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1. Introduction

Photovoltaic energy has become one of the most
popular sustainable energy sources nowadays. Due to
the continuous cost reduction and government
incentives, the installation of grid-integrated PV
system has grown rapidly in the past few years[1].
In the Grid Connected Inverters (GCIs) the grid

current control is an essential part. There are two
most common methods to control the grid current;
one is the Stationary Reference Frame (SRF) control
and the other is the Rotatory Reference Frame (RRF)

control[2],[3]. In the RRF controllers, simple PI control
can provide a good control performance since the
transformation turns AC quantities into DC quantities.
The design process of the PI controller is simple, and
it provides satisfactory dynamic and steady-state
performance. Since the system variables are converted
to DC quantities, the control loop has no dependence
on the system frequency. In addition, this scheme
provides independent regulation for active and reactive
power by the simple adjustment of the d and q axis
current[4].
The simple PI controller for the current control in

RRF is not robust in compensating the low order
harmonic components and it can hardly satisfy the
harmonic standard such as IEEE 519 and P1547[5]. In
order to fulfill the international harmonic standards
and meet the required THD value for the inverter
output under the distorted grid condition, the use of
harmonic controller is essential.
Total Harmonic Distortion (THD) is a measure of
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all of the harmonics present in a current or voltage
waveform with respect to the fundamental frequency
component. Generally, non-ideal behavior of the
switches used in GCIs leads to an increasing THD at
the inverter output. The output of the inverter
isdistorted by three main factors. The first is the
device turn-on/off delays, conduction voltage drops
across the power switches and the dead-band of
PWM effects to prevent the shoot-through fault
between the lower and upper switches. The second is
the dc-offset and scaling error in the current and
voltage sensing circuit. The third is the harmonics
that are already present in the grid due to the
extensive use of non-linear loads nowadays. The
harmonics present in the grid also induces low order
harmonics during the closed-loop control operation of
the GCIs[6]. In addition, the LCL output filters are
preferred to reduce the switching frequency harmonics
in GCIs due to their excellent high-frequency
attenuation performance. However, it dramatically
increases the susceptibility to low-order current
distortions because of its lower inductance value as
compared to L or LC filter[7]. Therefore, instead of
increasing the inductance of the output filter, hence
the cost and the volume, it is preferred to use
harmonic compensation methods.
To avoid the adverse effects of GCIs on the grid

power quality, their minimum output quality is
suggested by the grid standards such as IEEE 1547,
which specifies the limits for individual harmonics[8].
However, the conventional RRF current controllers
have some limitations as followings. In the
conventional methods the harmonic compensators are
connected in parallel to the fundamental current
controller. This approach is widely used, and several
variations can be found in the literature[9]-[11].
The Proportional Resonant (PR)[9], the Second Order

Generalized Integrator (SOGI)[10] and the Repetitive
Controller (RC)[11] are employed in parallel with the
current controller (PI) in the d and q axis,
respectively, to detect a certain harmonic and
compensate it in a feedforward manner. Although this
control method is effective in harmonic rejection, one
of the disadvantage of this method is that four
compensators are required to eliminate a certain
harmonic. Since a harmonic component in the SRF
appears as two different frequency components in the
RRF, it should be compensated for both the d and q
axis. Another disadvantage is that the OSGs are

generated by the SOGI, which is composed of low
pass filters and a band pass filter. As a result, it is
inherently impossible to extract the accurate
information about the harmonic components due to the
attenuation of the filter. Thus, these harmonic
controllers are not able to perfectly compensate for
the harmonics. The harmonic compensators with
proportional-resonant controllers are very sensitive to
frequency variations when their quality factor is
selected to be high to provide a high gain for a
certain harmonic since the gain would be significantly
reduced by a slight change in the resonant poles due
to the error caused by the discretization[12]. If the
controller is designed with a lower quality factor to
increase the robustness towards frequency variations,
undesirable frequency components may be amplified,
leading to a lower output quality of the GCIs[13]. In
[10], a SOGI is added in parallel with the current
regulator for both the D and Q axis. However, since
a low pass filter and a band pass filter are included
in the SOGI block, it makes the control more
complicated and increases the computational burden.
In this paper a novel harmonic compensation

method by using a Digital Lock-In Amplifier (DLA)
is proposed to overcome the limitations of
conventional methods. Due to the outstanding
performance of the DLA to detect a certain frequency
component under the extremely noisy environment it
is possible to extract the amplitude and phase
information of a certain harmonic component with
high accuracy. The extracted harmonic information is
used to reconstruct the harmonic and used to
compensate it through the PI controller. The detail
design procedure for the proposed method with DLA
is presented after describing the current control and
the validity of the proposed method is verified
through the experiments with a 5kW GCI working for
a PV system. The Maximum Power Point Tracking
(MPPT) for the PV system is implemented with the
help of Ripple Correlation correction (RCC) method.

2. Grid Current Control of the Single Phase
GCI for PV Power Generation System

Fig. 1 shows the general block diagram of a
single-phase grid-connected PV inverter controlled in
DQ frame, where a single-phase H-bridge inverter
injects the PV power to the grid through a passive
LCL filter. The grid voltage and current are fed back
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Fig. 1. Proposed single-phase PV system with RRF based
current controller and harmonic compensator using DLA.

to the controller for the control. The controller injects
a sinusoidal current satisfying the power quality and
the dynamic performance. In the Rotatory Reference
Frame (RRF) controllers, since the transformation
turns ac quantities into dc quantities, the PI controller
can provide a good control performance. Though the
design process of the PI controller is simple, it can
provide a satisfactory dynamic and steady-state
performance. In addition, as the system variables are
converted to dc quantities, the control loop has no
dependence on the system frequency. It is also
possible to provide the independent regulation for
active and reactive power by the simple adjustment of
the d and q axis current. Even though RRF based
current controller have higher computational burden
due to Park Transformation and the inverse Park
Transformation than that of the Stationary Reference
Frame (SRF) based control, its implementation is not
difficult thanks to the availability of the high
performance DSP with lower cost in these days.
As shown in Fig.1, the current controller requires
an orthogonal Signal Generator (OSG) block to
generate the α and β axis components of the grid
current. In this research the Second-Order Generalized
Integrator (SOGI) is used as OSG as it can

generate the OSG signals perfectly due to its good
attenuation or filtering capability over the harmonic
components[14]. The Phase-Locked-Loop (PLL) is used
in this scheme to synchronize the controller to the
grid voltage. Fig.2 shows the conventional current
controller on the RRF. The controller consists of two
PI controllers, the decoupling terms and the feed

Fig. 2. Block diagram of the conventional current controller
on the RRF.

forward terms in both d and q axes which is similar
to the three-phase d-q frame current controllers[15].
From Fig. 2, the dynamic equation for the ac side
can be expressed as Eq. (1).

  

 

  



(1)

Where,  , ,  ,  and  is the inverter
terminal voltage, the capacitor voltage, the utility grid
voltage, the converter-side current and the grid
current, respectively. If the effect of the small
capacitor in the LCL filter is neglected, then the
design of the current control is the same as is the
case with VSI with L filter. Thus, in the α-β frame,
Eq. (1) can be simplified to Eq.(a)2).

       

       
(2)

Furthermore, Eq. (2) needs to be transformed from

SRF to RRF by using the relationship x=x 
.

Therefore, the dynamic equation of the ac-side variable
in the RRF (dq frame) can be derived as Eq. (3).

   
  

   
 

(3)

As shown in Eq. (3) and Fig. 2 there are cross
couple terms and it should be compensated. In order
to achieve a decoupling control of  and  , the
inverter terminal voltage should be controlled as
followings.
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Fig. 3. Simplified block diagram of the current controller.

   

    
(4)

Where ud and uq is the control signal of the d and
q axis in the RRF, respectively. By using Eq. (3) and
Eq. (4), Eq. (5) can be derived.

    

    
(5)

Eq. (5) is the first order linear equation with two
decoupled terms. Based on Eq. (5),  and  can be
controlled by  and  , respectively. Fig. 2 shows a
block diagram of the d and q axis current controller
of the single-phase inverter, where  and  is the
output of each PI current controller, respectively. In
order to cancel the effect of decoupling terms and the
grid voltage term present in the plant, these terms
should be added to the current controller to be
canceled each other. Therefore the current controller
in Fig. 2 can be simplified to the one as shown in
Fig. 3.
One advantage of DQ current controller is that both

d and q axis current-control loops are identical as
shown in Fig. 3. Therefore, the compensator at each
axis is the same. The RRF current control structure,
usually requires simple PI controllers due to its
satisfactory dynamic performance and zero steady
state error when regulating dc components. In Fig. 3
the  is the representation of the plant shown in
Eq. (6) and   is the transfer function of the
PWM unit in the S-domain, which comprises of a
zero-order holder and a computation delay as Eq. (6)
and Eq. (7).

(a) 

(b)

Fig. 4. Bode Plot. (a) Plant transfer function, (b) Loop gain
and close loop transfer function.

  


(6)

  




≈ 



 (7)

Where  is the sampling time. From Fig. 3 the
loop gain for of the whole system can be derived as
Eq. (8).

  (8)

The frequency domain analysis of the plant can be
performed by using Eq. (8) and the Bode diagrams of
the loop gain can be plotted as shown in Fig. 4.
When the current control loop is designed, it is
desirable to maximize the bandwidth of the current
controller by using a higher  so as to achieve the
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Fig. 5. Block diagram of the digital lock-in amplifier (DLA).

perfect reference tracking performance at all input
frequencies, a faster dynamic response and the
complete blocking of the disturbance input. However,
a high gain can degrade the control loop stability in
the actual implementation. They are in a trade-off
relationship in between the bandwidth and the
stability of the system.
By using MATLAB, the controller can be designed

without difficulty. The bode plot of the loop gain
 is shown in Fig. 4(b). The parameters for the
PI controller is obtained as  = 9.85 and  =157.7
The bandwidth of the current controller is 697Hz and
the phase margin is 89.8 degrees.

3. Application of the Digital Lock-In Amplifier to
Detect the Harmonics

It was already mentioned earlier that the main
reason for the incomplete harmonic compensation of
the previous methods can be attributed to inaccurate
harmonic detection. In this paper a Digital Lock-in
Amplifier (DLA) based harmonic detection and
elimination method is proposed. In this chapter a DLA
based harmonic detection and compensation method is
presented and the design procedure is detailed. The
block diagram of the Digital Lock-in Amplifier (DLA)
and the proposed harmonic compensation method is
shown in Fig. 5 and Fig. 6, respectively.
In the proposed method, the fundamental component
of the grid current is regulated on the RRF with a
simple PI controller. Meanwhile, individual harmonic is
detected by means of DLA at its own frequency
frame and compensated in a feedforward manner.
A block diagram of the DLA is shown in Fig. 5. In

order to capture a certain frequency component a
reference signal  and its orthogonal signal ′ are
generated and multiplied by the input signal . This

process is called Phase Sensitive Detection (PSD).
Through the PSD process all the frequency
components other than the reference frequency are
rejected and only a signal with the same frequency
as the reference signal remains. To show the
effectiveness of the DLA the general equations to
describe its principle are as follows. The input signal,
reference signal and its orthogonal signal can be
expressed by Eqs. (9)-(10) and (11).

 sin (9)

 sin  (10)

′ sin  (11)

When the reference signal and its orthogonal signal
are multiplied to the input signal, the output of the
PSD can be derived as Eqs. (12)-(13).

′ 


cos  cos   (12)

′ 


sin  sin   (13)

The PSD outputs are two AC signals, one is at the
difference frequency of   and the other is at
the sum frequency   . From Eqs. (12)-(13), it
is possible to extract the amplitude and phase
information of the input signal if ≈ . In order to
obtain pure DC signals from the PSD output, it is
further processed through a LPF to get only DC
values.

4. Proposed Harmonic Compensation Method
with DLA

In this section the harmonic detection process using
a DLA (Fig. 6) is explained in detail. It is assumed
that the grid current is distorted and it has odd
harmonic components as shown in Eq. (14).

  




sin sin 

sin

sin






(14)

Where  represents the magnitude of the
fundamental current,  represents the amplitude of
the harmonics in the feedback current, and “n”
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represents the order of the harmonics. In order to
detect the harmonic components, the reference and its
orthogonal signal, which has a unity amplitude and an
arbitrary theta at the harmonic frequency, need to be
generated by a DSP as shown in (15).

 sin

′ cos
(15)

Where “” represents the order of the reference
signal. The reference signals are multiplied by the
grid current, which can be expressed by (16).

    sin

  ′  sin
(16)

Eqs. (17) and (18) can be derived using Eqs. (12),
(13) and (16) as follows.

 

 



   






cos



 
cos














 (17)

 

 



    






sin



 
sin














 (18)

From Eqs. (17) and (18) the phase and amplitude
can be extracted if ≈ . The sub harmonic
components, which are superimposed on a DC value
can be eliminated by employing LPFs. The transfer
function of an LPF used can be expressed as follows.

  
 



(19)

Fig. 7. Simulation results. (a) Grid current and voltage
waveforms, (b) FFT result of the output current at 5 kW,
(c) The detected 3rd and 5th harmonic amplitudes by the DLA.

Where n is the order of the LPF. In order to
obtain accurate DC values that contain the amplitude
and phase information of a certain harmonic
component, the order of the LPF and its cut off
frequency need to be selected carefully. It can be
noted from Eqs. (17) and (18) that the lowest AC
component is 120 Hz when the 3rd harmonic is
compensated. Meanwhile, in case of 5th harmonic
compensation, the lowest AC component is 240 Hz.
Therefore, the LPF needs to be designed to
sufficiently attenuate the 120 Hz and 240 Hz ripples.
In order to show the effectiveness of the DLA in

detecting harmonics, the grid current is passed
through the DLA to obtain the amplitudes of the 3rd

and 5th harmonic components. Fig. 7(a) and (b) show
the grid current with 3rd and 5th harmonic components
and its FFT results, respectively. Fig. 7(c) shows

Fig. 6. Block diagram of the proposed harmonics compensation by using Digital Lock-in Amplifier (DLA).
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(a)

(b)

Fig. 8. Bode plot of the open loop gain. (a)   for 3
rd

harmonic compensator, (b)   for 5th harmonic
compensator.

the amplitudes of the harmonics detected by the DLA.
It can be noticed that the amplitudes of the harmonics
are exactly the same as the FFT results, which are
1.45A and 0.58A for the 3rd and 5th harmonics,
respectively.
The extracted magnitude and phase information of

a certain harmonic component are used to reconstruct
the harmonic. Then it is fed to a simple PI controller
to compensate it by the negative feedback.
Since the magnitude and phase information of the

harmonic in the proposed method is a DC value, the
harmonic compensation can be performed with a
simple PI controller. The open loop gain for the
harmonic compensation loop can be expressed as in
Eq. (20).


  ×

 
 



× 
  (20)

Fig. 9. Block diagram of the proposed DLA based harmonic
compensation method.

To achieve effective harmonic compensation, the
bandwidth of the PI controller should be less than the
cut-off frequency of the LPF. A higher bandwidth
selection for the PI controller may cause the harmonic
compensation loop to become unstable. Bode plots of
the open-loop gains of the 3rd and 5th harmonic
controllers are chosen to be 1.489 and 12.07. To
ensure the stability of the system, the phase margins
for the 3rd and the 5th harmonic compensator are
designed to be 60.7 degrees at 4.91 Hz and 70.6
degrees at 9.5 Hz, respectively, as shown in Fig. 8.
As previously explained, the harmonic are detected

through the DLA and regulated by a PI controller.
The harmonic can be simply reconstructed by using
its amplitude and phase information detected by the
DLA as expressed in Eq. (21).

 cos  (21)

Where mαnh is the reconstructed harmonic,  is
the amplitude of the harmonic component after the
harmonic compensator, and  is the phase difference
between the harmonic component and the reference
signal. After the LPF, all of the residual ripples are
removed except for the zero frequency DC values
representing the amplitude and phase information of
the detected harmonics. The amplitude and phase
information of a certain harmonic can be computed as
follows.

′ 

 cos  

′ 

 sin  
(22)
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Fig. 10. Block diagram representation of RCC based MPPT
algorithm.

 
′′ (23)

  tan
′

′  (24)

Then the harmonic can be compensated in a feed
forward manner by subtracting the reconstructed
signal from the output of fundamental current
controller as shown in Fig 9.

5. Maximum Power Point Tracking Algorithm

The objective of any Maximum power point
tracking (MPPT) algorithm is to extract the
maximum power from the PV modules. Mostly, the
condition ∂p/∂v = 0 is adopted to locate this
operating point at the maximum power point (MPP).
Number of MPPT methods have been proposed for
maximum power tracking such as Perturb and
Observe (P&O), Hill Climbing, Incremental
Conductance, Fuzzy Logic control, Fractional
open-circuit voltage control, Fractional short-circuit
current control, Neural network, Ripple Correlation
Control (RCC) and others. These methods differ in
complexity, hardware, speed of convergence, sensors
required, cost, range of effectiveness and other
aspects.

5.1 Block diagram and convergence analysis
Fig. 10 shows the RCC-MPPT technique and it is

the one which has the following advantages such as
parameter-insensitivity, very fast convergence to
reach MPP, simple and straightforward circuit
implementation and well-explained theoretical analysis.
In RCC-MPPT, low frequency component is the

mandatory component for tracking MPP. Hence, in
most of the cases the low frequency component is
injected from outside. In this approach instead of
feeding the plant with sinusoidal probing signals, the
control input is obtained by using the low frequency

Fig. 11. Behavior of different signals at different power
points.

component induced by the inverter at the PV side.
Therefore, there is no need to generate the low
frequency perturbation by the controller. This low
frequency must be extracted by means of a separate
filter. A band-pass filter is used to replace the
high-pass filter as it is typically used in the
RCC-MPPT structure. This choice helps to improve
the performance of the closed-loop control under the
fast varying irradiance conditions.
Since the DC-source voltage is full of switching

noise, LPF is used to alleviate the effects of the
noise. In this MPPT algorithm the signals  and
 are sensed as inputs and the power  is
calculated.  is the final perturbation in the
reference voltage signal. At every switching instant,
the signals  and  are band pass filtered to get
the sinusoidal signals and LPF is used to remove the
switching noise. After dividing this signal by
Δu2 signal to get ∂p/∂v, the sign of this residue
function is checked to get information about the
operating point to see if it needs to move toward or
away from MPP.  is a factor to control the speed
of convergence. Finally, the results integrated to get
the perturbation in the voltage reference.
The quantity sign (=∂p/∂v) is a clear indication

of the region where the PV panel needs to operate as
shown in Fig. 11.

∙(() > 0) means ∼ and ∼ are in phase and
the operating point is at the left side of the MPP
on the ( ) characteristic curve.
∙(() < 0) means ∼ and ∼ are out of phase
and the operating point is at the right side of the
MPP on the  characteristic curve.

The knowledge of the instantaneous operating point
makes it possible to change the PV voltage reference
in order to approach the MPP.  = 0 when the
operating point reaches the MPP.
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Designator Parameters Unit

 Rated power 5

 Switching frequency 10

 Dead time 1.0

 Inverter side inductor 1.5

 Grid side inductor 0.75

 Filter capacitor 6.0

 Damping resistor 3.0 

 Grid voltage 220

 Grid frequency 60

 DC link voltage 400

TABLE Ⅰ
SPECIFICATION OF THE SINGLE PHASE GRID

CONNECTED PV SYSTEM

Fig. 12. Experimental setup.

(a)

(b)

Fig. 13. Experimental results with a single phase GCI at 5
kW. (a) Inverter outputs without the proposed harmonic
compensation method, (b) Inverter outputs with the
proposed harmonic compensation method.

6. Experimental Result & Discussions

For the experimental verification of the proposed
harmonic compensation technique with RCC- MPPT
control, a prototype single phase GCI is built and
connected to the 220Vrms grid through an LCL filter
as shown in Fig. 12.
To verify the feasibility and validity of the

proposed method, a 5kW inverter has been built.
Experimental setup is shown in Fig. 13. TeraSAS
ETS(600/17) Photovoltaic simulator has been used as
a PV Source.
The control schemes are implemented in a Digital
Signal Processor, DSP TMS320F28335 from Texas
Instruments. In order to show the effectiveness of
proposed method experiments are performed with and
without the proposed DLA based harmonics
elimination technique under the real grid condition.
Fig. 13(a) shows the inverter outputs without the
proposed DLA based harmonics elimination loop at
5kW. The four waveforms in each figure represent
,  ,  and FFT analysis of grid current,
respectively.
It can be observed from the FFT analysis in Fig.

13(a) that the 3rd and 5th and 7th harmonic are
1.449A, 0.645A, 1.129A, respectively, and the output
current THD is 8.57%, which exceeds the value
suggested by the IEEE Std. 519 and P-1547.
Fig. 13(b) shows the experimental results with the

proposed DLA based harmonic compensation
technique. It can be observed that the THD of the
inverter current is significantly reduced from 8.57% to
1.58% at 5kW. The reductions of the 3rd and 5th

harmonic and 7th at 5kW are from 1.449A to 0.043A
and from 0.645 to 0.158 and from 1.129 to 0.137,
respectively. It can be confirmed by the experimental
results that the proposed harmonic compensation
method is very effective in compensating the
harmonics at the CGI output.
Fig. 14 shows the performance of the PV system

with the RCC MPPT strategy. Fig. 14(a) shows the
MPPT trajectories captured on the P-V and I-V
curves. As shown in the Fig. 14(a) the system is
well tracking the MPP. The variation at MPP is
negligible and MPPT efficiency is higher than 99.2%
which demonstrate the stable MPP is achieved by the
RCC-method. Fig. 14(b) shows the steady-state and
dynamic performance of the MPPT by the PV source
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(a)

(b)

(c)

Fig. 14. (a) TeraSAS I-V/P-V curve, (b) Experimental
results with MPPT, (c) Harmonic compensation results with
MPPT and grid current FFT results.

and inverter waveforms. It is shown that the PV
simulator voltage starts to decrease from  and
reach  and the inverter power increases smoothly
at the same time. Fig 14(c) shows the performance of
the harmonic compensation while achieving the MPPT
operation.
Fig. 15 shows the performance of conventional and

proposed DLA harmonic compensation method in

Fig. 15. Comparison of the inverter output THD with and
without harmonic compensation method.

terms of THD at different loads. It is clear that the
proposed method shows an outstanding performance.

7. Conclusion

In this paper a novel inverter current harmonic
elimination method by using DLA has been proposed
and its validity has been proved by the experiments
with a 5kW single phase GCI with RCC MPPT
control. The proposed DLA based Harmonics
compensation technique works with the principle of
frequency shifting/demodulation and the amplitude and
phase information of any n order harmonic can be
extracted accurately under the highly distorted grid
condition. The extracted harmonics are then
subtracted from the output of the fundamental current
controller to compensate for the harmonics. THD
value of 1.58% has been achieved with the proposed
method at 5kW while the MPPT efficiency is 99.2%.
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