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Abstract 

 
The three-phase synchronous reference frame phase-locked loop (SRF-PLL) is widely used for synchronization applications in 

power systems. In this paper, a new control strategy for three-phase grid-connected LCL inverters without a PLL is presented. 
According to the new strategy, a current reference can be generated by using the instantaneous power control scheme and the 
proposed positive-sequence voltage detector. Through theoretical analysis, it is indicated that a high-quality grid current can be 
produced by introducing the new control strategy. In addition, a kind of independent control for reactive power can be achieved 
under unbalanced and distorted grid conditions. Finally, the excellent performance of the proposed control strategy is validated by 
means of simulation and experimental results. 
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I. INTRODUCTION 
 

In recent years, environmental concerns have focused 
worldwide attention on solar power technology and there is 
strong support to promote and develop solar power technology. 
In photovoltaic (PV) technology, and other renewable energy 
sources like wind power, power electronic inverters play a key 
role in controlling, managing and delivering power to the 
power grid [1]. In such a grid–connected mode, the inverter is 
typically controlled as a current source [2] to inject a certain 
amount of current into the grid. 

Generally, the control strategy used in grid-connected 
inverters is a cascaded-loop control. The internal current loop 
regulates the grid current while the external voltage loop 
controls the dc-link voltage [3], [4]. A control strategy named 
direct power control (DPC), which is based on a dc-link 
voltage loop cascaded with an inner power loop instead of a 
current loop, has been reported in the literature [5]. In this way, 
the current injected into the utility network is indirectly 

controlled. Moreover, a control strategy employing an outer 
power loop and an inner loop has also been reported [6]. 
Nonlinear control strategies like hysteresis control or dead beat 
control [7] are preferred due to their high dynamics. As an 
alternative to these control methods, other control strategies 
have been proposed in recent publications, such as predictive 
control [8], [9] and constant-frequency hysteresis control [10]. 

 However, in high-power applications, an alternative filter 
implementation is achieved with a third-order output filter, 
such as an LCL filter, which can achieve reduced levels of 
harmonics distortion at a lower switching frequency and with 
less total inductance [11]. Thus the cost and weight of the 
inverter are reduced. On the other hand, due to the need to 
damp resonances, the filter and the current control design are 
more complex. Active damping [12] is preferred to passive 
damping in order to improve the efficiency of conversion. In 
this case, some control strategies such as the traditional 
hysteresis control cannot be considered because of active 
damping and the lower switching frequency. Likewise, in the 
case of DPC, this approach cannot be used since the switching 
harmonic spectrum is not clearly defined but spread due to the 
variable switching frequency. A modified DPC strategy has 
been proposed allowing the connection of three-phase inverters 
to the grid through LCL filters [13]. 
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Fig. 1. Grid-connected inverter with an LCL output filter. 
 

In this paper, a new control strategy for three-phase 
grid-connected LCL inverters without a PLL, which is based 
on the positive-sequence voltage detector, is proposed. This 
paper is organized as follows. First, special attention is paid to 
the description of the three-phase grid-connected LCL power 
converter, and the choice of the reference frame is analyzed in 
detail. Second, an instantaneous power control scheme based 
on the stationary reference frame and the proposed 
positive-sequence voltage detector for three-phase three-wire 
systems are presented, giving rise to a new control structure. 
Next, the new control structure is described and the design 
parameters of the control system are analyzed. Finally, the 
theoretical study is validated through simulation and 
experimental results. 

 

II. THREE-PHASE GRID-CONNECTED LCL 
INVERTERS 

A. System Configuration 
In this section, the modeling and analysis of a single 

three-phase grid-connected inverter with an LCL filter are 
described. Although LCL filter resonance has already been 
discussed in the available literature [11]-[13], the aim is to 
choose the right reference frame in three-phase grid-connected 
power converters when a third-order LCL filter is used. 

The circuit of a three-phase grid-connected LCL inverter is 
shown in Fig. 1. The series parasitic elements are neglected in 
both the power components and the grid model for the sake of 
simplification, where urabc are the inverter output voltages, i1abc 
are the inverter side currents, i2abc are the grid side currents, 
ucabc are the capacitor voltages, icabc are the capacitor currents, 
Lg is the grid impedance, and uabc are the voltage sources. 

It is worth noticing that if the three-phase system is 
symmetrical and balanced, the electric potentials of the M point 
and O point are the same. By using the Kirchhoff voltage and 
current laws, the state equations of an LCL filter in the natural 
frame can be modeled as: 
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where k=a, b, c represents the three-phase natural frame. 
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Fig. 2. Mathematical model of LCL filter in stationary reference 
frame. 

 
B. The Choice of the Reference Frame 

Nowadays, a high proportion of the three-phase power 
converters are connected to three-phase three-wire networks. 
Hence only two current controllers are necessary since the third 
current is given by the Kirchhoff current law. In order to 
reduce the complexity of the control system, the control loops 
can be structured in the stationary reference frame using the 
Clarke transformation [Tαβ] or in the synchronous reference 
frame using the Park transformation [Tdq], where [Tαβ] and [Tdq] 
are given by: 
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By using the Clarke transformation [Tαβ], the state equations 
of the LCL filter in the stationary frame can be written as: 
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According to (3), the mathematical model of the LCL filter 
in the stationary reference frame is shown in Fig. 2. 

 
Another possible way to structure the control loops is to use 

the synchronous reference frame. In this case, by using the 
Park transformation [Tdq], transforming (3) into the 
synchronous reference frame gives rise to the following state 
equations: 
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According to (4), the mathematical model of the LCL filter 

in the synchronous reference frame is shown in Fig. 3. 
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Fig. 3. Mathematical model of LCL filter in synchronous reference 
frame. 

 
By comparing the mathematical models shown in Fig.2 and 

Fig.3, it can be seen that there are six cross-coupling terms, and 
that decoupling control is the major drawback in the 
synchronous reference frame. Moreover, the phase angle of the 
grid voltage is necessary in this implementation. However, in 
the case of the mathematical model shown in Fig.2, things are 
different. Each phase can be independent controlled. 
Additionally, if PR controllers are used for current regulation, 
the complexity of the control becomes lower when compared 
to the model shown in the synchronous reference frame. 

 

III. INSTANTANEOUS POWER CONTROL SCHEME 
BASED ON THE STATIONARY REFERENCE 

FRAME 
 

By applying the instantaneous power theory, the active and 
reactive powers in the stationary reference frame can be written 
as: 
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From (5), the current reference can be expressed as: 
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Most of the PV inverters designed for grid-interconnected 
service operate normally at a unity power factor. In this case, 
the reactive power control is not allowed, e.g., by making Q=0, 
the current reference in the αβ reference frame will be given 
by: 
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However, in case of a grid fault, the inverters can deliver 
reactive power and control the active and reactive power 
according to the low-voltage ride-through requirements given 
by the grid codes. In addition, in the case of PV 
implementation, the input power of the inverters is decided by 
the maximum power point tracking of the PV array, and energy 
can only flow one-way. As a consequence, independent control 

of the reactive power can be achieved by the traditional 
instantaneous power theory. By using (6), the instantaneous 
power control scheme based on the stationary reference frame 
can be expressed as in Fig. 4. 

In this case, the current reference can be generated by using 
the instantaneous power control scheme based on the 
instantaneous power theory. Moreover, working in the αβ 
reference frame, the phase angle information is not a necessity, 
and the filtered grid voltages can be used as a template for the 
reference current calculation. In addition, the power control 
scheme will provide inductive reactive power when Qref>0, and 
it will provide capacitive reactive power when Qref<0. 

Although the grid voltage waveforms are sinusoidal and 
balanced under regular operating conditions, they can easily 
become unbalanced and distorted due to the effects of grid 
faults or nonlinear loads. Under these conditions, precise and 
fast detection of the instantaneous positive-sequence voltage 
component for the reference current calculation is necessary in 
order to stay actively connected, support the grid services and 
keep the generation up and running [14]-[16]. 

 

IV. DESIGNED POSITIVE-SEQUENCE VOLTAGE 
DETECTOR 

 

Precise characterization of the grid voltage is a crucial issue 
in order to ensure the quality of the power that is delivered 
from the PV systems to the grid. In this paper, such 
characterization is performed by means of a positive-sequence 
voltage detector based on a double resonant filter. 

 
A. Detection Principle of the Positive-Sequence Component 

In unbalanced grid operating conditions (without voltage 
harmonics), the three-phase voltage vector can be split into its 
instantaneous positive-, negative-, and zero-sequence 
components, which can be expressed as: 
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where the superscripts +1, -1 and 0 define the coefficients for 
the positive-, negative-, and zero-sequence components, and k 
takes the values k=0, 1, 2 for i=a, b, c, respectively. 

Most of the three-phase grid-connected power converters 
employ a three-wire connection. Therefore, using the Clarke 
transformation, the utility voltage can be given by: 
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Fig. 4. Instantaneous power control scheme based on the stationary 
reference frame. 
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From (9), it can be seen that the zero-sequence component 
was eliminated on the αβ reference frame, which cannot be 
controlled in three-phase three-wire power converters. 
Moreover, (9) can be rearranged in the following form: 
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Then, the 900 shifted versions of uα and uβ in (10) can be 
expressed as follows: 
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Finally, according to (10) and (11), the instantaneous 
positive-sequence voltage component in the αβ reference frame 
can be calculated by: 
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B. The Design of the Positive-Sequence Voltage Detector 

Although a 900 lagging phase-shifting of a sinusoidal signal 
can be achieve by using an integrator or a differentiator, the 
initial value of the integrator is uncertain, and the differentiator 
is difficult to implement. In this paper, a first-order all-pass 
filter was used to achieve the 900 phase-shifting of the uα and 
uβ signals as follows: 
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Fig. 5 shows the Bode plot of the transfer function of (13). 
As Fig. 5 clearly shows, the signal is always 900 lagging when 
the input frequency ω=ω1. If the input frequency varies 
∆ω=±0.5×2πrad/s when a fault occurs, the phase error is only 
|∆¢H|=0.270. From the results, it can be concluded that the 900 
phase shifter can easily achieve the 900 shifted versions when 
the grid frequency varies within a permissible range, e.g., 
f=50±0.5Hz. 

It is worth noting that the premise of detecting the 
positive-sequence component by (12) is possible since the grid 
voltage does not consider the harmonic components. Therefore, 
in order to filter the harmonic components, a new filter called a 
double resonant filter was proposed in this paper. The proposed 
filter diagram is shown in Fig. 6. 

The double resonant filter is a fourth-order band-pass filter, 
and its transfer function is given by: 
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where ω1 and k are the resonance frequency and the damping 
factor of the filter. 
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Fig. 5. Bode plots of the 900 phase shifter. 
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Fig. 6. Structure of the double resonant filter. 
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Fig. 7. Bode plots of the double resonant filter for different values 
of k. 

 
Bode plots from the transfer function of (14) are shown in 

Fig. 7 for several values of k. The plot shows that the higher the 
value of k, the faster the response of the filter. However, the 
gain k also affects the bandwidth of the filter. A very high 
value for k would reduce the immunity of the filter in terms of 
the harmonics in the input. On the other hand, a very low value 
for k gives rise to a very long transient response of the filter. 
Therefore, a reasonable value for k should be selected between 
the dynamic response and the harmonic rejection based on the 
actual situation. 

From the plots shown in Fig. 7, and considering that the 
actual grid voltage mainly contains the 5th and 7th harmonics in 
three-phase three-wire power converters, a better tradeoff 
between the dynamic response and the harmonic rejection can 
be achieved with k=150. In this case, the response time of the 
filter is ts≈32ms, and the attenuation of the filter at 250Hz is 
-34dB. In addition, the phase error is only |∆¢D|=20 when the 
input frequency varies ∆ω=±0.5×2πrad/s. Therefore, this value 
of k=150 results in an interesting selection in terms of 
harmonic rejection and response time. 



Journal of Power Electronics, Vol. 13, No. 3, May 2013                         491 
 

2 2
1

2ks
s w+ 2 2

1

ks
s w+

+ -

-

2 2
1

2ks
s w+ 2 2

1

ks
s w+

+ -

- 1

1

s
s

w
w

-
+

1

1

s
s

w
w

-
+

1
2

1
2

Tabé ùë û

au
bu
cu

ua

ub

1ua
+

1ub
+

1ua

1ua¢

1ub¢

1ub

+

++

-

 
Fig. 8. Block diagram of the positive-sequence voltage detector. 
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Fig. 9. Block diagram of the control system with LCL filter. 

 
Finally, according to (12), (13), and Fig.6, a block diagram 

of the proposed positive-sequence voltage detector in this paper 
is shown in Fig. 8. 

As shown in Fig. 8, by using the Clarke transformation, only 
two double resonant filters are necessary to filter the harmonic 
components in three-phase applications, one for α and the other 
for β. Moreover, because of the super harmonic attenuation 
function of the double resonant filter, the proposed 
positive-sequence voltage detector can be considered in an 
unbalanced and highly distorted three-phase grid voltage. 

 

V. PROPOSED CONTROL STRATEGY 
 

Either the inverter side current or the grid side current of the 
LCL filter can be controlled. Each alternative has its own 
advantages and drawbacks. Depending on the controlled 
current, specific active damping techniques have been 
proposed. 

 
A. The Structure of the Control System 

Considering that the instantaneous power control scheme 
based on the stationary reference frame, expressed in Fig. 4, 
and the proposed positive-sequence voltage detector, shown in 
Fig.8, it can be seen that if the grid side current is controlled, 
and the corresponding capacitor current active damping 
technique is chosen, the complete block diagram that is shown 
in Fig. 9 shows the concept of the proposed control approach. 
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Fig. 10. Control loop for the grid side current with feedback of the 
capacitor current for active damping filter. 
 

TABLE I 
INVERTER SYSTEM PARAMETER VALUES 

Quantity Value 

Rated output power P1 5 [kW] 

Switching frequency fsw 10 [kHz] 

DC-link voltage Udc 680 [V] 

Inverter side inductance L1 4.58 [mH] 

Filter capacitance C1 4.7 [µF] 

Grid side inductance L2 0.92 [mH] 

Grid impedance Lg 0.012 [mH] 

Nominal grid voltage ug 220 [Vrms] 
 
As shown in Fig. 9, kd is the damping factor of the capacitor 

current, ugabc are the actual grid voltages in the connection point, 
and Gc(s) is the current controller of the control system. The 
basic idea of the proposed control approach is that the current 
reference can be generated by using the instantaneous power 
control scheme and the proposed positive-sequence voltage 
detector. In addition, the computational cost of the control 
system can be reduced since no trigonometric transformations 
are performed. 

 
B. Parameters Design of the Control System 

The design procedure of the LCL filter is beyond of the 
scope of this paper. For further research, the study in [11] may 
be consulted. The following analysis is based on the full-bridge 
three-phase inverter parameter values listed in Table Ι. It is 
worth mentioning that these parameters have been extracted 
from a laboratory prototype. 

As shown in Fig. 9, the control structure between the α phase 
and the β phase does not contain cross-coupling terms. 
Therefore, in the following parameters design of the control 
system can only be discussed in the α phase. In this case, the 
control diagram shown in Fig. 9 can be depicted in Fig. 10. 

 
As can be observed in Fig. 10, the feedback path of the 

capacitor current for active damping purposes is implemented. 
The transfer function Y1 between the grid side current i2α and 
the inverter output voltage urα is easily obtained from Fig. 2. 

2
1 3

1 2 1 1 2

1
( ) ( + )r g g

iY
u s L L L C s L L L
a

a

= =
+ + +

.   (15) 

In Fig.10, the transfer function kpwm is the gain of the 
full-bridge three-phase inverter, and can be approximated by: 
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Since the control variables are sinusoidal in this situation and 
due to the known drawback of PI controllers in failing to 
remove steady-state errors when controlling sinusoidal 
waveforms, employment of a proportional resonant (PR) 
controller is necessary, and the PR controller is defined as: 
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where kp is the proportional gain, ki is the integral gain, ω1 is 
the resonance frequency of the controller, and the bandwidth of 
the controller is decided by ωc. 

In addition, harmonic compensation (HC) can be achieved 
by cascading several generalized integrators tuned to resonate 
at a desired frequency. Therefore, the current controller shown 
in Fig. 10 can be expressed by: 
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As a result, according to the control loop shown in Fig.10, 
the loop gain of the control system can be written as: 
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By putting the open-loop control-to-output transfer function 
into the standard normalized quadratic form, the damping ratio 
ζ can be given by: 
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Although the higher the value of ζ, the better the damping 
effect, a very high value for ζ will reduce the stability margin 
of the system. Thus a better tradeoff can be achieved with 
ζ=0.707, and kd can be indirectly calculated by (20). 

Finally, according to the inverter parameter listed in Table Ι 
and the above analysis, the control parameters of Table II can 
be used, and a Bode plot of the loop gain T is shown in Fig. 11. 

From the Bode plot depicted in Fig. 11, it can be observed 
that the phase margin (PM) is approximately equal to 57.70 at  
a crossover frequency (CF) of 518Hz, indicating a high 
stability and dynamic response. 

 
C. The Effect of Grid Impedance 

An increasingly important concern for grid-connected 
inverters is the effect of grid impedance on inverter control 
performance and stability. Usually, the value of the grid 
impedance is far less than that of the grid side inductance under 
stiff grid conditions (see Table Ι), and the effect of the grid 
impedance on the inverter control performance can be ignored. 
However, the grid impedance value may become high under 
weak grid conditions. In this case, a Bode plot of the loop gain 

T considering different values of Lg has been depicted in Fig. 
12. 

From the Bode plot depicted in Fig. 12, it can be observed 
that the PM and the CF have been reduced with an increase of 
the grid impedance, and that the system can become unstable 
due to the reduced bandwidth or the change in the resonance 
frequency. 

On the other hand, as the power range of the PV inverters 
increases, the effect of grid impedance becomes more and 
more obvious. According to the block diagram shown in Fig. 9, 
the relationship between the actual grid voltage uga and the 
voltage source ua is given by: 
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= - .            (21) 
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Fig. 11. Bode plot of the loop gain T with PR+HC controller. 
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Fig. 12. Bode plot of the loop gain T when the grid impedance 
increases. 

TABLE II 
CONTROL SYSTEM PARAMETER VALUES 

Parameter Value 

kd 0.3 

kp 0.055 

ki1 5 

ki5 1 

ki7 1 

ωc π 
 

 



Journal of Power Electronics, Vol. 13, No. 3, May 2013                         493 
 

0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15
-400

-300

-200

-100

0

100

200

300

400

 
(a) 

/
1
(
%)

 
(b) 

0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15
-400

-300

-200

-100

0

100

200

300

400

 
(c) 

0 100 200 300 400 500 600
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Frequency(Hz)

Fundamental(50.5Hz)=310.9, THD=0.04%
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Fig. 13. Response of the positive-sequence voltage detector under 
unbalanced and distorted conditions. (a) Utility voltage. (b) 
Harmonic spectrum of the utility voltage. (c) Detected 
positive-sequence signals. (d) Harmonic spectrum of the detected 
positive-sequence signals. 

 
In (21), it can be seen that there is a phase difference 

between i2a and ua. It can also be seen that the grid current 
phase is indirectly affected by the grid impedance and the grid 
power. That is why the control of the reactive power becomes 
more important in high-power applications. 

 

VI. SIMULATION RESULTS 
 

In order to confirm the effectiveness of the proposed system, 
a MATLAB/SIMULINK model has been implemented. The 
electrical parameters for the simulation model are given in 
Table Ι and Table II. 
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Fig. 14. Simulation results of the proposed control system. (a) 
Generated current reference signals. (b) A-phase grid voltage and 
three-phase current. (c) Actual active and reactive powers. 

 
First, an unbalanced and highly distorted three-phase grid 

voltage was considered in the simulation for demonstrating the 
excellent performance of the proposed positive-sequence 
voltage detector with k=150. In this case, the fundamental 
frequency was set to 50.5Hz, and the positive- and 
negative-sequence voltage at the fundamental frequency were 
set to u+1=311V, ¢+1=00 and u-1=10V, ¢-1=600. In terms of the 
harmonics, they were set to u-5=10V, ¢-5=-450 and 
u+7=10V, ¢+7=300 for the 5th and 7th harmonics, respectively. 

In Fig. 13(a), the waveforms of the unbalanced and distorted 
grid voltage considered in this simulation are depicted. Fig. 
13(c) shows the positive-sequence component detected by the 
proposed positive-sequence voltage detector, and the frequency 
error is only |∆f|=0.002Hz. Likewise, the respective harmonic 
spectrums are drawn in Fig. 13(b) and (d). From the results 
shown in Fig. 13, it can be concluded that the proposed 
positive-sequence voltage detector is a very precise and fast 
synchronization system. The detected instantaneous 
positive-sequence component can be used to calculate the 
current reference through (6). 
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(a) 

 
 (b) 

 
(c) 

Fig. 15. Experimental results of the positive-sequence voltage 
detector under actual grid operating conditions. (a) Utility voltage 
and the detected positive-sequence signals. (b) Harmonic spectrum 
of the utility voltage. (c) Harmonic spectrum of the detected 
positive-sequence signals. 
 
 

Second, the control system shown in Fig. 9 was tested under 
the aforementioned unbalanced and polluted grid conditions. In 
this simulation, a step change from 0kvar to 2kvar occurs in the 
inductive reactive power reference value Qref at t=0.14s, and 
another step change from 5kw to 3.5kW occurs in the active 
power reference value Pinput at t=0.18s. 

Fig. 14 shows the simulation results of the proposed control 
system with an LCL filter. The plot in Fig. 14(a) shows the 
current reference generated by using the instantaneous power 
control scheme. In turn, Fig. 14(b) shows the grid current and 
the voltage waveforms. From the results, it can be seen that the 
grid current lags behind the voltage when the reactive power 
reference changes at t=0.14s, and the amplitude of the grid 
current increases slightly. Additionally, in order to maintain a 
constant reactive power, the grid current further lags behind the 
voltage when the active power reference reduced at t=0.18s. 
Finally, Fig. 14(c) shows the tracking results of the actual 
active and reactive power, which match the power reference 
value. 

 
(a) 

 
 (b) 

Fig. 16. Experimental results of a step in the reactive power 
reference. (a) A-phase grid voltage and three-phase current. (b) 
A-phase grid voltage and A-phase current. 

 

VII. EXPERIMENTAL RESULTS 
 

To experimentally validate the performance of the proposed 
control system, a prototype of the system, depicted in Fig. 9, 
has been constructed on a DG test-bed. Additionally, the 
algorithm of the control system is implemented by RT-LAB, 
and the sampling period is set to 12μs. 

In the first experiment, the capability of the proposed 
positive-sequence voltage detector with k=150 online detecting 
the positive-sequence component was tested. Considering that 
the peak value signals of the RT-LAB analog output channel 
shown on a digital oscilloscope are 15V, the magnitude of the 
detected positive-sequence component shown in Fig. 15(a) has 
been attenuated (ugα

+ and ugβ
+ represent the attenuated signals). 

As can be noted in Fig. 15(b) and (c), although the actual grid 
voltage waveforms are distorted, the harmonic analysis shows 
that the detected positive-sequence voltage waveforms are 
nearly sine wave in shape, which indicates a precise estimation. 

In the second experiment, the capability of the control 
system shown in Fig. 9 was tested under actual grid conditions. 
The practical measured waveforms are shown in Fig. 16 and 
Fig. 17. 

Fig. 16 shows that the experimental results of the reactive 
power reference experienced a sudden jump from 0kvar to 
0.5kvar. From the results, it can be seen that the current 
waveforms are in-phase with the grid voltage initially. 
However, at the end, the current waveforms lag behind the 
voltage due to the step change of the reactive power reference. 



Journal of Power Electronics, Vol. 13, No. 3, May 2013                         495 
 

In addition, as shown in Fig. 17, in order to maintain a constant 
reactive power, the grid current further lags behind the voltage 
when the active power reference is reduced, which 
demonstrates its excellent performance. 

 

VIII. CONCLUSIONS 
 

A new control structure for three-phase grid-connected 
voltage source inverters (VSI) with an LCL-filter is proposed. 
By using the instantaneous power control scheme and the 
proposed positive-sequence voltage detector, the current 
reference can be indirectly generated, which avoids the 
complex PLL. The effectiveness of the proposed system for 
three-phase grid-connected VSIs is demonstrated via 
simulation results, which show a significant improvement in 
both the steady state and transient behavior. The same behavior 
is experimentally verified. The fast dynamic response to a 

reference step is not affected by the inclusion of additional 
control loops. Good performance is guaranteed even under 
unbalanced and distorted grid voltages. 
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