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Resiliency Enhancement and Power Quality
Optimization of Converter-Based Renewable

Energy Microgrids
Mohammad Sadegh Eslahi, Sadegh Vaez-Zadeh , Senior Member, IEEE, and Jose Rodriguez , Life Fellow, IEEE

Abstract—The converter-based renewable energy microgrids are
becoming indispensable parts of power grids. Nevertheless, the
increasing risks by different causes deteriorate the resiliency of
their grid integration. In this article, a sensorless combined control
method for the grid-connected converters is proposed to enhance
the resiliency in different aspects and against multiple risks. Power
quality improvement is also considered in the proposed method,
along with enhancing resiliency. A single control system is proposed
to deal with unbalanced grid conditions, severe load changes, and
short circuit faults. The control system has a low dependence
on the system parameters. Also, a new reference calculation is
proposed to improve the system performance under balanced and
unbalanced conditions. It provides stable operation under normal
and abnormal conditions, such as unbalanced voltages, voltage
sag, faults, etc. The operation under the proposed control system
is compared with the one under a conventional control system
to confirm its performance superiority through simulation and
experimental results.

Index Terms—Combined control (CC), current control, faults,
grid connection, resilience, risks, sensorless, unbalanced voltages,
virtual flux (VF), voltage source converters.

NOMENCLATURE

e, v Grid and converter voltage vectors.
i Grid current vector.
R, L Equivalent series resistance and inductance.
P, Q Active and reactive powers.
λe, λv, λcap Grid, converter, and capacitor flux linkage.
ω Angular frequency of grid voltage.
δe Grid voltage angle.
If, Ih Fundamental and harmonic current compo-

nents.
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Ac, Bc, Cc, Ec System matrices.
Pnom Nominal active power capacity of the converter.
VPCC Voltage at point of common connection.
ie, iv, icap Grid, converter side, and capacitor currents in

LCL topology.
Superscripts
∗ Reference value.
′ 90 electrical degrees lagged vectors.
Subscripts
αβ Stationary α, β axis.
dq Synchronously rotating d, q axis.
xy Grid virtual flux x, y axis.
0, c, s DC, cosine, and sine components.
+, - Positive and negative sequence of a vector.
dis Discrete-time model.
Acronyms
GCC Grid-connected converter.
VC Vector control.
DPC Direct power control.
CC Combined control.
VF Virtual flux.
THD Total harmonic distortion.
LVRT Low-voltage right-through.

I. INTRODUCTION

I T IS predicted that the global share of renewable energy in
the power sector will increase to 85% by 2050 [1]. Converter-

based renewable power plants in microgrids would mainly gen-
erate it. The increasing penetration level of renewable energy
in power grids provides major challenges in grid integration.
In fact, the increasing risks by different causes, from natural
disasters to cyber-attacks, deteriorate the resiliency of grid in-
tegration of renewable microgrids. The control method applied
to the converter-based renewable microgrids is an opportunity
to overcome the integration challenge. It should guarantee the
stability, reliability, and resiliency of the microgrids according
to advanced grid codes under normal and abnormal conditions
[2], [3]. Besides many methods that have been provided for the
control of microgrids under normal conditions, various control
methods have been proposed to overcome the problems of grid
unbalanced conditions for single and three-phase converts [4],
[5]. Also, different methods have been proposed to enhance
the LVRT capability during faults [6], [7]. However, a few

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

https://orcid.org/0000-0002-1903-9648
https://orcid.org/0000-0002-1410-4121
mailto:mseslahi@ut.ac.ir
mailto:vaezs@ut.ac.ir
mailto:jose.rodriguezp@uss.cl
https://doi.org/10.1109/TPEL.2023.3257084


7786 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

studies could be found in which 1) a control system successfully
faces multiple risks simultaneously and enhance the resiliency
in different aspects, 2) the power quality is improved, and 3)
the system experiences little dependence on the parameters. It is
desirable to tackle the challenges with a single converter control
system.

Most high-capacity renewable power plants are located at
long distances from load centers. Therefore, the probability of
occurrence of events with low probability and high impact is
increased and inevitable. The consequences of such events can
range from local problems to power system collapse, and power
quality derates, etc. Generally, these kinds of events could be
classified into the following categories [8], [9], [10].

1) Technical issues, such as unbalanced conditions, symmet-
rical and asymmetrical faults, etc.

2) Equipment failures or malfunctions.
3) Cyber, physical, or cyber-physical sabotages.
Therefore, more accurate and advanced control systems are

needed to guarantee the system resiliency before, during, and
following such disturbances.

Generally, the GCC control methods can be categorized into
pulsewidth modulation (PWM) based and table-based methods.
Different analytical and experimental studies show that VC is
the most known PWM-based method. It inherently enjoys good
steady-state, dynamic performance, and constant switching fre-
quency. However, a feedforward circuit and thus its dependence
on the system parameters are the VC disadvantages. Also, in
VC, the PI controllers tuning to have a good performance for
a wide range of operations are a challenge [11]. DPC is the
most famous table-based method. DPC regulates the active and
reactive power faster than VC with a simple structure. Also,
DPC is more robust against grid and filter parameter variations
than VC. However, designing filters and attenuating certain
harmonics in the DPC method is more complicated than in VC
due to a variable switching frequency [12]. CC is proposed to
integrate the positive features of VC and DPC in a control sys-
tem. As a table-based method, CC inherits the fast power/current
dynamic response from the DPC method achieved by hysteresis
current controllers. Also, it enjoys a lower current THD and
fewer power ripples due to its current component’s regulation.
These features are obtained from the VC method. However, the
method needs information of grid voltage and the calculation
of VF [13], [14]. It should be noted that PWM and table-based
methods steady-state performance comparisons are dependent
on sampling and switching frequencies [15].

The measuring device failure or malfunction is also inevitable
in the GCCs. Therefore, it is better to reduce the number of
sensors to enhance the resiliency of the system and reduce the
cost of converter-based renewable power generation. In this
regard, several sensorless voltage estimation schemes have been
proposed, which usually estimate the positive sequence of the
voltage. But a few studies could be found in which estimating
the unbalanced voltage conditions has been proposed while
the LVRT capability is not considered at them [16], [17]. It is
desirable to estimate the grid voltage under balanced and unbal-
anced conditions while the LVRT techniques are considered.

Fig. 1. Topology of a grid-connected voltage source converter.

In this article, a sensorless CC is proposed for GCCs. The
following contributions are provided.

1) Resiliency enhancement:
a) The method can tackle multiple risks, including unbal-

anced grid conditions, severe load changes, and faults.
b) The VF estimation is eliminated; thus, the parameter

dependence of the method is reduced. As a result,
the GCC resiliency is improved against the system
parameter variations.

c) A grid voltage estimation is considered to enhance its
resiliency against voltage sensor malfunctions.

2) Performance improvement:
a) The proposed CC method has a better steady-state

response than DPC due to the current regulations.
b) The proposed CC method has a faster dynamic re-

sponse than VC due to using hysteresis current con-
trollers and being a table-based method.

c) The proposed method calculates the current references
to optimize the grid current THD in real-time.

The principles of the conventional CC method under normal
grid conditions and improved CC for unbalanced grid conditions
are reviewed in Section II. The proposed sensorless control
method is introduced in Section III. In addition, a comparative
analysis of the performance of GCC under conventional and pro-
posed control methods is presented by extensive simulations and
experimental results in Section IV. Finally, Section V concludes
this article.

II. SYSTEM MODEL AND CONVENTIONAL CC

The main task of a GCC is to exchange the maximum available
power with the highest possible power quality with the power
grid taking into account the grid code requirements. By consid-
ering the converter as a voltage source, the simplified equivalent
circuit of the GCC can be shown in Fig. 1 and its mathematical
model is

e = Ri+ L
di

dt
+ v (1)

where e and v are the grid and the converter voltage vectors,
respectively, and R and L are the equivalent series resistance
and inductance, respectively. In GCC applications, the line filter
equivalent R and L are assumed as stator resistance and leakage
inductance of a virtual ac machine, respectively. Thus, the grid
voltage e is induced by a virtual air gap flux linkage [18], [19].
Therefore, grid flux linkage λe and converter flux linkage λv

can be expressed similar to the flux linkage definitions in an
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Fig. 2. Equivalent circuit of a grid-connected voltage source converter. (a)
With L filter. (b) With LCL filter.

electrical machine as

λe =

∫
edt (2)

λv =

∫
vdt. (3)

According to (1), λe is rewritten as

λe =

∫
(v +Ri)dt+ Li. (4)

In reality, the value of R is negligible compared to the equivalent
inductance value. Therefore, according to (2)–(4), the relation-
ship between λe and λv is presented as

λe = λv + Li. (5)

Different control methods based on VC and DPC with dif-
ferent control targets have been proposed in the literature for
GCCs with their own merits and demerits. CC of VC and DPC
was provided in order to have a control system that enjoys
some positive advantages of either of the two basic methods,
in addition to avoiding some of their drawbacks. The basics of
CC method for both GCCs and electrical machines have been
studied and proven [20], [21], [22]. The CC method is based on
the proportionality of the P and Q changes to the currents and
flux linkages components changes, which could be expressed as{

ΔP ∝ Δiq,
ΔQ ∝ Δid,{
ΔP ∝ Δλvq

,
ΔQ ∝ Δλvd

,

⎫⎪⎪⎬
⎪⎪⎭ . . . ⇒

{
Δid = −1

L Δλvd

Δiq = −1
L Δλvq

. (6)

CC method controls the currents through hysteresis controllers
instead of PI ones and has a switching table instead of a PWM
generator. In the topology shown in Fig. 1, the converter connects
the grid through an equivalent L filter. It is also possible to use
an LCL filter in order to attenuate the harmonics and reduce
the filter size compared to the L filter. Fig. 2(a) and (b) show
the equivalent circuit of a GCC with L and LCL filters, respec-
tively. If the LCL filter is used instead of a series inductor, the
VF estimation should be modified, as explained in the following

[23], [24]. In this topology, the capacitor VF λcap is expressed
as

λcap =

∫
vdt+ Lviv. (7)

The grid VF is then calculated based on the converter-side flux
linkage and λcap as

λe = λcap + Le(iv + icap) = λcap + Leie. (8)

It should be noted that the exchanged active and reactive power
is controlled in the converter side. Therefore, the reactive power
that is consumed by the LCL capacitor should be considered in
the Q calculation. The capacitor reactive power is expressed as

Qcap = 1.5(iαβcap
⊗ vαβcap

). (9)

The conventional CC method is proposed for balanced grid
conditions in GCC applications. However, the conventional
CC does not provide good performance under unbalanced grid
conditions. Under the unbalanced conditions, the grid current
THD increases extremely and the active and reactive power will
have oscillations with a frequency of twice the line frequency
that may not satisfy the grid codes and standards requirements.
These issues may reduce the capacitor lifetime and subsequently
the GCC reliable operation level decreased. In the single-phase
GCCs, these oscillations are reduced by choosing a high enough
dc-link capacitor value, changing the inverter topology, etc.
[5], [25], [26]. However, solving these issues in three-phase
GCCs is totally different and unlike normal conditions, filters
cause more fluctuations in unbalanced conditions and cannot
eliminate or reduce the power fluctuations. Another CC method
was proposed to overcome these problems while maintaining
the advantages of CC under unbalanced conditions [27]. In this
CC method, a new current references calculation is suggested
as ⎧⎨

⎩i∗x = − 2
3P

∗λeq

ω(λedλey−λeqλx)
+

4
3Q

∗λey

ω(λ2
ed+λ2

eq+λ2
ex+λ2

ey)

i∗y =
2
3P

∗λed

ω(λedλey−λeqλex)
− 4

3Q
∗λex

ω(λ2
ed+λ2

eq+λ2
ex+λ2

ey)

. (10)

As seen in (10), the “+” and “−” sequence extractions of grid
voltages and currents are eliminated from the current reference’s
calculation process compared to the most recently presented
unbalanced control methods [5]. Current references are calcu-
lated in the grid VF frame in this CC method. Fig. 3 shows the
schematic diagram of the CC method under unbalanced grid
conditions in which the reference current is calculated by the
VF. However, LVRT capability is not considered in this method.

III. PROPOSED CC

Although by applying the CC method presented briefly in the
previous section, the grid current THD and the P oscillations
under the unbalanced conditions are reduced, first, the method
needs a VF estimation process. As shown in Fig. 4, the grid and
filter parameters are used in the VF estimation process. This may
lead to incorrect flux estimation due to parameter variations.
According to (10) and Fig. 3, this issue directly affects the
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Fig. 3. Block diagram of the CC method under unbalanced grid conditions
with the reference current calculated by a VF.

Fig. 4. Block diagram of the grid VF estimator.

current reference calculations, deteriorates the control system
performance, and reduces the resilience of the system in both
normal and abnormal conditions. Also, VF is usually presented
for normal conditions, and its performance is not guaranteed in
abnormal system conditions, such as faults in the grid, voltage
sag at the point of common connection (PCC), or line parameter
variations [28].

Second, according to Fig. 3 and (10), the CC method
needs three different frame transformations, i.e., (abc→αβ),
(αβ→dq), and (αβ→xy). The mentioned CC method uses the
grid VF angle for these frame transformations, which its uncer-
tainty due to parameter variations and abnormal grid conditions
could threaten the system resiliency. Also, it seems that applying
improved PLL methods increases the computational burden and
complexity of the system. Third, the presented CC method in
Section II cannot respond under fault conditions. Also, software
considerations are not provided for inverter protection against
the overcurrent of the semiconductors. Therefore, the following
control method is proposed based on the CC in order to control
the system with improved power quality under balanced and
unbalanced conditions. The VF estimation and different frame
transformations are eliminated from the proposed CC method.
Also, it is capable of responding against multiple risks. In
the following, the principles of the proposed CC method are
presented.

A. Principles of the Proposed CC Method for Unbalanced
Conditions

As presented in the previous section, under unbalanced con-
ditions, the active and reactive powers have oscillations with
a frequency of twice the line frequency in addition to a dc
component as{

P = P0 + Pc2 cos (2ωt) + Ps2sin (2ωt)
Q = Q0 +Q c2 cos (2ωt) +Q s2sin (2ωt)

. (11)

It is common to use the “+” and “−” sequence components of
i and e to expand (8). However, in the proposed CC method,
the 90 electrical degrees lags components are used instead of
“+” and “−” sequence components. Therefore, (11) could be
expanded as{

P0 = 3/4
(
iαβ � eαβ + i′αβ � e′αβ

)
Q0 = 3/4

(
iαβ ⊗ eαβ + i′αβ ⊗ e′αβ

) (12)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

P̃out = 3/4
((
iαβ � vαβ − i′αβ � v′αβ

)
cos(2ωt)

+
(
iαβ � v′αβ + i′αβ � vαβ

)
sin(2ωt)

)
Q̃out = 3/4

(
−(

iαβ � v′αβ + i′αβ � vαβ
)
2
cos(2ωt)

+
(
iαβ � vαβ − i′αβ � v′αβ

)
1
sin(2ωt)

)
(13)

where F′
αβ denotes their quadrature values that lag Fαβ by 90

electrical degrees. Under unbalanced conditions, it is required to
minimize the active power oscillations. Also, the active power
dc component of GCC should be adjusted to its reference value,
i.e., ⎧⎨

⎩
P̄ = Pref

Q̄ = Qref

P̃out 	 0
. (14)

According to (12), (13), and by solving (14), the current refer-
ence is calculated as{
i∗α=

−4P ∗
3Δ [e′β Xβ+eαY + e′αZ]+ 4Q∗

3Δ [e′α Xα−eβY− e′βZ]

i∗β=
4P ∗
3Δ [e′α Xα+eβY + e′βZ]+ 4Q∗

3Δ [e′β Xβ−eαY − e′αZ]
(15)

where ⎧⎪⎨
⎪⎩
Xαβ =

(
v2αβ + v′2αβ

)
Y = (v′αvβ − vαv

′
β)

Z = (vαvβ + v′αv′β)
. (16)

The current reference calculations of (15), compared to the
conventional reference calculations (10), have the following
advantages.

1) The VF components are eliminated.
2) The (αβ→dq) and (αβ→xy) reference frame transforma-

tions are eliminated.
On the other hand, it is required to achieve a sinusoidal grid

current with an acceptable THD under unbalanced conditions.
Although applying the current references (15) to the converter
reduces the current THD, it does not guarantee a minimum cur-
rent THD. Therefore, finding a simple, implementable relation
between the current THD, P, and Q is necessary to calculate
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the references and improve the current THD. Various THD
estimation methods have been proposed in the literature [29],
[30]. The following THD estimation is online, does not have
training time, has high accuracy, low computational burden, and
does not need extra signals and parameters. It is presented as

THD =

√∑∞
n=2 I

2
n

I1
=

√
‖Ih‖2
‖If‖2

(17)

where If and Ih are fundamental and harmonic current compo-
nents, respectively. By assuming a sinusoidal phase voltage, the
dc and ac components of P and Q for one phase are expressed
as {

P̄ = 2EI1 cos (θe1 − θi1) s
Q̄ = 2EI1 sin (θe1 − θi1)

(18)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
P̃ = e

[∑∞
n=2

√
2In cos (nωt+ θin)

]
+ e′

[∑∞
n=2

√
2In cos

(
nωt+ θin − nπ

2

)]
Q̃ = −e′

[∑∞
n=2

√
2In cos(nωt+ θin)

]
+ e

[∑∞
n=2

√
2In cos

(
nωt+ θin − nπ

2

)] . (19)

If and Ih and their lagged values are calculated by[
if
i′f

]
= G

[
e −e′

e′ e

] [
P̄
Q̄

]
(20)

[
ih
i′h

]
= G

[
e −e′

e′ e

] [
P̃

Q̃

]
(21)

where

G =
1

e2 + e′2
(22)

and i′f and h denote their quadrature values that lag if and h by 90
electrical degrees. As seen in (18) and (19), the dc components
are related to If and the ac components are related to Ih. The
rms of fundamental and harmonic components is expressed,
respectively, as

‖If‖2 = i2f + i′2f (23)

‖Ih‖2 = i2h + i′2h (24)

where Ih contains dc and ac components. The ac components
should be eliminated, which is done by using a low-pass filter.
Also, according to (20) and (21), the rms of fundamental and
harmonic components is rewritten as

‖If‖2 =
P̄ 2 + Q̄2

e2 + e′2
(25)

‖Ih‖2 =
P̃ 2 + Q̃2

e2 + e′2
. (26)

Therefore, according to (17), (25), and (26), the current THD is
expressed as

THD =

√∑∞
n=2 I

2
n

I1
=

√
‖Ih‖2
‖If‖2

=

√
P̃ 2 + Q̃2

P̄ 2 + Q̄2
. (27)

Equation (27) shows that minimizing the ac components of P
and Q reduces the current THD. Also, the excess capacity of

Fig. 5. Synthetize of the proposed current reference calculations.

the converter can be assigned to dc components of Q in order
to improve the current THD. The reference P̄ is determined
according to the grid demand. Therefore, the second statement
of (14) is expressed as

Q̄ = KQref . (28)

Conventionally, K factor was chosen to be one. However,
through different simulation and experimental tests presented
in the next section, it is realized that setting K = 1 does not
necessarily result in a minimum grid current THD. Therefore,
according to the CC principles, (12), (13), and solving by (14),
the current references can be found as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

i∗α = K1

(
−4P ∗
3Δ

[
e′β Xβ + eαY + e′αZ]

+ 4Q∗
3Δ [e′α Xα − eβY − e′βZ

] )
= K1i

∗
α,con

i∗β = K2

(
4P ∗
3Δ [e′α Xα + eβY + e′βZ

]
+ 4Q∗

3Δ

[
e′β Xβ − eαY − e′αZ]

)
= K2i

∗
β,con

(29)

where i∗αβ,con denotes the current references presented in (15).
Therefore, the optimized current reference according to the
minimum THD is set, as shown in Fig. 5. According to this
figure, first i∗αβ,con is calculated by (15), then i∗αβ,con and its
lagged vector are multiplied by K1 and K2. After that, the dc and
ac components of P and Q are calculated. Then, the current THD
is calculated by (27). In the next step, K1,2 are changed and the
process is repeated. Finally, K1,2 corresponding to the minimum
current THD are selected. In selecting K1,2, the power factor is
also checked in order not to exceed the grid code standard.

B. Sensorless CC

As presented in Section II, the resilience concept contains
different aspects. Measuring equipment failure is one of the
aspects that may threaten the system stable and reliable oper-
ation. Therefore, a state estimator and a disturbance observer
are designed and added to the proposed CC method to reduce
the number of sensors and enhance the resilience of the system.
In the following, the principles of the observer are presented.
The state-space equations of the system under the unbalanced
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conditions become

d

dt

⎡
⎢⎢⎣
i+d
i+q
i−d
i−q

⎤
⎥⎥⎦

︸ ︷︷ ︸
ẋ(t)

=

⎡
⎢⎢⎣
−R/L ω 0 0
−ω −R/L 0 0
0 0 −R/L −ω
0 0 ω −R/L

⎤
⎥⎥⎦

︸ ︷︷ ︸
Ac

⎡
⎢⎢⎣
i+d
i+q
i−d
i−q

⎤
⎥⎥⎦

︸ ︷︷ ︸
x(t)

+

⎡
⎢⎢⎣
1/L 0 0 0
0 1/L 0 0
0 0 1/L 0
0 0 0 1/L

⎤
⎥⎥⎦

︸ ︷︷ ︸
Bc

⎡
⎢⎢⎣
v+d
v+q
v−d
v−q

⎤
⎥⎥⎦

︸ ︷︷ ︸
u(t)

+

⎡
⎢⎢⎣
1/L 0 0 0
0 1/L 0 0
0 0 1/L 0
0 0 0 1/L

⎤
⎥⎥⎦

︸ ︷︷ ︸
Ec

⎡
⎢⎢⎣
e+d
e+q
e−d
e−q

⎤
⎥⎥⎦

︸ ︷︷ ︸
d(t)

(30)

y = Ccx(t), Cc =

⎡
⎢⎢⎣
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

⎤
⎥⎥⎦. (31)

For the digital implementation, (30) and (31) should be trans-
formed into the discrete-time model as{

x(k + 1) = Adisx(k) +Bdisu(k) + Edisd(k)
y(k) = Cdisx(k)

(32)

where

Adis = I4×4 +AcTs, Bdis = BcTs, Edis = EcTs.
(33)

The unknown grid voltage (k) is assumed to be constant, i.e.,

ḋ(t) =
[
0 0 0 0

]T
, or in discrete format:d(k + 1) = d(k)

(34)
in order to estimate the grid voltage, the state vector is combined
with the grid voltage as a disturbance state[

x(k + 1)
d(k + 1)

]
=

[
Adis Edis

0 I4×4

]
︸ ︷︷ ︸

Am

[
x(k)
d(k)

]
+

[
Bdis

0

]
︸ ︷︷ ︸

Bm

u(k) (35)

y(k) = [Cdis 0]

[
x(k)
d(k)

]
. (36)

The state (k) and disturbance (k) vectors are estimated based on
the measurement of the grid currents. The proposed state and
disturbance observer are expressed as[

x̂(k + 1)

d̂(k + 1)

]
︸ ︷︷ ︸

M̂(k+1)

=

[
Adis Edis

0 I4×4

]
︸ ︷︷ ︸

Am

[
x̂(k)

d̂(k)

]
︸ ︷︷ ︸
M̂(k)

+

[
Bdis

0

]
︸ ︷︷ ︸

Bm

u(k)

−
[
L1

L2

]
︸ ︷︷ ︸

Lm

[
Cdis 0

]︸ ︷︷ ︸
Cm

[
x̂(k)

d̂(k)

]
︸ ︷︷ ︸
M̂(k)

. (37)

Fig. 6. Block diagram of state and disturbance observer to estimate grid
voltages.

To determine the optimal observer gain Lm, an error dynamic
can be obtained by subtracting (37) from (35) as

εm = M(K + 1)− M̂(K + 1) =

[
Adis − L1Cdis Edis

−L2Cdis I4×4

]
.

(38)
The system in (37) is stable if, and only if, the following
inequalities hold as[

δH (Am − LmCm)T

(Am − LmCm) H

]
> 0 (39)

where H is a positive-definite matrix, δ determines the conver-
gent speed of the system states (39) can be solved using MAT-
LAB LMI toolbox, taking into account the following constraints:

minimizeH subjected to (39)
objects :

δ > 0
H > 0
HLm > 0.

(40)

Fig. 6 shows the block diagram of the state and disturbance
observer used in the proposed CC method to estimate the grid
voltage under balanced and unbalanced conditions.

C. Faults

As presented in Sections I and II, balanced and unbalanced
voltage dips may cause grid problems, such as voltage flickers,
power outages, and system instability. Therefore, GCCs control
methods should have LVRT capability to interact with the grid.
Thus, the LVRT capability is considered in the proposed control
method to have an appropriate response beyond just unbalanced
conditions to enhance the resiliency of the system against mul-
tiple risks. In the design of the proposed method, short-circuit
faults and extreme load changes are considered. According to the
IEEE 1574 and the common advanced grid codes, the reactive
power reference is set as

Q
∗
=

⎧⎨
⎩
Pnom

2Pnom(1− Vpcc)
0

0 ≤ Vpcc < 0.5
0.5 ≤ Vpcc < 0.9
0.9 ≤ Vpcc < 1.1

. (41)

Under normal conditions, it is not required to inject any
reactive power. Also, under abnormal grid conditions, the GCC
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Fig. 7. Reactive power injection to support/limit the PCC voltage during
LVRT.

Fig. 8. Block diagram of the proposed CC method.

injects a required amount of reactive power according to (41)
and Fig. 7 to improve the grid stability.

Fig. 8 shows a block diagram of the proposed CC method
in which the grid voltage sensors are eliminated, and a grid
voltage estimator is added to the system. This voltage estimator
is appropriate for balanced and unbalanced conditions. Also, the
reference current is calculated without using VF and optimized
to achieve the minimum grid current THD. As shown in this
figure, the VF estimator is eliminated and the reactive power
reference is set according to the grid codes. The proposed CC
method can provide an active power with high quality under
both balanced and unbalanced conditions with an acceptable
current THD. Also, during faults that cause voltage dips, the
injected current to the grid increases to provide desired active
and reactive power. This may cause damage to the converter due
to the semiconductor over current. Therefore, a current limiting
strategy is also considered for enhancing LVRT operation of the
GCC.

IV. PERFORMANCE ANALYSIS

In this section, the performance of the proposed CC method is
investigated by performing several simulation and experimental
tests. The proposed CC performance is compared with the

TABLE I
SYSTEM PARAMETERS

Fig. 9. (a) and (b) Effects of the K factor variation on the current THD.
(c) Validation of calculated THD by (27) with real THD.

conventional CC presented in Section II under grid balanced,
unbalanced conditions, and voltage sag caused by the fault. The
system parameters are listed in Table I.

As presented in Section III-A, K1,2 is investigated and the
results are illustrated in Fig. 9. In this figure, K is represented
as K1 in (29) and K2 is assumed to be 1-K1. Fig. 9(a) shows
the current THD under three different conditions: 1) before t
= 0.5 s, the grid voltages are balanced, 2) at t = 0.5 s, the
voltage magnitude of phase-c drops by 20%, 3) the transition
from one-phase to two-phase unbalanced conditions occurs at t
= 0.7 s. Also, K varies from 1 to 0.5 by steps of 0.1. As seen in
Fig. 9(a), no specific K minimizes the current THD under any
conditions. In order to deepen the study of the effect of K, the
voltage drops vary from 100% to 60% in one-phase by steps of
5%, and K varies from 1 to 0.5 by steps of 0.01. The current THD
corresponding to the variations is shown in Fig. 9(b). Fig. 9(c)
shows the validation of calculated THD by (27) with real THD.
As shown in Fig. 9(c), the calculated THD and the real one
are very close. Also, two active power reference changes at t =
0.6 s and t = 0.8 s are applied to the system to investigate the
validation of calculated THD in this kind of condition.
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Fig. 10. Simulation results under two-phase unbalanced grid conditions.
(a) Grid voltages. (b) Conventional CC method. (c) Proposed CC method.

The transition from one-phase to two-phase unbalanced con-
ditions under the two control methods is studied and their
simulation results are presented in Fig. 10. The grid operates
normally up to t = 0.35 s. At t = 0.35 s, the voltage magnitude
of phase-c drops by 20%, and after the transition from one-phase
to two-phase unbalanced condition, which occurs at t = 0.5 s,
the P and Q oscillations of the conventional CC method increase
and the current THD reaches to 10.34%, which is far away
from the grid codes regarding THD limitations. However, it is
seen that the P oscillations are eliminated under the proposed
CC method and the current THD reduces to about 3.7%. In
addition, the dynamic performances of both control methods
are investigated under unbalanced conditions. The active power
reference of system under the control methods increases from
1000 to 1500 W at t= 0.6 s and decreases from 1500 to 700 W at
t = 0.8 s, respectively. As seen in Fig. 10(b) and (c), the system
under the conventional CC method has a big overshoot in P,
Q, and currents under dynamic conditions. However, the active
power follows its reference appropriately in the system when
the proposed CC method is used.

The performance of the conventional and proposed CC meth-
ods is investigated under two voltage sags at the PCC. The results
are presented in Fig. 11, respectively. First, the PPC voltage
drops by 45% at t = 0.4 s and last for 0.2 s. It then drops by 20%
at t= 0.8 s and lasts 1 s. As shown in Fig. 11(a), the conventional
CC cannot support the PCC voltage. However, the proposed CC
method injects a specific amount of reactive power to support

Fig. 11. PCC voltage in per-unit for LVRT test. (a) Conventional CC method.
(b) Proposed CC method.

Fig. 12. Picture of the experimental setup.

TABLE II
SPECIFICATIONS OF EXPERIMENTAL SETUP

the PCC voltage. The performance of the proposed CC method
is shown in Fig. 11(b).

Experimental tests are performed to confirm the effectiveness
of the proposed control method. The conventional and proposed
CC under balanced and unbalanced grid voltage conditions are
tested. The experimental setup contains a TMS320F28379D to
execute the proposed control method, which is shown in Fig. 12.
The specifications of the experimental setup are listed in Table II.

Fig. 13(a) shows the phase voltage and its angle under the
balanced conditions. The grid unbalance is around 15%, which is
caused by adding a resistor between the grid and the inductance
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Fig. 13. Experimental results. (a) Grid voltage and its angle under balanced
conditions. (b) One-phase unbalanced voltage conditions. (c) Estimated and
measured voltage. (d) eα and e′α under unbalanced conditions.

in one phase during the experiment. Fig. 13(b) shows the result
under the unbalanced condition. Fig. 13(c) shows the measured
and estimated grid voltages. Also, Fig. 13(d) shows e′α that lags
by 90 electrical degrees.

Fig. 14(a) and (b) show the active and reactive power under
unbalanced conditions for the conventional and the proposed CC
methods, respectively, by experimental tests. The results show
the effectiveness of the proposed method in eliminating active
power oscillations. Fig. 14(c) presents the experimental results
for various grid active power under the proposed method for
about 90 s. The dc-link voltage reference changes manually.
Subsequently, the active power reference changes. It is seen that
the proposed method follows the references fast and accurately
under the grid normal conditions. Fig. 14(d) shows the zoomed
P and Q dynamic response under unbalanced conditions of the
proposed CC method, respectively, by experimental tests.

Fig. 15(a) and (b) present P, I, and fast Fourier transforms
(FFTs) of current under unbalanced conditions for the con-
ventional CC and the proposed CC method, respectively, by
experimental tests. Active power oscillations are eliminated
under the proposed CC method. However, the conventional CC
causes P oscillations. The current waveforms of the two methods
with their FFT show that the proposed method has a much lower
THD.

Fig. 16 presents the zoomed dynamic response of the conven-
tional and proposed CC methods, respectively, by experimental
tests. As explained in connection with Fig. 15, the GCC system
with the conventional CC experiences active power oscilla-
tions. While the GCC system with the proposed CC does not

Fig. 14. Experimental results under the unbalanced conditions. (a) P and Q of
conventional CC method. (b) P and Q of the proposed CC method. (c) Injecting
various amounts of P to the grid. (d) P and Q results of dynamic response for
one-phase unbalanced grid conditions of the proposed CC method.

Fig. 15. Experimental results of P, I, and FFT of current under the unbalanced
conditions. (a) Conventional CC method. (b) Proposed CC method.
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Fig. 16. P and I experimental results of dynamic response for one-phase
unbalanced grid conditions. (a) Conventional CC method. (b) Proposed CC
method.

cause active power oscillations and shows lower current THD
compared to the conventional CC.

It is seen that the two sets of simulation and experimental
results are in good agreement. As the simulation results are
explained in Fig. 10, the steady-state performance of the con-
ventional and the proposed CC methods under the unbalanced
conditions has been investigated in the time interval of 0.35 to
0.6. As seen in Figs. 14(a), (b), and 15, same as the simulation
results at steady-state, the conventional CC method has active
power oscillations under the unbalanced conditions. However, P
oscillations of the proposed CC are eliminated and this method
has a much lower current THD as the current FFT shows in
Fig. 15. Also, the dynamic performance of the two methods un-
der the unbalanced conditions are investigated. The simulation
results of dynamic performance under the unbalanced conditions
are shown in Fig. 10. The experimental results of dynamic
performance under the unbalanced conditions are shown in
Figs. 14(c), (d), and 16. As seen in these figures, the simulation
and experimental results are similar. Their little difference is due
to the dc-link response. Thus, the effectiveness of the proposed
CC can be validated.

A brief comparison of the conventional CC and the proposed
method is presented as a bar chart in Fig. 17. Also, it seems
necessary to mention that the real-time implementation of the
proposed CC method is very similar to the DPC. The proposed
method does not have the challenges of PI controller tunning
compared to VC methods. Also, in the VF estimation, positive
and negative sequence extractions of variables are not needed in
the proposed CC method.

V. CONCLUSION

An improved sensorless CC is proposed in this article for
GCCs to enhance the resilience of the system in different aspects

Fig. 17. Comparison of the conventional CC and the proposed method per-
formances.

while the exchanged power quality of the system is improved.
In term of system configuration, the current reference vector is
obtained by optimizing the grid current THD without estimating
a VF vector. Thus, the exchanged power quality is improved
while the control system has less dependence on the grid and
filter parameters and their variations. Also, the grid voltage
estimation is used instead of the grid voltage sensing in order to
reduce the risks of malfunction of sensors. Thus, the control sys-
tem becomes more robust and reliable under different operating
conditions. Compared to the common GCCs control under un-
balance conditions, the proposed method avoids using a complex
positive and negative sequence extraction of signals and avoids
current PI controllers. In addition, it employs an active current
limiter to prevent the converter failures caused by over currents.
In term of performance, under normal and abnormal conditions,
the proposed method well respects the corresponding grid stan-
dards. In addition, the system shows a good dynamic perfor-
mance by tracking the active power references without abnormal
overshoots. Furthermore, the proposed method improves power
ripples and the current THD significantly compared to the con-
ventional CCC by applying an intelligent reference calculator.
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