37) are fed back, the
control output u(k) in (33) is generated in a different form as

where C, =

Uo (k) = —KoXgoa (k) = —KoCexe (k). (38)

In this case, the control output in (38) applied into the system (33) generates the
closed-loop dynamic as

xe(k+1) = (A, — BJKoCo)Xe (k) + Dod (k) + Beger (k). (39)

The gain matrix K, needs to be obtained to ensure the matrix (A, — B.K,C,) in (39) is
stable, or all eigenvalues lie inside the unit circle. Based on the study in [28], in this study,
the gain set K, is obtained from the submatrix of gain K as

K, = KC!. (40)
As a result, the closed-loop dynamic system (33) is derived as
xe(k+1) = (Ae - BeKCeTCe)xe(k) + Ded (k) + Beger(k). (41)
The incomplete state feedback control gain K" is presented as follows:

K'=[K« Ku KJCIC.=[K] Ky K] (42)

By using the incomplete state feedback control gain K in (34), the control output is
finally determined as

x(k) .
uq (k)| = u (k) + uy(k) + uz (k) (43)
z.(k)

u(k) = -K'x(k) = - [K;, Ku K
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where u,, represents the state feedback control that does not include the grid inductance
current iy states. By means of the closed-loop pole map evaluation, the asymptotical
stability of the incomplete state feedback control derived by the LQR concept in (38) will be
confirmed in the next subsection.

3.2. LQR-Based Discrete-Time Observer

To implement the incomplete state feedback control, the state variables except for the
grid inductance current i should be available. For the aim of reducing the number of
required sensors, a system model-based state observer is deployed to estimate the states of
the LCL-filtered GCI system. Using (2)—(7), the LCL-filtered GCI model expressed as six
state equations can be represented in the continuous-time as

%o(t) = AoXo(t) + Bou(t) + Dodo(t) (44)
Vo (t) = Coxolt) (45)

where x, = {iq i i1 44 ol vdr is the state, do, = [vq v }T is the PCC voltage, and
0 — 17%17 %2752/, Y%cr Ye s Yo — peer ¥ pec g’

Ao, Bo, Co, and D, are obtained as

0 —w 0 0 -1/L4 0
w 0 0 0 0 —-1/L4
B 0 0 0 —w 1/L; 0
Ao=119 0  w 0 0 1/L (46)
1/Cf 0 *1/Cf 0 0 —w
0 1/Cf 0 *1/Cf w 0
1/14 0 0 0
0 1/Ly 0 0
0 0 | -1/L; 0 ~|0001 00O
Bo = 0 0 » Do = 0 —1/Ly ’CO_O 0 01 0 of (47)
0 0 0 0
0 0 0 0
The inverter system in (44) and (45) is discretized as
Xo (k + 1) = AodXo (k) + Boquq (k) + Doado (k) (48)
Yoa (k) = Coaxo (k) (49)
where
Agg = el (50)
Ts
Boq — ( / erTsdt> B, (51)
0
Coa = Co (52)
Ts
D,y = ( / erTsdt) D,. (53)
0

There are several kinds of observer types such as the prediction observer, current
observer, and reduced-order observer [29]. In this study, the full-state current-type observer
is deployed in discrete time because of its superior performance in comparison with other
observer types. From (48) and (49), the full-state current-type observer is constructed
as [14,29]

Xo(k+1) = AggXo(k) 4+ Boqu(k) + Dogdo (k) (54)

Ro(k +1) =Xo(k+1) + Ke(y(k + 1) — CoaXo(k +1)) (55)
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where K, is the observer gain, X, (k + 1) is the estimated state from the system dynamics
and input at kT;. The eigenvalues of (Ayq — KeCoqAog) should be maintained within
the unit circle to guarantee the stability of observer. By means of the LQR approach, the
observer gains are selected by using the Matlab function “dlqr”.

3.3. Stability Analysis Considering Grid Impedance

In this subsection, the closed-loop pole map of the LCL-filtered GCI system controlled
by the proposed incomplete state feedback control is presented. To demonstrate the
performance and robustness of the proposed scheme, all the eigenvalues of the matrix
(Ae — B:KoC,) in (39) should lie inside the unit circle. Figure 2 represents the stability
analyses when the grid impedance exists as an uncertain L-type with L¢ of 7 mH. Figure 3
represents the stability analyses for the complex grid setup, in which a grid inductance and
a grid capacitance are selected as 3 mH and 10 pF, respectively. It is clear from Figures 2
and 3 that even if the GCI system is faced with L-type or LC-type grid impedance, all
eigenvalues are maintained inside the unit circle. These results effectively prove the stability
of the LCLfiltered GCI controlled by the proposed incomplete feedback control scheme.

1F

08

06

04

o
N
"

~

Imaginary Part
(<)

-1 —-05 0 0.5 1
Real Part

Figure 2. Eigenvalues of the matrix (A, — B.KoC.) when uncertain L-type grid impedance with
Lg of 7 mH exists.
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Figure 3. Eigenvalues of the matrix (A, — B.K,C.) when uncertain LC-type grid impedance (Lg=3
mH and C; = 10 pF) exists.
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4. Simulation Results

In this section, the PSIM simulations have been conducted to verify the performance
of the LCL-filtered GCI driven by the proposed current controller under stiff grid and
uncertain grid impedances. The GCI system parameters and the grid impedance setup are
shown in Table 1.

Table 1. GCI System parameters and grid impedance setup.

Parameters Value Units
DC-link voltage 420 A\
Resistance 24 (@)
Filter resistance 0.5 (@)
Filter capacitance 4.5 uF
Grid capacitance 8-10 uF
Grid inductance 3-7 mH
Inverter-side filter inductance 1.7 mH
Grid-side filter inductance 1 mH
Grid voltage (line-to line rms) 220 v
Grid frequency 60 Hz

4.1. Performance under Stiff Grid

In the first test, the GCI is connected directly to the main grid without the existence
of grid impedance. The three-phase distorted PCC voltages (same as the grid voltages in
this case) are presented in Figure 4a with low-order distortion harmonics at the 5th, 7th,
11th, and 13th. The FFT analysis of a-phase PCC voltage in Figure 4b clearly highlights
that the contaminated harmonic level of each component is set to 5% of the fundamental
grid voltage magnitude, which produces the total harmonic distortion (THD) level of grid
voltage to be 10.01%.

a b 1
200 | T Ve ™ Ve = I THD: 10.01%

100

Voltage (V)
o

—100

—200

0.2 0.22 0.24 0.26 0.28 0.3

30

THD: 10.01%
25

20

15 : 5111 i 7111 1]th 13th

. Lo

Voltage (V)

0 200 400 600 800 1000
Frequency (Hz)

(b)

Figure 4. Three-phase distorted PCC voltages under a stiff grid. (a) Distorted PCC voltages; (b) FFT
result of a-phase PCC voltage.
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Under the stiff and distorted grid conditions, the grid-side current response of the
proposed current controller is presented in Figure 5a. By means of the proposed controller,
stable and high-quality grid-side currents can be produced in steady-state with a low THD
level of 2.861%. The test result also demonstrates the effectiveness of active damping
action realized by the state feedback controller and the harmonic compensation by resonant
control terms augmented inside the controller. To verify the transient response, the grid-
side current reference is changed from 10 A to 15 A at 0.25 s. The rapid reference tracking
performance without any overshoot clearly shows a stable operation of the GCI controlled
by the proposed control. The FFT result of grid a-phase current in Figure 5b also confirms
that the individual harmonic distortion in grid-side current is maintained to be lower than
the maximum limits specified in the IEEE Std. 1547-2003 [3] for a GCI system.

20

10

Current (A)
o

-10
P SO OO SO S
0.2 0.22 024 _ 0.26 0.28 0.3
Time (s)
(a)
05 :
: THD: 2.861%
04 |l — V. ... 0dd harmonics
f 4% §
T 03 | IS —
o - 2%
3 0.2 5th _th ‘ o
l l 11t 13@11
e ll """""""""" :
.
0 beeerllomnncasctmis, Mgl bl At P ANAF YN A N A Ay sinsisprvy A
0 200 400 600 800 1000
Frequency (Hz)
(b)

Figure 5. Simulation results of transient current responses with the proposed scheme under stiff grid
and g-axis current reference change at 0.25 s. (a) Grid-side currents; (b) FFT result of a-phase current.

4.2. Performance under Uncertain Grid Impedance

In the next simulations, the proposed scheme is tested under uncertain grid impedances
and grid distortion, in which the LC-type and L-type grid impedances are taken into con-
sideration. Figure 6a represents the three-phase PCC voltages when the LC-type grid
impedance is linked between the GCI output and the main grid, as shown in Figure 1.
As LC-type grid impedance, the grid inductance Ly of 3 mH and grid capacitance Cq of
10 uF are used. Due to the negative effect of the complex grid, the THD level of the PCC
voltages increases by 23.08%, and the magnitudes of individual harmonic distortion are
also increased, as shown in Figure 6b.
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Figure 6. Three-phase distorted PCC voltages with Ly =3 mH and Cg = 10 uF. (a) Distorted PCC
voltages; (b) FFT result of a-phase voltage.

Generally, the grid resonance caused by the complex and distorted grid, as in Figure 6,
may severely affect the stability of the GCI control system. To evaluate the performance
of the proposed control scheme at steady-state and transient under such conditions, the
g-axis current reference is changed at 0.25 s under complex grid conditions in Figure 7. The
grid-side currents, inverter-side currents, and capacitor voltages in dg-axes are presented in
Figure 7a and Figure 7c, respectively. It is obviously shown that all state variables of the GCI
system are maintained stably even at the steady-state or transient stages under the complex
grid condition. Also, the grid-side currents shown in Figure 7a follow the references well
without a severe overshoot during the transient instant. Three-phase waveforms of state
variables are shown in Figure 7d—f. These figures show the three-phase grid-side currents,
inverter-side currents, and capacitor voltages, respectively. Lastly, Figure 7g presents the
FFT result of a-phase grid-side current at steady-state to confirm the stability and quality of
the GCI system under a complex grid. It can be observed that high-order harmonics caused
by the LCL filter resonance and the complex grid are effectively damped. Furthermore, low-
order distortion harmonics come from the background grid voltages and are maintained as
acceptable limits according to the IEEE Std. 1547-2003 [3].
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Figure 7. Simulation results for transient current responses with the proposed scheme when L, is
3 mH and Cg is 10 uF under g-axis current reference change at 0.25 s. (a) Tracking the perfor-
mance of grid-side currents at SRF; (b) Inverter-side currents at SRF; (¢) Capacitor voltages at SRF;
(d) Three-phase grid-side currents; (e) Three-phase inverter-side currents; (f) Three-phase capacitor
voltages; (g) FFT result of a-phase grid-side current at steady-state.

It is worth mentioning again that the proposed control scheme is realized by using
only the measurement of the DC-link voltage (Vpc), grid-side currents, and PCC volt-
ages. Additional state variables, such as inverter-side current and capacitor voltages, are
estimated to construct the proposed state feedback control. To validate the estimating
performance of the observer, the simulations are conducted under the same complex grid
as in Figure 6. Figure 8a shows the measured and estimated grid-side currents in SRE,
in which the estimated state variables track the measured ones exactly. The estimated
and measured quantities of inverter-side currents and capacitor voltages are shown in
Figure 8b,c, respectively, in which only small steady-state errors are maintained. Thanks
to the good performance of the observer, the proposed scheme can produce high-quality
grid-side currents and stable operation even under severe grid conditions without the
requirement to install full sensing devices. To visualize the estimated state variables in
three-phase waveforms, those estimated quantities produced by the observer in SRF are
transformed to the natural reference frame as presented in Figure 8d—f. These figures
represent the estimated three-phase grid-side currents, inverter-side currents, and capacitor
voltages, respectively.
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Figure 8. Cont.
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Figure 8. Simulation results for estimating performance of discrete-time observer when L. is
3 mH and Cg is 10 uF under g-axis current reference change at 0.25 s. (a) Grid-side currents and
estimated states at SRF; (b) Inverter-side currents and estimated states at SRF; (c) Capacitor voltages
and estimated states at SRF; (d) Estimated three-phase grid-side currents; (e) Estimated three-phase
inverter-side currents; (f) Estimated three-phase capacitor voltages.

Finally, the proposed scheme is evaluated under a distorted grid and the presence of
the L-type grid impedance with L; of 7 mH in Figure 9. Figure 9a,d present high-quality
grid-side currents in the natural reference frame and SRE As is shown in these figures, the
currents are injected stably into the main grid. Even though the additional grid inductance
L affects the dynamics of the GCI system, the GCI still maintains stable operation and
the control objectives, such as the reference tracking and disturbance rejection, well by
means of the proposed controller. Similarly, the stable inverter-side currents in the natural
reference frame and SRF are shown in Figure 9b and Figure 9e, respectively. The capacitor
voltages in the natural reference frame and SRF are also plotted in which Figure 9¢c,f. The
quality of injected grid-side currents produced by the proposed scheme is confirmed in
Figure 9g, in which the FFT result of a-phase grid-side current is represented together with
the harmonics limit specified by the grid code. According to the frequency analysis, all the
harmonic components of the grid current are less than the limit, and the THD level is only
2.834%.
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Figure 9. Simulation results for the proposed scheme when L¢ is 7 mH. (a) Grid-side currents;
(b) Inverter-side currents; (c) Capacitor voltages; (d) Grid-side currents at SRF; (e) Inverter-side
currents at SRF; (f) Capacitor voltages at SRF; (g) FFT result of a-phase grid-side current.

To demonstrate the effectiveness of the proposed control scheme as compared to the
existing control scheme, the comparative simulations are performed by using the control
scheme in [22] under the same conditions of the LC-type grid impedance and grid distortion
as in Figure 6. Figure 10a,b show three-phase current responses and the FFT result of
a-phase current by the controller in [22], respectively. Even if this control scheme shows a
desirable performance initially, it becomes unstable with significant oscillation of currents
and a high THD level of 69.94% as time goes on. On the contrary, Figure 11a,b represent
three-phase current responses and the FFT result of the a-phase current by the proposed
current controller with the same test condition as Figure 10. Thanks to the consideration of
the LC grid impedance in the design process, stable injected currents can be maintained,
as shown in Figure 11. The above fair comparison results clearly highlight the superior
performance of the proposed current controller under LC-type grid impedance.
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Figure 10. Simulation results for the control scheme in [22] when L, is 3 mH and Cg is 10 uF.
(a) Grid-side currents; (b) FFT result of a-phase grid-side current.
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Figure 11. Simulation results for the proposed control scheme when L¢ is 3 mH and Cq is 10 uF.
(a) Grid-side currents; (b) FFT result of a-phase grid-side current.
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5. Experimental Results

To validate the feasibility of the proposed scheme, the experiments are conducted on
a lab-based prototype system of three-phase GCI, as shown in Figure 12. To control the
three-phase LCLfiltered GCI prototype, the proposed scheme is executed on the digital
signal processor (DSP) TMS320F28335 (Texas Instruments, Dallas, TX, USA) with the mea-
surements of the DC-link voltage, grid currents, and grid voltages. All the measurements
from the sensors are processed with a 12-bit analog-to-digital (A /D) converter to send the
information to DSP. The schematic of the overall system is shown in Figure 12a, in which
the system parameters of the experimental prototype are listed in Table 1. The photograph
of the experimental setup is also shown in Figure 12b.

Load Bank
DC-link NN\~
Capacitor —\NN\—
1 —YW
- Grid-connected
Inverter
. Main Grid
Magnetic
®7 Rectifier - Circuit 0™ @
Breaker
Single-phase realer T
AC Source } 6 Grid
Impedance
> Gz}te Phase
Drive Currents
12 <
I-II)OCS' < > DSP +—\— A/D < Phase Voltages

A
DC-link Voltage

- | Main Grid

a9 Sall 7
Y 3 & Oscilloscope
Lk v

Circuit Breaker

Figure 12. Experimental configuration. (a) Schematic of the overall system; (b) Photograph of the
experimental setup.
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Figure 13a shows the three-phase main grid voltages used for the experiments. In this
case, the grid voltages and PCC voltages are the same since there are no grid impedances.
It is clearly shown that the real main grid inevitably includes harmonic distortions. The
FFT result of a-phase PCC voltage (real grid voltage) shown in Figure 13b shows large
harmonic components at 7th and 11th orders with small components in other low-order
harmonics.

a b c
— Upcc — Upcc —Upcc

Voltage : 100 [V/div] Time base : 10 [ms/div]

(a)

Voltage : 4.5 [V/div]

‘7th
th
5th l lf 13th

l l . Frequency : 250 [Hz/div]

[TV PP PRV I I W VL PTP  DIRR TPPRC TUTIT TN T T SR SPPRTTTITE_ R LI SR VPTTTRR TR |

(b)

Figure 13. PCC voltages were used for the experiments. (a) Distorted PCC voltages; (b) FFT result of
a-phase PCC voltage.

The first experiment is conducted to verify the tracking performance of the proposed
control scheme in the SRF under a stiff grid. Figure 14 shows the experimental results for
transient responses of grid-side currents under a distorted grid environment and the step
change in g-axis current reference from 4 A to 6 A. The grid-side current waveforms in SRF
and natural reference frames are presented in Figure 14a,b, respectively. It is obvious from
this test result that the grid-side currents rapidly track new references with quite negligible
overshoot, which agrees well with the simulation in Figure 5.
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Figure 14. Experimental results for transient responses with the proposed scheme under step change

in g-axis current reference. (a) Tracking the performance of grid-side currents in SRF; (b) Grid-side

currents.

Figure 15 shows the experimental results with the proposed scheme for grid-side
current waveforms at steady-state under a distorted grid. It is observed that the effect from
distorted harmonics in the background grid is well reduced on the injected currents, which
yields considerably sinusoidal grid-side current waveforms, as shown in Figure 15a. To
confirm that requirements for the harmonic limits of grid-side currents satisfy the IEEE Std.
1547, the FFT result for a-phase grid current is presented in Figure 15b. The FFT analysis
result shows that the harmonic components are significantly attenuated in output currents.



Energies 2024, 17, 1855

27 of 39

A
’ re—
SRR
Y\
g N

Current : 2 [A/div] Time base : 10 [ms/div]

Current : 90 [mA/div]
Odd harmonics

Sth ‘7th

1 1th th
| 4% 13

v ) 1 Frequency : 250 [Hz/div]

w A x
Yk WOR P A A gttt S\ A A » A .
e ¥ o N Y Y ry v LAl Abbdn o Pl USSP LS e LT L LT AR R T DL U P

(b)

Figure 15. Experimental results for steady-state responses with the proposed scheme. (a) Grid-side

currents and g-axis current; (b) FFT result of a-phase grid-side current.

To validate the estimating performance of observer, estimated and measured quantities
of each state variable are presented. Figure 16a—c show the comparison of the estimated and
measured states for the grid-side currents, inverter-side currents, and capacitor voltages,
respectively. Those experimental results clearly show that the estimated quantities track

well their measured ones with a good accuracy.
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Figure 16. Experimental results for estimating the performance of the observer. (a) Comparison
of the estimated and measured grid-side currents; (b) Comparison of the estimated and measured
inverter-side currents; (c) Comparison of the estimated and measured capacitor voltages.
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To investigate the performance of the inverter controlled by the proposed control
scheme under severe grid distortion, the experiments are performed with low-order grid
distortion harmonics at 5th, 7th, 11th, and 13th, in which the distortion level of each
harmonic is set to 5% of the fundamental component of the nominal grid magnitude. To
assign the above grid distortion level, a programmable AC power source is used instead of
the real main grid. Figure 17 shows a three-phase main grid under severe grid conditions.
In this case, the grid voltages and PCC voltages are also the same because there are no grid
impedances like Figure 13. Figure 18 shows the experimental results with the proposed
current control scheme for three-phase grid-side current waveforms at steady-state when
the g-axis current reference is 4 A under severely distorted grid conditions. As is shown in
Figure 18a, high-quality grid-injected currents can also be obtained by the proposed control
scheme due to a good harmonic disturbance compensation. The FFT result of the a-phase
grid current presented in Figure 18b also confirms high-quality currents.

b €
Upec — Upcc —VUpce

Voltage : 100 [V/div] Time base : 10 [ms/div]
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Voltage : 4.5 [V/div]
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Figure 17. PCC voltages were used for the experiments. (a) Distorted PCC voltages; (b) FFT result of
a-phase PCC voltage.
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Figure 18. Experimental results for steady-state responses with the proposed control scheme.
(a) Grid-side currents and g-axis current; (b) FFT result of a-phase grid-side current.

To validate the robustness of the proposed scheme under the grid impedance varia-
tions, several experiments are conducted when L-type or LC-type grid impedance exists
under the distorted grid environment.

As the first experimental test, the GCI system controlled by the proposed scheme is
operated under the existence of an uncertain grid inductance Ly of 5 mH. Due to the addi-
tional grid inductance, the distortion level of three-phase PCC voltages shown in Figure 19a
is increased as compared to Figure 13a. To comprehensively present the performance of
the proposed current controller, three-phase grid-side and g-axis grid-side currents are
presented in the same graph of Figure 19b. The current responses clearly show stable
and sinusoidal grid-side currents under L-type grid impedance. Also, the good tracking
performance of the g-axis grid-side current is confirmed by the g-axis current response.
Lastly, the FFT result of a-phase grid-side current is plotted in Figure 19¢ to show the
distortion level of the current. Not only are the low-order distortion harmonics caused by
the distorted grid environment well compensated, but the high-order resonant frequencies
are also well-damped. These results clearly show that the control objectives and the stable
operation of the GCI system controlled by the proposed control scheme are still maintained
under L-type grid impedance.
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Figure 19. Experimental results for the proposed scheme when uncertain grid inductance L¢ of 5 mH
exists. (a) Distorted PCC voltages; (b) Grid-side currents and g-axis current; (c) FFT result of a-phase
grid-side current.
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To verify the alignment between the simulation and experimental results of the pro-
posed scheme under the L-type grid impedance, the grid inductance L is increased to
7 mH, which is similar to the simulation setup in Figure 9. Due to the increase of the grid
inductance, the PCC voltages are distorted further by increased magnitudes of low-order
harmonics, as shown in Figure 20a. As shown in Figure 20b, the harmonic components in
the orders of 5th, 7th, 11th, and 13th are 6.9%, 2.5%, 5%, and 7.5% of the fundamental grid
voltage magnitude, respectively. Even under such severe conditions, three-phase grid-side
currents of the GCI controlled by the proposed scheme in Figure 20c,d show high-quality
grid-injected currents similar to Figure 9.

a 4
— Upce — vzl))cc —VUpcc
Voltage : 100 [V/div] Time base : 10 [ms/div]
(a)
Voltage : 4.5 [V/div]
5th l3ﬂl
l 1 1thl
' ‘7ﬂ1 l
Frequency : 250 [Hz/div]
(b)

Figure 20. Cont.
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Figure 20. Experimental results for the proposed scheme when the grid inductance Ly is increased
to 7 mH. (a) Distorted PCC voltages; (b) FFT result of a-phase PCC voltage; (c) Grid-side currents;
(d) FFT result of a-phase grid-side current.

In the next tests, the GCI system is operated under the complex grid, in which the
LC-type grid impedances are connected between the GCI output and the main grid. In
Figure 21, the grid impedance is set with the grid inductance L; of 3 mH and the grid
capacitance of 8 pF. The g-axis reference current is applied as 4 A to validate the performance
of the proposed scheme under a complex grid. As shown in Figure 21a, the additional
LC-type grid impedance causes the distortion increment in the PCC voltages as well. Even
under this severe complex grid condition, the GCI system still injects three-phase grid-side
currents stably with a quite sinusoidal form, as in Figure 21b. The FFT result of current
clearly presents low magnitudes of distortion harmonics in the grid-side output currents,
which are obviously lower than the maximum limits according to the IEEE Std.
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Figure 21. Experimental results for the proposed scheme when uncertain LC-type grid impedance
exists (L = 3 mH and C; = 8 pF). (a) Distorted PCC voltages; (b) Grid-side currents; (c) FFT result

of a-phase grid-side current.
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As the final test, the complex grid is set up with the grid inductance Ly of 3 mH and the
grid capacitance increasing from 8 pF to 10 puF. Under such harsh conditions, the measured
PCC voltages plotted in Figure 22a have a strong impact from the grid distortion. The
FFT result of PCC voltage in Figure 22b clearly shows that the magnitudes of 7th and
11th harmonics highly increase up to 5% and 12.5% of the magnitude of the fundamental
frequency. Even though the GCI system faces an extra grid dynamic caused by LC-type grid
impedance, the proposed control scheme successfully stabilizes the entire GCI system with
good quality currents, as in Figure 22¢, because the complex grid condition is effectively
taken into consideration in the controller design process. The robustness of the proposed
scheme against LC-type grid impedance is well illustrated by the experimental results. The
FFT result of the current in Figure 22d confirms that the 11th harmonic component in the
PCC voltage of Figure 22b is well suppressed by the harmonic rejection of the proposed
scheme by maintaining the distortion in the injected currents below the allowed limits.

a b c
— Upce — Upce —Upcc

Voltage : 100 [V/div] Time base : 10 [ms/div]

(a)

Voltage : 4.5 [V/div]

Mth

l ‘ l Frequency : 250 [Hz/div]

Figure 22. Cont.
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(d)

Figure 22. Experimental results for the proposed scheme when uncertain LC-type grid impedance
exists (Lg = 3 mH and Cg =10 pF). (a) Distorted PCC voltages; (b) FFT result of a-phase PCC voltage;
(c) Grid-side currents; (d) FFT result of a-phase grid-side current.

6. Conclusions

In this paper, a current control scheme has been designed to stabilize an LCL-filtered
GCI system under a distorted grid environment and uncertain grid impedance. First, to
deal with the negative impact of grid impedance, LC-type grid impedance is considered
in both the system model derivation and controller design process of an LCL-filtered GCI
system. Moreover, the integral and resonant control components are also augmented into
the system model to guarantee that the grid-injected currents from GCI will track the
reference without influence by disturbance from a distorted grid. Next, an incomplete
state feedback current controller based on the LQR has been developed to operate the
GCI under grid impedances. The asymptotic stability, robustness, and resonance-damping
capability of the proposed scheme have been confirmed by the closed-loop pole map
evaluation even when all the system states are not available. Comprehensive evaluations
have been conducted to validate the feasibility and effectiveness of the proposed control
design when the LCL-filtered GCI is connected to an unexpected grid. All the simulation
and experimental results have clearly proved that the proposed control scheme successfully
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stabilizes the entire GCI system with high-quality grid-injected currents even when the GCI
faces severe grid distortions and an extra grid dynamic caused by the L-type or LC-type
grid impedance.
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Nomenclature

Cr Filter capacitance

Cq Grid capacitance

d Grid voltage vector

i1 Inverter-side current

zq g-axis inverter-side current

i‘li d-axis inverter-side current

ip, i3 Grid-side current and reference current
ig, ig* g-axis grid-side current and reference current
ig, ig* d-axis grid-side current and reference current
ig Grid inductance current

ig g-axis grid inductance current

ig d-axis grid inductance current

K Optimal feedback control gain

K’ Incomplete state feedback control gain
Ke Observer gain

Li,Lp Filter inductance

Lg Grid inductance

Q Positive semi-definite matrix

R Positive definite matrix

r Reference current vector

Ts Sampling period

u System input vector

uq One-step delay system input vector

Ve Capacitor voltage

] g-axis capacitor voltage

v? d-axis capacitor voltage

Vbe DC-link voltage

Ug Utility grid voltage

vZ, g-axis utility grid voltage

vf, d-axis utility grid voltage

v; Inverter output voltage

v? g-axis inverter output voltage

v? d-axis inverter output voltage

Upee PCC voltage

U[;ch g-axis PCC voltage

v‘zcc d-axis PCC voltage

X System state vector

Xo Estimated state vector

y System output vector
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Zc Integral and resonant terms vector
€ Current error vector

0 Gird phase angle

¢ Damping ratio

w Algular frequency of grid voltage
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