
 

 

 

P
R

IF
Y

S
G

O
L

 B
A

N
G

O
R

 /
 B

A
N

G
O

R
 U

N
IV

E
R

S
IT

Y
 

 

Proportional-resonant based control strategy for grid-connected packed-E
cell inverters with Lyapunov filter-based PLL
Biricik, Samet; Komurcugil, Hasan; Ahmed, Hafiz; Sharifzadeh, Mohammad ;
Mehrasa, Majid ; Al-Haddad, Kamal

IET Generation, Transmission & Distribution

DOI:
https://doi.org/10.1049/gtd2.12607

Published: 01/02/2023

Publisher's PDF, also known as Version of record

Cyswllt i'r cyhoeddiad / Link to publication

Dyfyniad o'r fersiwn a gyhoeddwyd / Citation for published version (APA):
Biricik, S., Komurcugil, H., Ahmed, H., Sharifzadeh, M., Mehrasa, M., & Al-Haddad, K. (2023).
Proportional-resonant based control strategy for grid-connected packed-E cell inverters with
Lyapunov filter-based PLL. IET Generation, Transmission & Distribution, 17(3), 645-654.
https://doi.org/10.1049/gtd2.12607

Hawliau Cyffredinol / General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or
other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal
requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private
study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to
the work immediately and investigate your claim.

 20. Mar. 2024

https://doi.org/10.1049/gtd2.12607
https://research.bangor.ac.uk/portal/en/researchoutputs/proportionalresonant-based-control-strategy-for-gridconnected-packede-cell-inverters-with-lyapunov-filterbased-pll(1e34a51d-3fe4-44f0-8769-b5f4957f59ea).html
https://research.bangor.ac.uk/portal/en/researchers/hafiz-ahmed(6153a4c6-a974-4610-9f0f-b7ddc79b389b).html
https://research.bangor.ac.uk/portal/en/researchoutputs/proportionalresonant-based-control-strategy-for-gridconnected-packede-cell-inverters-with-lyapunov-filterbased-pll(1e34a51d-3fe4-44f0-8769-b5f4957f59ea).html
https://research.bangor.ac.uk/portal/en/researchoutputs/proportionalresonant-based-control-strategy-for-gridconnected-packede-cell-inverters-with-lyapunov-filterbased-pll(1e34a51d-3fe4-44f0-8769-b5f4957f59ea).html
https://doi.org/10.1049/gtd2.12607


Received: 29 June 2022 Revised: 14 August 2022 Accepted: 25 August 2022 IET Generation, Transmission & Distribution
DOI: 10.1049/gtd2.12607

ORIGINAL RESEARCH

Proportional-resonant based control strategy for grid-connected
packed-E cell inverters with Lyapunov filter-based PLL

Samet Biricik1 Hasan Komurcugil2 Hafiz Ahmed3 Mohammad Sharifzadeh4

Majid Mehrasa5 Kamal Al-Haddad4

1Department of Electrical and Electronic
Engineering, European University of Lefke, Lefke,
Turkey

2Department of Computer Engineering, Eastern
Mediterranean University (EMU), Famagusta Mersin
10, Turkey

3Nuclear Futures Institute, Bangor University,
Bangor, Gwynedd, UK

4É cole de Technologie Supérieure, University of
Quebec, Montreal, QC, Canada

5Université Grenoble Alpes, G2Elab, Grenoble,
France

Correspondence
Hafiz Ahmed, Nuclear Futures Institute, Bangor
University, Bangor, Gwynedd LL57 2DG, UK.
Email: hafiz.ahmed@bangor.ac.uk

Funding information
European Regional Development Fund,
Grant/Award Number: Ser Cymru II 80761-BU-103

Abstract
A proportional-resonant (PR)-based current control strategy for grid-connected packed-
E cell (PEC) inverter is presented. Unlike the existing control strategies, which are based
on proportional-integral controller, developed for packed-U cell and PEC inverters, the
proposed PR-based control strategy achieves zero steady-state error in the grid current.
Furthermore, it eliminates the necessity of employing the control loop for regulating the dc
capacitor voltages. Also, the grid current synchronization is achieved by using a Lyapunov
filter-based phase locked loop (PLL). The consequence of using Lyapunov filter-based PLL
is that sinusoidal synchronization signal can be extracted from the distorted grid voltage.
The performances of the proposed control strategy under steady-state, load variation and
non-ideal grid voltage are investigated on a laboratory-scale experimental prototype. It is
reported that the control of both dc- and ac-side variables of the system are accomplished.

1 INTRODUCTION

The need for efficient power conversion is essential in grid-
connected inverters [1–3]. With the aim of achieving high
efficiency in power conversion, multi-level inverters (MIs) [4,
5] have become very popular in the last two decades. The MI
topologies include the neutral point clamped (NPC) inverter [6],
flying capacitor (FC) inverter [7], cascaded H-bridge inverter [8],
T-type inverter [9], and packed-U-cell (PUC) inverter [10]. How-
ever, the main drawbacks of NPC, FC and T-type inverters are
the difficulty in the implementation and cost due to the high
number of switches, capacitors and diodes employed in a typi-
cal n-level inverter. For instance, a single-phase grid-connected
NPC inverter can generate a five-level quasi-sinusoidal voltage
by using eight switches, four diodes and two dc capacitors.

Similarly, a single-phase T-type inverter produces a five-
level quasi-sinusoidal voltage by using eight switches and two
dc capacitors without using clamping diodes. In addition, the
complexity to design an appropriate controller is dramatically
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increased [11]. The main reason of this complexity comes from
the challenge of voltage balancing of the dc capacitors.

The PUC inverter has recently emerged in MI topology,
which has the ability to produce five-level (PUC5) [12], and
seven-level (PUC7) quasi-sinusoidal voltages using minimum
number of components (six switching devices and one dc capac-
itor) compared to NPC and T-type topologies [13]. It is worth
noting that the five-level voltage can be obtained when the dc
capacitor voltage is balanced to the half of input dc voltage.
On the other hand, a seven-level voltage can be produced when
the dc capacitor voltage is balanced to the one-third of dc input
voltage. Owing to the reduced number of switching devices and
dc capacitor requirement, the performance of PUC inverters
is investigated in various applications such as active filter [14,
15], dynamic voltage restorer [16], rectifier [17, 18], stand-alone
inverter [18–21], and grid-connected inverter [20–28].

In the grid-connected mode, the control of both dc capac-
itor voltage and ac current injected into the grid is essential.
In [20], the dc capacitor control is achieved by a sensor-less
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control based on redundant switching states which are taken
into consideration in the switching process. In this case, the
need for measuring the capacitor voltage is eliminated. How-
ever, the grid current is controlled by a proportional-integral
(PI) controller whose performance is not satisfactory for ac
signals. Various model predictive control (MPC) methods are
proposed to solve the control problem of grid-connected PUC
inverters [22–26]. Although the MPC methods offer some
advantages which include easy implementation, good current
(or voltage) quality, and low distortion, they suffer from the
disadvantages such as sensitivity to parameter variations and
weighting factor requirement [22–25]. In [26], a Lyapunov-
based MPC is proposed for grid-connected PUC inverters.
Although this method eliminates the need for employing
weighting factor in the cost function, the parameter sensitiv-
ity remains unresolved. The parameter sensitivity problem can
be overcome by using sliding mode control [21, 27]. However,
sliding mode control suffers from chattering which leads time-
varying switching frequency. Time-varying switching frequency
is not desired in practice. Even though the control methods
mentioned so far offer various advantages and disadvantages
regarding the steady-state and dynamic performances of the
system, regulation of dc capacitor voltages becomes challeng-
ing when the seven-level PUC inverter is extended to nine-level
PUC inverter (PUC9). The main reason of this comes from the
fact that the design of PUC7 topology was based on employing
six switching devices and one dc capacitor whose voltage should
be adjusted to one-third of the input dc voltage. Extension to
nine-level increases the number of switching devices from six
to eight and dc capacitors from one to two which increases the
controller complexity considerably [28, 29].

As an alternative to PUC9, packed-E cell (PEC) inverter is
introduced in [30]. The structure of PEC topology involves
six switching devices, one back-to-back bidirectional switching
device and two dc capacitors. Unlike the PUC9 topology, the
voltage regulation of dc capacitors can be achieved easily in
PEC inverter topology. In this topology, the capacitor voltages
are regulated to half of input dc voltage. The main reason of
this voltage regulation easiness is due to the use of E-cell in
which both capacitors are charged and discharged simultane-
ously. As a consequence of simultaneous charging/discharging,
both capacitors have equal voltage which causes equal voltage
stress on both capacitors. This feature makes PEC topology
one step ahead of the PUC9 topology in which the capacitor
voltages are not equal. In [30], the capacitor voltages are regu-
lated by an active balancing algorithm which is integrated into
the half parabola carrier PWM. In [31], a modified level shifted
PWM technique is proposed for balancing capacitor voltages.
However, in these studies, the PEC inverter is operated in the
standalone mode only. To the best of author’s knowledge, the
performance of PEC inverter in the grid-connected mode is
investigated only in [32]. The control method is based on sliding
mode control which is optimized by artificial bee colony algo-
rithm. Even though the steady-state and dynamic responses are
satisfactory, the performance of the system under distorted grid
is not studied. Furthermore, the sliding mode control is sub-
ject to chattering which causes high frequency in the vicinity of

sliding surface. In order to alleviate the effect of chattering, the
sign function is replaced by saturation function. However, this
leads to steady-state error in the grid-current. In [33], a finite
set MPC (FS-MPC) is proposed. However, FS-MPC is sensi-
tive to parameter variations. Also, the switching frequency is
time-varying. In [34], a feedback linearization with artificial neu-
ral network (ANN) is proposed. However, this control method
employs six control gains whose tuning is very complicated.
Also, a dq transformation is essential which complicates the
design of the method in practice.

The existing control strategies devoted for PUC inverters are
generally based on using two proportional-integral (PI) con-
trollers which control the dc- and ac-side variables [10, 13,
14]. However, the performance of PI controller in controlling
dc quantities is not satisfactory since it cannot guarantee zero
steady-state error [20, 35]. PR controller can track the ac signal
with zero steady-state error thanks to the theoretically infinite
gain at the fundamental frequency. Furthermore, the perfor-
mance of grid-connected inverter under distorted grid is not
studied. Here, proportional-resonant (PR)-based control strat-
egy is proposed for a grid-connected nine-level PEC (PEC9)
inverter. Unlike the existing control methods which employ PI
controller in the grid current control, the proposed control
approach employs a PR controller for achieving the grid cur-
rent control. The grid current tracking error is passed through
the PR controller, which generates a sinusoidal modulating sig-
nal. Thereafter, the modulating signal is utilized to generate the
PWM signals. In addition to this, Lyapunov filter-based PLL is
used to achieve the grid current synchronization with the grid
voltage under undistorted as well as distorted grid conditions.
The Lyapunov’s theorem is also very useful in controlling vari-
ous power converters [36–38]. The performance of the system
is tested by experimental studies.

This paper is organized as follows. In Section 2, the packed
E-cell inverter and its operation in the grid-connected mode
is explained. In Section 3, the proposed control strategy as
well as the proposed Lyapunov-estimator-based synchroniza-
tion method are introduced. In Section 4, the experimental
results obtained for the steady-state, load variation and distorted
grid voltage condition are presented with relevant discussions.
Finally, Section 5 derives some conclusions.

2 GRID-CONNECTED PACKED
E-CELL INVERTER

Packed E-Cell (PEC) multi-level inverter is developed by
improving another existing multi-level inverter, which is the
Packed U-Cell (PUC) [39] inverter. PEC is compromised
topology between half-bridge and E-Cell type of switch-
capacitor connection which totally includes six active power
switches and the backed-to-backed connected switches as
one bidirectional switch. PEC idea emerged by replacing
U-Cell by E-Cell to horizontally extend the capacitors and to
make single auxiliary dc-link, while PUC vertically develops the
capacitors that creates several separated auxiliary dc-link. As a
result of the horizontal extension of capacitors, they would be
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FIGURE 1 The schematic diagram of the grid-connected PEC9 inverter

in harmony of charging and discharging with redundant states
that can be effectively used to guarantee the active capacitor
voltage balancing. Therefore, PEC topology has reduced the
component count and the auxiliary dc-link in comparison to
PUC topology. The grid-connected PEC inverter is shown in
Figure 1.

With correct switching states sequence operation, PEC con-
figuration can generate nine-level voltage waveform provided
that the capacitor voltages are balanced to the quarter of the
input dc voltage. Table 1 shows 24 switching states of the 9-level
packed E-Cell (PEC9) configured as grid-connected inverter. It
can be shown from Table 1 that both capacitors are charged
(or discharged) simultaneously during the switching states which
produce the middle voltage level (±E∕2). This means that the
remaining switching states are not effective in charging (or dis-
charging) these dc capacitors. If the voltage across auxiliary
dc-link is regulated to half of the input dc voltage using the
corresponding redundant states, both capacitors are inherently
balanced to the quarter of same voltage amplitude. Therefore,
the capacitor voltages are no longer required to be considered in
grid-connected dynamical equations which will simplify design-
ing the final controller. The PEC topology has six switching
devices (S1, S2, S3, S4, S5, and S6) and one cascaded switch S7
which are supported with a single dc source and two capacitors
(C1 and C2). With the proper switching selection, a nine-level
voltage waveform can be achieved at the inverter terminals (vinv).
Switching states of PEC9 are given in Table 1.

3 PROPOSED CONTROL STRATEGY

The proposed control strategy should be able to work under
ideal and distorted grid voltage conditions. Therefore, first,
grid synchronization using Lyapunov estimator approach is
discussed. Then, the proposed control strategy is introduced.

3.1 Grid synchronization using Lyapunov
estimator

Single-phase grid voltage signal can be expressed as,

vg(t ) = Vg(t ) sin 휔t + 휙(t ) ,

=Vg(t ){sin (휔t ) cos (휙(t ))+ cos (휔t ) sin (휙(t ))},

= Vg(t ) sin (휙(t )) cos (휔t ) +Vg(t ) cos (휙) sin (휔t ), (1)

where 휔 is the angular frequency with the nominal value
휔n = 2휋 f and the instantaneous phase is given by 휑 = 휔t +
휙. For further development, time-dependence of a signal is
often not explicitly stated for convenience. Now, let us assume
휽 = [휃1 휃2]T with 휃1 = Vg sin(휙), 휃2 = Vg cos(휙) and x =
[cos(휔t ) sin(휔t )]T . Then, the measured grid voltage signal in
parametric form can be written as [40–43]:

vg =
[
Vg sin(휙) Vg cos(휙)

]
⏟⎴⎴⎴⎴⎴⎴ ⎴⎴⎴⎴⎴⎴

휽T

[
cos (휔t ) sin (휔t )

]T
⏟⎴⎴⎴⎴⎴ ⎴⎴⎴⎴⎴

x

,

= 휽T x. (2)

Equation (2) assumes that the grid frequency ( f ) is constant at
50 or 60 Hz. However, grid frequency may vary due to many
reasons. To overcome this issue, a frequency estimator is also
designed in this work. Then, the problem considered in this
work is to estimate the varying parameter vector 휽 from the
measurement vg(t ) and the known information vector x. For
this purpose, Lyapunov estimator will be considered. To design
the Lyapunov estimator, let us consider that the estimation error
as:

ve = vg − v̂g,

= 휽T x − 휽̂
T

x,

=
(
휽T − 휽̂

T )
x,

= 휽̃T x, (3)

where ∧ indicates estimated value and 휽̃ = 휽 − 휽̂. Then, the
following Lyapunov-like function has been considered:

V (휽̃ ) = 휽̃
T
Ω−1휽̃
2

, (4)

where Ω = ΩT > 0 with Ω = 휁I2, 휁 > 0 and I2 is the identity
matrix of dimension 2 × 2. From (4), one can obtain

V̇ (휽̃ )= 1
2

{(
̇̃휽
)T

Ω−1휽̃ + 휽̃
T
Ω−1 ̇̃휽

}
,

= 휽̃
T
Ω−1 ̇̃휽,
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TABLE 1 Switching states table of PEC9 inverter [30]

Switching states dc Side ac Side
State
number 1 2 3 4 5 6 7 V1 V2 i0 vinv

1 1 0 0 0 1 1 0 − − Positive half cycle + Vdc = +E

2 1 0 0 0 1 0 1 ↓ − + Vdc −V1 = +3E∕4
3 1 0 1 0 1 0 0 ↓ ↓ + Vdc −V1 −V2 = +E∕2

4 1 1 0 0 0 1 0 ↑ ↑ + V1 +V2 = +E∕2

5 1 1 0 0 0 0 1 − ↑ + V2 = +E∕4
6 0 0 0 1 1 1 0 − − + 0

7 1 1 1 0 0 0 0 − − + 0

8 0 0 0 1 1 0 1 ↓ − + −V1 = −E∕4
9 0 1 0 1 0 1 0 ↑ ↑ + −Vdc +V1 +V2 = −E∕2

10 0 0 1 1 1 0 0 ↓ ↓ + −V1 −V2 = −E∕2

11 0 1 0 1 0 0 1 − ↑ + −Vdc +V2 = −3E∕4
12 0 1 1 1 0 0 0 − − + Vdc = −E

13 1 0 0 0 1 1 0 − − Negative half cycle − Vdc = +E

14 1 0 0 0 1 0 1 ↑ − − Vdc −V1 = +3E∕4
15 1 0 1 0 1 0 0 ↑ ↑ − Vdc −V1 −V2 = +E∕2

16 1 1 0 0 0 1 0 ↓ ↓ − V1 +V2 = +E∕2

17 1 1 0 0 0 0 1 − ↓ − V2 = +E∕4
18 0 0 0 1 1 1 0 − − − 0

19 1 1 1 0 0 0 0 − − − 0

20 0 0 0 1 1 0 1 ↑ − − −V1 = −E∕4
21 0 1 0 1 0 1 0 ↓ ↓ − −Vdc +V1 −V2 = −E∕2

22 0 0 1 1 1 0 0 ↑ ↑ − −V1 −V2 = −E∕2

23 0 1 0 1 0 0 1 − ↓ − −Vdc +V2 = −3E∕4
24 0 1 1 1 0 0 0 − − − Vdc = −E

= 휽̃
T
Ω−1

(
휽̇ − ̇̂휽

)
,

= −휽̃
T
Ω−1 ̇̂휽, (5)

where we assumed that the parameters are constant and/or
slowly varying, that is, 휽̇ = 0. If the parameter update law is
selected as:

̇̂휽 = Ωxve. (6)

Then, the derivative of the Lyapunov-like function becomes:

V̇ (휽̃ ) = −휽̃
T
Ω−1Ωxve,

= −휽̃
T

xve,

= −veve,

= −v2e ≤ 0. (7)

As a result, boundedness of the parameter estimation error can
be easily established. Since the information vector x is suffi-
ciently rich (i.e. persistently exciting), the convergence of the
parameter vector can be easily established through the The-
orem presented in [44]. Estimator (6) in terms of individual
parameters are given below:

̇̂휃1 = 휁 cos(휔t ) vg − v̂g , (8)

̇̂휃2 = 휁 sin(휔t ) vg − v̂g , (9)

v̂g =
[
cos (휔t ) sin (휔t )

][
휃̂1 휃̂2

]T
. (10)

It is to be noted here that in our case 휔̂ will be used instead
of 휔 as the grid frequency may fluctuate. From the estimated
parameter vector 휽̂, the grid voltage amplitude and phase angle
can be estimated as:

휙̂ = atan2
(
휃̂1, 휃̂2

)
, (11)

V̂g =
√
휃̂2

1 + 휃̂2
2. (12)
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FIGURE 2 Lyapunov filter-based PLL configuration, where 훾 > 0 is the
frequency estimation gain

From the estimated phase angle 휙̂, the instantaneous frequency
can be easily estimated by using some additional mathemat-
ical manipulation. Finally, the filtered grid frequency can be
rewritten as:

v̂g(t ) = Vg(t ) sin 휔̂t + 휙̂(t ) . (13)

The complete block diagram of Lyapunov filter-based PLL is
depicted in Figure 2.

To tune the proposed PLL, small-signal modelling can be
used. In [45], it has been found that the Lyapunov estimator
tuning gain 휁 can be tuned as: 휁 = 8∕tss , where tss is the desired
settling time. Then, applying the small-signal PLL model given
in [46] to the developed PLL in this work, the frequency esti-
mation gain 훾 can be tuned as a function of the phase margin
and/or settling time.

3.2 Proportional resonant current controller

The use of PR controller guarantees zero tracking error of the
ac signals in the steady-state. Hence, the control of grid current
can be achieved by a PR controller whose transfer function is
given by [47–50]:

GPR (s) = Kp +
2Kr휔c s

s2 + 2휔c s + 휔2
, (14)

where 휔c denotes the cut-off frequency, 휔 denotes the reso-
nant frequency, and Kp and Kr are the proportional and resonant
gains, respectively. The input applied to the PR controller is the
grid current error (i∗o − io). The PR controller responds to this
input by producing a modulating signal which is needed in gen-
erating the PWM signals by comparing it with the triangular
carrier signals. With respect to the current controller, the trans-
fer function GPR (s) can be written as: GPR(s) = M (s)∕X (s),
where X (s) denotes the grid current tracking error (i0 − i⋆0 ) and
M (s) is the modulating signal in Laplace domains, respectively.

FIGURE 3 Bode diagram of GPR (s) by using different Kp and Kr values.
(a) Kp = 0.1 and varying Kr , (b) Kr = 200 and varying Kp

The main goal behind PR controller is based on having a sharp
peak in the magnitude response of GPR(s) which is located at 휔.
Hence, if 휔 is set to the frequency of i∗o , which is 100휋 rad/s in
this study, then a sinusoidal modulating signal is generated at the
output of PR. In such a case, the grid current will be controlled
and zero steady-state error in the grid current will be attained.
The Bode plot of GPR(s) has been plotted by using different Kp
and Kr values and given in Figure 3. In Figure 3a, the magnitude
and phase responses of GPR(s) are plotted by using different Kr
values while Kp is fixed at 0.1. It can be seen from the magnitude
response thatGPR(s) has a peak located at휔 = 100휋 rad/s. The
width of this peak can be adjusted by varying Kr . When Kr is
decreased, the peak becomes narrower which in turn reduces
the steady-state error in the grid current. Contrary to Kr , the
peak becomes wider when Kp is decreased while Kr is constant,
as shown in Figure 3b. Since there is no analytical formula to
compute the values of Kp and Kr , they should be selected based
on the desired performance of the inverter. It is to be noted here
that for real-time implementation, PR controller (14) needs to
be discretized. In the literature, Tustin method has been widely
used to discretize the continuous-time PR controller [48]. The
same approach has been considered here. The discretized PR
controller equations are avoided here as they are widely available
in the literature.

The reference of grid current is given by:

i∗o = I ∗o sin(휑̂), (15)

where I ∗o denotes amplitude of reference grid current i∗o . The
proposed control approach is different from the existing control
strategies which are generally based on using two proportional-
integral (PI) controllers which control the dc- and ac-side
variables [10, 13, 14], but the performance of PI controller in
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FIGURE 4 Block diagram of the proposed control strategy together with the grid-connected PEC9 inverter

controlling dc quantities is not satisfactory since it cannot guar-
antee zero steady-state error [20]. When the grid current tracks
its reference with zero steady-state error, then the capacitor volt-
ages are controlled indirectly. Hence, there is no need to employ
controller to adjust the dc capacitor voltages.

4 EXPERIMENTAL RESULTS AND
DISCUSSION OF THE PROPOSED
PR-BASED CONTROL TECHNIQUE

In this section, the experimental analysis is done to confirm
the feasibility of the proposed PR-based control strategy using
the prototype of a grid-connected PEC9 inverter which is built
by the switches type of C3M0120090D. The complete control
block diagram of the system is shown in Figure 4, where Vc is
the series-connected capacitor voltage.

Thanks to the hardware controller dSPACE 1104, the
designed PR-based controller has been successfully imple-
mented to control the PEC9 switches with associated I/Os. The
high voltage/current OPAL-RT measurement is also utilized to
measure the grid voltage, inverter current, auxiliary and main dc
voltages to reduce their amplitude to the safe range which can be
sent to the dSPACE 1104 ADC ports. The whole experimental
setup test with all details is shown in Figure 5.

Also, the system and control parameters which are used in the
experimental tests are provided in Table 2. The performance of
proposed PR-based controller has been investigated under dif-
ferent operational conditions such as steady and dynamic states,
load variations, ideal and non-ideal grid voltages.

4.1 Steady-state performance test

In this section, the proposed PR-based controller for the grid-
connected PEC9 inverter has been tested under steady-state
operation. Figure 6 shows the steady-state responses ofVc , vinv ,
vg and i0 for I ∗o = 4 A.

TABLE 2 System and control parameters

Grid voltage amplitude,Vg 130V (peak)

Grid impedance, Zg 0.1Ω and 2.5mH

Grid frequency, f 50Hz

dc voltage,Vdc 160V

Auxiliary dc link capacitors (C1 & C2) 2500휇F (each)

Filter inductance, L f 2.5mH

Load 1 impedance, RL1 40Ω

Load 2 impedance, RL2 40Ω

Lyapunov estimator parameters (휁, 훾) (250, 50)

It can be seen from Figure 6 that the voltage across the
series-connected capacitors (Vc ) is regulated using the redun-
dant switching states of Table 1 at 80 V, which is half of Vdc
and consequently the capacitor voltages (V1 and V2) are self-
adjusted at 40 V. The inverter voltage (vinv) has the prefect nine
levels which are consistent with the values in Table 1. The grid
current (io) that has 4 A amplitude is sinusoidal waveform, which
is in phase with the grid voltage (vg). This implies that the pro-
posed Lyapunov-based PLL works correctly. Also, the proposed
current control strategy is able to inject the desired current into
the grid side. Figure 7 shows spectrums of grid voltage and grid
current that correspond to Figure 6.

The total harmonic distortions (THDs) of the grid voltage
and grid current are measured as 1.1% and 2.8%, respectively,
which indicate that the distortion of the grid current is below
IEEE Std. 1250-2018.

4.2 Performance test under load variations

The performance of the proposed PR-based control strategy is
also tested under load variations. Figure 8 shows the responses
of dc- and ac-side variables of the grid-connected PEC9 inverter
for a step change in I ∗o from 8 to 4 A.
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FIGURE 5 Experimental test setup of the grid-connected PEC9 inverter

FIGURE 6 Steady-state responses of dc- and ac-side variables of the
grid-connected PEC9 inverter for I ∗o = 4 A. (Vc : 40 V/div, vinv : 80 V/div, vg
:100 V/div, io :10 A/div)

FIGURE 7 Frequency spectrum of grid voltage and grid current in
Figure 6. (a) Grid voltage; (b) grid current

The step change in the current occurs when the load con-
nected to the inverter is changed from 40 to 80Ω. It is evident
that the dc voltage across the series-connected capacitors is not

FIGURE 8 Responses of dc- and ac-side variables of the grid-connected
PEC9 inverter for a step change in I ∗o from 8 to 4 A, (Vc : 40 V/div; vinv : 80
V/div; vg :100 V/div; io :10 A/div)

affected by this step change in the reference grid current ampli-
tude. The inverter output voltage is not distorted except for the
short transient period and has nine levels in accordance with
the values given in Table 1. It is obvious that the grid cur-
rent has sinusoidal waveform and it is in phase with the grid
voltage before and after the current change. Even though the
reference grid current and grid current error are not shown in
Figure 8, it can be concluded that the PR-based control strategy
guarantees zero steady-state error in the grid current
and fast dynamic response in tracking the reference grid
current.
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FIGURE 9 Responses of and ac-side variables of the grid-connected
PEC9 inverter when the grid voltage is changed from ideal to non-ideal, (Vc :
40 V/div, vinv : 80 V/div, vg : 100 V/div, io : 10 A/div)

4.3 Performance test under non-ideal grid
voltage

The performance of the proposed control strategy is also tested
under non-ideal grid voltage condition. Figure 9 shows the
responses of dc- and ac-side variables when the grid voltage is
changed from ideal to non-ideal condition.

Clearly, dc- and ac-sides variables (Vc , vinv , vg and io) under
ideal grid voltage satisfy the control objectives such as the regu-
lation ofVc and control of io. When the grid voltage is non-ideal,
the Lyapunov filter-based PLL produces ideal sinusoidal sig-
nal which is used to synchronize the grid current with grid
voltage. During non-ideal grid voltage, the voltage across series-
connected capacitors is maintained at 80 V, and the grid current
is sinusoidal and in phase with the grid voltage. Also, the inverter
voltage produces the prefect nine levels under non-ideal grid
voltage condition. Figure 10 shows the harmonic spectrum of
non-ideal grid voltage in Figure 9 that the THD of grid voltage
is measured to be 3.6%.

The comparison of the existing control methods developed
for PEC inverter with the proposed control method is presented

FIGURE 10 Frequency spectrum of grid voltage in Figure 9

as shown in Table 3. It is obvious that the proposed method is
more beneficial in terms of dc capacitor voltage control, number
of control gains, and steady-state error in the grid current.

5 CONCLUSION

In this study, a proportional-resonant (PR)-based current con-
trol strategy for grid-connected PEC inverter with Lyapunov
filter-based PLL is proposed. It is pointed out that the existing
control strategies employ PI controller in the grid current loop,
which leads to steady-state error. The proposed PR-based con-
trol strategy yields zero steady-state error in the grid current.
Furthermore, the necessity of employing the control loop for
regulating the dc capacitor voltages is eliminated. In addition,
Lyapunov filter-based PLL is used to achieve the grid current
synchronization under ideal as well as non-ideal grid voltages.
The experimental results obtained from the prototype of PEC9
inverter show that the proposed control strategy offers good
steady-state and dynamic responses not only under ideal grid
voltage, but also under non-ideal grid voltage. The experimen-
tal results confirmed the potential of PEC converter. Therefore,

TABLE 3 Comparison of existing control methods with the proposed control method

Comparison category [30] [31] [32] [33] [34] Proposed Method

Operation mode Standalone Standalone Grid-connected Grid-connected Grid-connected Grid-connected

Control method Not reported Not reported Sliding-mode Control Finite-set MPC Feedback-linearization
and ANN

Proportional Resonant

Dc capacitor voltages
control technique

Half-parabola
based PWM

Level shifted
PWM

Level shifted PWM Not reported Not reported Dedicated switching
states

Number of control
gains

Not applicable Not applicable 2 3 6 2

Steady-state error in
grid current

Not applicable Not applicable Not zero Not guaranteed to be
zero

Guaranteed to be zero Guaranteed to be zero

Advantages and/or
Disadvantages of
control method

Not applicable Not applicable Chattering, sensitive to
parameter variations
and variable
switching frequency

Sensitive to parameter
variations and
variable switching
frequency

Complicated gain
tuning, requires dq
transformation and
too many
computations

Insensitive to parameter
variations, zero
steady-state error and
fixed switching
frequency
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the employment of PEC converter in power quality issue can be
considered as the next future direction.
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