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INTRODUCTION

The demand for electricity has experienced a sig-
nificant surge in recent decades, mostly driven by the
emergence of electric vehicles and the process of urban-
ization. Renewable energies (REs) such as solar photovol-
taic, winds turbine, and energy storage systems (ESS) are
increasingly being integrated into the distribution system,
and distribution generation (DG) to provide and fulfill
various benefits such as a dependable, secure, and highly
efficient energy supply to the loads. In DG, electrical
machines [1-3] play a crucial role in various applications
such as power generation, distribution, and industrial
processes. They are designed to efficiently convert, trans-
mit, and control electrical power within a network, allow-
ing for the seamless distribution of energy across multiple
locations. It is worth noting that the short circuit ratio
(SCR) holds significant effect over the maximum power
transfer capacity of the grid-connected inverter. The SCR
is a metric used to quantify the robustness of the grid. It is
determined by calculating the ratio between the short cir-
cuit power at the point of common coupling (PCC) and
the rated power of the inverter [4]. When the short-cir-
cuit ratio (SCR) falls below the range of 6-10, it indicates
a state of grid weakness. When the SCR exceeds a value
of 20, it indicates a high level of strength in the grid [5].
Based on the established definition of the SCR, it can be
inferred that an augmentation in the rated power of the
inverter or the impedance of transmission will result in
a decrease in the SCR, thereby rendering the grid less
robust. The voltage at the PCC exhibits significant vari-
ability when a substantial quantity of active power is fed
into a grid with low strength. Therefore, for it to main-
tain the voltage at the PCC within its specified rating [6],
it is necessary to employ reactive power regulation. The
power transfer capability of a grid-connected inverter is
limited by the inverse relationship between output reac-
tive power and output active power, given that the total
rated power of the inverter remains constant. Because the
power quality (PQ) issue poses significant technological
problems for REs attempting to integrate with DG, grid
connection is largely dependent on the grid connected
inverter (GCI)’s control technology. Consequently, in
utility applications, a GCI is at the heart of the interfacing
devices between REs and the grid. Moreover, many mod-
ern and efficient control strategies have been proposed
for GCI to provide a well-regulated power output and sta-
bility to the system.

Predictive controls have been studied in [7-14] for
three-phase GCls. In [7], a model-free predictive control
is proposed by deriving the mixed sensitivity Heo con-
troller from input/output measurements to reach opti-
mal predictive performance. Model Predictive Control
(MPC) has been carried out for three-phase GCIs with
L-filter [8,9] and LCL-filter [10,11]. To cancel out the
sensitivity of the grid disturbance, a disturbance observer

(DOB)-based on an extended Kalman filter has been
employed in [8] with a dichotomy algorithm. A direct
power control-based predictive control hasbeen studied in
[9] to provide a rapid dynamic response for a three-phase
GCI. The switching time of this converter is obtained by
minimizing the square errors of the active and reactive
power. Both the dynamic and steady-state performance
of this predictive direct power control is worthwhile. A
generalized predictive control, a subtype of continuous
control set-model predictive control (CCS-MPC), is sug-
gested in [10] as a means of reducing computing com-
plexity. Linear matrix inequality (LMI)-based MPC with
DOB has been studied in [11] to provide robustness to
the GCI system. The weighting matrix of the MPC cost
function and the DOB gain are determined by solving
LMI-based optimization problems with consideration of
the uncertainty model. An FCS-MPC is proposed in [12]
for a three-phase four-leg GCI. This method is an easily
realized control method with good dynamic performance
and robustness. Predictive-based deadbeat control is pro-
posed in [13] and [14] with a combination of Luenberger
observers to estimate the future value of the grid current.
This method provides a high-speed response from the
nature of deadbeat control, but the determining of the
observer gain is not optimal. To summarize, the predic-
tive control provides a fast dynamic response and with the
help of DOB, the offset error can be removed. Although
conventional MPC is effective in controlling systems
with disturbances, noise, and uncertainty, it demands a
considerable amount of computational power leading to
a high sampling frequency. In addition, the system may
experience steady-state errors if the effect of disturbances
and uncertainties is not considered, which is why the use
of DOB is crucial.

Classical PI control is one of the most well-known con-
trollers and has been proposed in [15-18] for three-phase
GClIs. In the presence of unidentified grid parameters, a
phase-locked loop (PLL)-free technique has been investi-
gated in [16]. Through a Lyapunov stability analysis, the
controller and observer of the design of this technique
are motivated and validated. Simply, grid voltage feedback
and phase angle are not necessary for this current control;
only the current feedback is needed. A PI-based controller
for three-phase GCI is suggested in [17] and is capable of
handling a varying grid. The proposed controller in [17]
employs two parallel current control loops, one for posi-
tive and another for negative sequence current signals, to
maintain constant current or non-oscillating active and
reactive power in three-phase grid-connected inverters
(GClIs). However, achieving optimal performance using
this method requires multi-loop gain tuning, which is a
disadvantage. To address this issue, an adaptive PID con-
trol technique with disturbance observer (DOB) for LCL-
filtered GClIs is proposed in [18]. The DOB ensures that
the steady-state performance of the system remains largely
unaffected by uncertainties. Although the adaptive learning
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rule employed in this method is complex and relatively
slow, it is essential for improving robustness and perfor-
mance. In conclusion, while the PI control approach is gen-
erally acceptable, achieving optimal performance with it
remains a challenge due to the difficulties involved in gain
tuning. The proposed adaptive PID control approach with
DOB offers a potential solution to this problem but at the
cost of increased complexity and slower response times. A
state feedback control has been studied with a combination
of integral control and DOB in the dq-rotational frame
[19]. This method proposed a systematic controller design
for GCI with LCL-filter using pole placement to determine
controller stabilizing gain.

The LMI-based control method has been the sub-
ject of extensive research and application in power
converters, such as three-phase inverters [20-25], sin-
gle-phase inverters [26], three-phase AC-DC convert-
ers [27,28], and grid-connected inverters [29,30], due
to its systematic design and optimization capabilities..
An LMI-based control is proposed for a three-phase
inverter capable of working in islanded and grid-con-
nected modes. In addition, two feedback controls are
designed for each operation mode with the inclusion of
uncertainty of grid impedance. An improvement is dis-
cussed in [21] by adding one step ahead prediction to
eliminate the time delay using robust state predictor and
Kalman filter. To provide an inverter that can withstand
the unbalanced and nonlinear load conditions, [22] has
been studied to regulate the output voltage supplying
a three-phase balanced sinusoidal waveform using the
resonant controller. Another approach, [23] proposed
an LMI-based continuous control set model predic-
tive control (CCS-MPC) to regulate the output voltage
with help from LMI based robust disturbance observer.
This method provides a good output tracking perfor-
mance with improved transient response during the
load change. Instead of using LMI based method for the
observer design, [24] employed the Kalman filter so that
the offset-free output voltage can be obtained. In [25],
a robust interpolation method is designed for a three-
phase LC-filtered inverter. The gain of this method is
determined by an interpolation between tight and loose
gain to get the best benefits of both types of gains.
An LMI-based approach was also proposed for a sin-
gle-phase droop-controlled inverter [26]. This scheme
utilizes static output feedback with consideration of
parameter variation for controller design. In the case of
three-phase DC-AC converter, a cascaded controller is
proposed in [27] for a fast-charging capability using the
CC-CV charging stage. To ensure stability without any
offset error, the inner loop of the controller employed
state feedback integral control based on LMI. Afterward,
the output charging voltage and current are controlled
by an outer loop PI controller. In addition to LMI-based
control, a linear quadratic regulator-based suboptimal
control has been studied for an interlink converter for

a hybrid AC-DC microgrid [28]. As a result, this con-
verter is able to manage the power demand balance
under numerous unknown filter parameters with supe-
rior output performances compared to those of PI. In
[29], another systematic control design has been dis-
cussed for grid-connected converters using LMI-based
optimal state feedback control. Despite not considering
the uncertainty model, this strategy also guarantees
overall stability with a response that has zero offset
error. It has also been improved by [30] to work under
unbalanced grid conditions by eliminating the negative
sequence current using dual current control.

Based on the literature review mentioned above,
here, we proposed a state feedback integral controller to
provide closed-loop stability in a three-phase grid-con-
nected inverter (GCI) without steady-state error. The
proposed GCI system can provide instantaneous power
from a DC source to the grid with ease and superior
reference tracking thanks to integral control. This
study enhances [29] by using an uncertainty model to
offer a wider range of stability even with unreliable fil-
ter parameters. Additionally, by using reference state
calculation, this method offers a greater capability for
controlling the power flow to the AC grid as opposed
to simply regulating the grid current. Furthermore, an
optimization problem is included in this paper to mini-
mize the settling time so that the set of stabilizing gains
is computed using MATLAB. By laying out a systematic
control design, the effort of gain tuning is lesser com-
pared to PI control. To verify the effectiveness of the
proposed control method, a comparison between con-
ventional PI power control is conducted in simulation
studies. This article is structured into distinct sections,
namely: an introduction, a discussion on continuous
and discrete time models, an exploration of reference
state computation, an analysis of simulation studies,
and a concluding section. The introductory section of
this study provides a concise overview of the issues,
previous studies, and the proposed research approach.
The second half of this paper presents the description
of the inverter model in both continuous and discrete
times, namely in the dq-frame. The subsequent section
of this paper will dive into the discussion of the pres-
ent reference realization, employing a straightforward
instantaneous power relationship within the dq-frame.
Subsequently, the outcomes of the aforementioned con-
trol strategy are validated by PSIM simulation and jux-
taposed with the outcomes of conventional PI control.
Eventually, the article concludes with a succinct conclu-
sion in its final part.

CONTINUOUS AND DISCRETE TIME MODELS

In this section, an easily understood process of a three-
phase grid-connected inverter with L-filters is discussed.
The topology of the GCI is shown in Figure 1.
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Figure 1. Three-phase grid-connected inverter with L-filter.

By applying Kirchhoff’s law to the GCI, the system o [cos(a)t) cos(at-27/3) cos(wt+2x/3)

dynamic can be obtained in abc-frame as follows: sin(wr) sin(wt-2x/3) sin(wr+27/3)| ®)

d t
L ldg ) _ u,(t)-Ri (t)-e,(t) The dynamic (2) can be expressed as a vector form as

dz 0 bellow:
L, ;, u, (1) - R i, (1) — e, (1) (1) )

x(t
=AX()+B.u(t)+D_e(r)
L ; di0) _ w(0) = Ri(O)-e.(0) dt (6)
dt y(1) = Cx(?)
T T4
where L,, R, e, =[e, ¢, e, and i i, iy i di,(t)
d

are filter inductance, resistance, grid voltage vector,
and grid current vector, respectively. The pole voltage where Cis output matrix C = [0
u, = [”a u, u, ]T. The dynamic (1) can be transformed to

0] dx(t) | dr
1 dr|di(0f

dq-synchronous frame as: R o dt
di (1) R, 1 1 A L. x(?) (0
i (t = x()=",
? L< L( le(l‘) Lr - € (t) " _ RX lq (t)
. L
di() R 1 1 (2) x
= i, —u,()-—e (t)
dt L 1 0 1 0
. u,(t) L
. . B = bl u(l) = B D = : 9
The relationship between abc-frame and dg-frame can ¢ u, (1) 1
) 0 — E 0 -—
be validated as follows: L, L,
. 2 . 307 n
14,0 = 2 TO1L. 0, 1, (0 =3 T 0, () ®  er=]“"].
e, (1)

With the sampling time h, the model (6) can be discret-

€, =3T0e, (0, € O=ST e, @)

where w is the angular frequency of the grid which can
be obtained by the phase-locked loop,

(7)

x(k +1) = Ax(k) + Bu(k) + De(k)
{y(k) - Cx(k)
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where A=1,,+hA,, B=/B,, D=D_ and I,, is iden-
tity matrix.

Uncertainty Model and Controller Design

The uncertainty model of the system and control-
ler design steps are presented in this section. The uncer-
tainty of the GCI system can be considered a variation of
the inductance and resistance values of the L-filter with an
assumed range. Suppose that the inductance and resistance
in each phase are equal but lie within the range below:
L. =<L=<L (8)

mij max

ijn =R= Rmax' (9)

Denote the pair of system dynamic (A,,B,) where (i =
1,2,3,4) in (7) correspond to the four possible combinations
of the extreme value of L and R:

) Lmax Lmax
(A,B)=|1,,+h R , h 1 ,
- — max 0 N
Lmax ‘max
R [ 1
_ _“min w 0
(A B ) I h Lmin h Lmin
s = + s s
2 2 2x2 R ) 1
- — —min 0 R
‘min Lmin
| o (10)
‘min ) 0
Lm‘\x Lm'\x
(A,By)=|1,,+h ’ ,hi ™ ,
. 1
—w min 0
Lmax Lmnx
1 -
‘max w 0
Lmin Lmin
(A,,B)=|L,,+h 't h .
—w _ Zlmax 0 -
Lmin ‘min

To eliminate the steady state offset error which is regu-
lating the system output y(k) to the reference i, which is

X, = Ax, + Bu,

(11)

iy =Cx, (12)
where x,, represents steady state and u, denotes steady
state input.
The control law [31] can be defined for (7) as follow

' (13)

n(k)=n(k-D+(yk-1-i,, )
u(k) =K x(k)+K;n(k)

The control law (13) can be rewritten as [32]:

u(k)—u(k-1) =K, (x(b) -x(k=1))+ K, (y(k =D =i,,,)) - (14)

Based on (7), (11), (12) and (14), the closed-loop
dynamic can be obtained as

2k +1)= A z(k) + B, (u(k) -u,) (15)
where
u(k)—u, = Kz(k)> z(k):= [nz‘g)_:(‘;) . K=[K, K]
e B[ 2]
The origin of the closed-loop dynamic
z(k+1)=(A, + B K)z(k) (16)

is asymptotically stable if there exist positive definite
matrices Q =Q” > 0and Y such that

T
Q (AuiQ+BuiY) >0 (i=1,2,3,4) (17)
AuiQ + BuiY Q
A B.
where A, :=| OM}, B, = [ ’ ]
C I, 0.,

The condition (17) also holds for some Q, >0(Q, <Q)
which

[AM,QQ+OBMY (A,Q :2 B,Y) >0(i=1234) (1g)
The stabilizing gain can be computed as
K=o (19)
where
Q<yQ, (O<y<I. (0)

It is expected that the minimal y yield faster conver-
gence rate of the augmented state z(k) to the origin. Thus,
an optimization problem is needed to be solved to obtain
stabilizing gain K, and the generalized eigenvalue problem
[33] can be expressed as

Minimize y subject to (18) and (20)

QaQO >0

y>0,Y (21)

The YALMIP [34] toolbox in MATLAB can be effec-
tively used to tackle this optimization problem.
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Reference States Computation

In this section, a simple current reference computation

is discussed using current, voltage and power relationship.

Output power delivery is regulated by amount of current

flow and direction, then the relation can be given in dg-syn-
chronous frame as

P= %(edid + eqiq)

; (22)

0= E(edid —el, )

where P and Q are active and reactive power, respec-
tively. To obtain the current equation (22) can be rewrit-
ten as

iy = (eP=e,0)
(23)

. 2
i, =ﬁ(eqP+edQ)

2
where M =¢) +e, the reference current can be
expressed as

i (e -e0,)
| : (24)
i;'ef = ﬁ(eql:’,{,, + eertf/ )

Reactive power needs to be reduced if the power factor
is to remain at unity. As a result, the equation (24) can be

It is preferable to include reactive power in the con-
troller design since, in some applications, it needs to be
regulated to a specific level. Therefore, the reference cur-
rent that corresponds to (24) can then be written as

I L A C A
rof = | aref _3M eq e, Qm,

i
The simplified control block diagram is shown in

q (26)
Figure 2.

Simulation Studies

The simulation of the proposed control system is imple-
mented using MATLAB and PSIM tools. Robust optimal
control gain K is determined by solving optimizing prob-
lems in equations (21) and (19) using the LMI toolbox
(YALMIP) in MATLAB as offline. Besides that, the com-
puted control gain is applied to the mathematical model
of the control system which is written in C language. Then
this model is embedded in the dll function block in PSIM
and the control algorithm is implemented in the simulation
model which is built in PSIM. For the implementation of
the model, the nominal system parameters given in Table
1 are used.

Table 1. Proposed system parameters

rewritten to Parameters Symbols Value
e p Grid phase voltage € 230V (rms)
= # Nominal filter resistance R, 0.1Q
2e P (25) Nominal filter inductance L, 3mH
if’/ = ;Tref Sampling period h 100us
Pref Ud Sa »
— I > o
Reference irer > = 5 e
State et Robust = |Svi | Three-phase = G
O | . Control | u, | & s GCI F &)
> omputation > 7 <y ~ <
A A - :
idq €dg idq €dg é(jzbbcc E
\ 4 !
1
1
i
Analog to !
Digital i
idg < ] 1o Converter i
@ =S < 1
€dq S | €abe i
1
Proposed Robust Power Controller i

Figure 2. The general block diagram of the proposed system.
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Simulation Using Different Parameters And Uncertainty
Ranges

The maximum and minimum values of the parameters
given in (8) and (9) could be defined using an uncertainty
range norm, as in (27) and (28) to express the effects of the
various uncertainty range (28). Different values of the induc-
tance and resistor are calculated for different #, as shown in
Table 2. Afterward, the transient behavior of the grid current
is validated as in Figure 3 using these different values.

L./m=L =<nL, (27)

R./m<R_s<nR, O<y<D. (28)
It can be seen that the use of narrow uncertainty range
results in faster convergence. In contrast, employing a
wider range yield a bit of sluggish performance of the out-
put current. Moreover, it is important to evaluate the sta-
bility of the nominal and uncertain system considering the
eigenvalues of the closed-loop system. Figure 4 and Figure
5 show the eigenvalues of the nominal and uncertain sys-

tems, respectively. The stability of the uncertain system is

Table 2. Upper and lower range of the parameters correspond to uncertainty range #

Uncertainty Range n=1.1 n=1.3 n=1.5 n=1.8 n=2.0
Rmin [Q] 0.090 0.077 0.067 0.056 0.050
Rmax [Q] 0.110 0.130 0.150 0.18 0.200
Lmin [mH] 2.730 2.310 2.000 1.667 1.500
Lmax [mH] 3.300 3.900 4.500 5.400 6.000
6
n=1.1
n=13
n=1.5
n=1.8
n=2.0
0 10 20 30 40 50 60 70 80 90 100
Time (step)
Figure 3. Transient performances of grid currents in dg-frame using different uncertainty range.
1r JUPPEET T . 1y JUPEE T -
/,' e =1 ’,*' = # Casel
0.8 F P n=13 0.8 - e Case 2
’/ o p=15 /’ o Case3
06+ A =18 06r A Case 4
J * =20 )/ F Case 4
04+ \ 041, D
021 \ 02} \
g g g 2
E E *
& 0} : B 0f ' LI
: A LY | o |
=-0.24 : =024 ,
041, /! 041N S
061 s, 060 N
0.8 e -0.8 e

Figure 4. Closed loop eigen values using nominal model

Real

with different uncertainty. range

Real

Figure 5. Closed loop eigen values using uncertainty range

n = 1.8 with different. parameter iteration cases.
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Table 3. Parameters variation cases using the same gain 7=1.8

Parameters Case 1 Case 2 Case 3 Case 4 Case5
R [Q] 0.010 0.050 0.100 0.150 0.200
L [mH] 1.000 2.000 3.000 4.000 5.000

evaluated for n = 1.8 under the five cases given in Table 3.
The parameter variation is tried to be shown by changing
the resistance and inductance values for n = 1.8 which is
chosen for the simulations as a design parameter. Thus, it is
shown that the uncertain system is stable within the given
limits. It is clear that the stability of the closed loop system
is unaffected by variations in inductance and filter values
within the defined range as seen in Figure 5.

Simulation Using Stepping Power Reference and Grid
Voltage Variation

To track the phase angle from the grid side voltage, it is
important to use the phase-locked loop (PLL) [35]. After
the determination of the grid-phase angle, three-phase
signals, i.e., voltage and current can be transformed to the
dqg-signals with DC quantities since the control system is
designed in dq reference frame. In Figure 6, the phase A
voltage of grid (a) is shown along with the phase angle (b)
obtained by PLL.

The steady-state performance of the proposed control
system is evaluated for reference tracking performance of
the active and reactive power for # = 1.8 as seen in Figure
7c. The active power reference P, is set to zero at t = 0
to t = 0.05 s, then it is increased to 2000 W at t = 0.05 s
and to 4000 W at t = 0.125 s. On the other hand, the reac-
tive power reference is set to zero for the whole simulation
process to maintain a unity power factor. It is important
to note that in some applications the reactive power is not

-400 ‘ ‘ ‘ : !
0 0.02 0.04 0.06 0.08 0.1
(a)
8
_ 6
T4
il
< 2
0
) s w . " w
0 0.02 0.04 0.06 0.08 0.1
(b)
Time (sec)

Figure 6. PLLs performance of grid angle tracking, (a)
phase-a grid voltage, (b) phase angle.

required to be set to zero, therefore the reference state can
be computed using equation (24) with the given amount of
active and reactive power. Figures 7a and 7b show the grid
voltages and currents respectively. The results show that the
proposed method yields faster transient response and good
reference tracking under uncertainties.

To further check the robustness of this proposed
method, the reference current tracking performance is
evaluated under the grid voltage variation. Figure 8a shows
the change in the grid voltage between time intervals 0 s to
0.15,0.15t00.25,0.2st00.3s,and 0.3 s to 0.4 sec respec-
tively. The current reference is given as 20A from t=0sec to
0.4sec. It is seen that the output current in the abc-frame
(Figure 8b) and dg-frame (Figure 8c) follow the reference
under the voltage change.

Comparative Result with Conventional PI Control

To compare the performance of the proposed method
with the classical controller, a conventional PI power con-
troller is designed based on the structure represented in

0.15 0.2

0 0.05 0.1

(b)
5 4000 —r
3 =
a —9
22000
Z
o Of ‘ . ; !

0 0.05 0.1 0.15 0.2
(©
Time (sec)

Figure 7. Inverter under variable power reference, (a) grid
voltage eabc, (b) grid current iabc, (c) active and reactive
power.
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Figure 8. Inverter under variable grid voltage, (a) grid
volage with variation between time, (b) grid current, (c) ac-
tive and reactive power.

Figure 9. The PI gains are obtained by trial and error and
their values are shown in table 4. In order to ensure a fair
comparison, the performance was adjusted manually until

Table 4. PI gain parameters
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Figure 10. Output active and reactive power using (a) pro-
posed robust control and (b) conventional PI control.

the transient response exhibited comparable levels of per-
formance. Furthermore, the evaluation of the performance
of these two controllers does not consider the transient
power output as the PI controller is not an optimal con-
trol strategy. It is important to acknowledge that the utili-
zation of integral time-weighted absolute error (ITAE) or
alternative tuning approaches may yield better results for
the PI controller. However, given that the primary emphasis
of this study does not lie in this aspect, the straightforward
approach of trial and error is employed instead. The PI con-
troller also uses reference state computation to compute the
current reference for the desired active and reactive power.

The results of both controllers are shown in Figure 10,

Gain Kp Ki
T om = 1600 where (a) are the result of the proposed method and (b) is the
T ga%n result of PI control. At the steady-state, performance of these
1q gain 20 1600 two controllers is identical. The proposed method does,
Pref Ud »
- Reference | iy > = 5 2
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Oref C . Control ug = GCI T @)
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Figure 9. Conventional PI control structure of the three-phase GCI.
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however, perform better overall since the active power side
has less ripple. The power ripple AP exhibited by the pro-
posed control approach is around 20 W in contrast to the 150
W power ripple seen in the PI control method when operat-
ing at a power reference of 2 kW. In summary, the robust con-
trol method being proposed shows a reduction in ripple of
86.66% compared to the PI control approach. Furthermore,
by relying on only the computed gain, the proposed method
requires less work to get the best performance.

CONCLUSION

This proposed study aims to provide well-regulated
power delivery from the DC source to the grid through
a systematic control design for a three-phase grid-con-
nected inverter. Previous research, such as MPC, required
high computational power and precise modeling in order
to obtain offset-free performance. Achieving optimal
performance in the case of PI control poses a persistent
challenge in terms of gain tuning. This proposed control
strategy effectively addresses the aforementioned issues
through the utilization of systematic control design, incor-
porating integral action to mitigate the presence of offset
error. Moreover, LMI optimizes the stabilizing gain of this
controller to minimize the convergence time. Based on
the simulation results of the proposed method, it can be
said that the output power is effectively transferred to the
grid by using a current reference that is calculated based
on the active and reactive power that is wanted. This pro-
posed robust control method shows a reduction in ripple of
86.66% compared to the PI control approach.
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