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Abstract

A new simple and effective scheme to improve the power quality of grid-tied inverters
in distributed generation (DG) system under faulty grid conditions is presented. In order
to regulate the fundamental and harmonic components effectively with low computational
burden, the proposed control scheme is constructed with two controllers, namely, a
proportional-integral controller and a high bandwidth proportional harmonic controller.
The former is in charge of injecting the fundamental positive-sequence current into the
grid. The latter is designed to alleviate the harmful effect due to abnormal grid voltage.
Since the latter controller is specially used to improve the performance of system in high
frequency ranges, it is desirable to separate the high frequency harmonics from the grid
voltage and current. To obtain the harmonic components, a fourth-order band-pass filter
is employed. Then, the undesirable harmonic components can be completely suppressed
by proportional decoupling controller, while the exchange powers are exclusively
controlled by proportional-integral (PI) decoupling controller. Simulations and
experimental results are presented to verify the simplicity and effectiveness of the
proposed scheme.
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1. Introduction
The steady growth in electricity demand and the depletion of fossil energy have been
creating an increased interest in the renewable energy resources and construction of
microgrid. Moreover, to accelerate the economy and stability of operating power systems,
the injected renewable energy into the grid by means of the distributed generation (DG)
system has been shooting up in the last decade [1]. One of the important requirements
imposed by all power system operators regarding grid-tied systems such as the grid-tied
inverter for photovoltaic and wind turbine applications is the quality of distributed power.
In order to preserve the power quality, the total harmonic distortion (THD) in injected
current needs to be met certain standards such as IEEE-519 or IEC 61000-3-2, which has
been enacted for the purpose of satisfying the gird integration codes [2], [3].
The proportional-integral (PI) decoupling control with the grid voltage feedforward is
commonly used for current-controlled inverters because of its simplicity and stability [4].
However, the conventional PI decoupling regulator does not give proper performance
under distorted and unbalanced grid voltages due to the limitation of control bandwidth.
To improve the power quality of DG systems, several research works on the harmonic
compensation strategy have been investigated. The harmonic compensation methods are
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classified as two groups, namely, selective, and non-selective scheme. One of the most
widely used methods as selective harmonic compensation scheme for grid-tied inverters is
proportional resonant (PR) controllers [5], [6]. These controllers are designed not only to
regulate the fundamental current, but also to compensate harmonic terms selectively. The
PR controller is known as a flexible harmonic compensation method which is highly
robust against the grid disturbances. However, despite having aforementioned advantages,
the PR controller reveals a quite complex structure, which may not be applicable for many
commercial power applications.
As an alternative solution, non-selective harmonic compensation strategies such as the
predictive control [7], repetitive control [8]-[10], and sliding mode control (SMC) [11][13] have been reported. The predictive control has been developed to minimize the
forecast error in order that the reference current can be tracked properly without any
errors, which yields a satisfactory current response with minimum THD level. However,
the predictive current control is very sensitive to the parameter changes as a consequence
of the mathematical based approach. Unlike the predictive control, the repetitive feedback
control has been derived from the concept of iterative leaning control. Therefore, this
control provides robust performance against periodic disturbance and ensures a zero
steady-state error at all harmonic frequencies. However, the learning process often results
in an unacceptable slow dynamic response. To overcome the previously mentioned
difficulties regarding the predictive and repetitive controls, the SMC has been employed
for grid-tied inverters [11]. The SMC has a variable structure that contains a switching
term and a sliding surface representing the reference trajectory. The switching control
input which takes the form of on-off control or hysteresis control is the key element of
implementing the SMC. The idea behind the switching control input is that a strong
control action can be generated whenever the system output deviates from the designed
trajectory [12], [13]. Nevertheless, in some cases, it is difficult to design a SMC to exhibit
both suitable transient performance and zero steady-state error. Moreover, the SMC
suffers from its inherent chatting problem.
The existing harmonic compensation methods have their own advantages in view of
control performances. However, these methods require either lots of computational
capacity or high level of mathematical background for controller design due to the
complexity of their control structures.
This paper proposes a simple and reliable harmonic mitigation strategy in power
electronic converter for grid integration of renewable energy resources. The proposed
control strategy is based on the fact that the distorted grid voltages can be expressed as the
fundamental and harmonic components. Therefore, the current controllers can be
designed independently in order to achieve the best control performance of each
component. Due to the simplicity in control structure of the proposed scheme, the
computation burden is significantly reduced, while providing a fast dynamic response and
robustness against the distorted grid voltages. To verify the effectiveness of the proposed
scheme, a 2 kVA laboratory prototype grid-tied inverter incorporated with a digital signal
processor TMS320F28335 has been constructed [14]. The simulations and experimental
results in various operation conditions are given to prove the performance of the proposed
scheme.

2. Modeling of a Grid-tied Inverter
Figure 1(a) illustrates the block diagram of three-phase grid-tied inverter for DG
applications. In general, the grid-tied inverter consists of three main components which
are a large DC-link capacitor, a power module, and an output filter to eliminate the
undesirable harminic components in injected current. The injected current to utility grid is
commonly controlled by a current controller through a modulator. To give an insight into
the machanism of power stage, Figure 1(b) shows the simplified equivalent circuits of a
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grid-tied inverter in the synchronous reference frame. Applying the Kirchhoff’s law in
these simplified circuits, the voltage equations of a grid-tied inverter in the synchronous
reference frame can be derived as follows:

vq  Riq  L

diq

 Lid  eq

(1)

vd  Rid  L

did
 Liq  ed
dt

(2)

dt

where v q and v d are the inverter output voltages in q-axis and d-axis, respectively, iq
and id are the inverter output currents in q-axis and d-axis, respectively, eq and ed are
the grid voltages at the point of common coupling in q-axis and d-axis, respectively,  is
the angular frequency of grid voltage, L is the output filter inductance, and R is the
output filter resistance.
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(B) d- and q-axes equivalent circuits
Figure 1. Block Diagram of Three-phase DG Inverter and the Simplified
Equivalent Circuits in the Synchronous Reference Frame

3. Proposed Harmonic Compensation Scheme
Figure 2 illustrates the control block diagram of the proposed harmonic compensation
scheme. The overall control scheme comprises a current controller, a harmonic detector,
and a space vector pulse width modulator (SVPWM). Since the dynamics of primary
sources are much slower than those of the inverter, it is reasonable to assume that the DC
voltage is a constant value. For the purpose of controlling the fundamental and harmonic
current components at the same time, the proposed current controller consists of a
conventional PI decoupling controller and a high bandwidth proportional compensator.
The central idea of the proposed current controller is based on the superposition principle.
According to the superposition principle, the given linear system in (1) and (2) can be
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separated as two individual models, namely, the fundamental and harmonic models.
Consequently, the controllers can be independently designed to archive the best
performance of each system. To accomplish the superposition principle, the band-pass
filters (BPFs) are employed to decompose v, i, and e into the fundamental and harmonic
variables as V  vh , I  ih , and E  eq , accordingly, where the subscript h denotes the
harmonics terms and the subscript q and d are intentionally omitted for convenience.
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Figure 2. The Control Block Diagram of the Proposed Harmonic
Compensation Scheme
Once the fundamental and harmonic signals are separated, the voltage equations of the
grid-tied inverter with respect to the fundamental frequency can be expressed as follows:

Vq  RI q  L

dI q

Vd  RI d  L

dI d
 LI q  Ed .
dt

dt

 LId  Eq

(3)

(4)

As can be observed from (3) and (4), all the variables in the fundamental components
have DC quantities in the synchronous reference frame. Thus, the reference currents also
take the form of step signals in this frame. Bearing that in mind, a PI decoupling
controller with grid voltage feedforward is used to design the controller using the
fundamental model since this controller can provide excellent tracking performance for
step reference input even under the parameter variations. The control law for the
fundamental terms is given by

Vq*  ( K Pf 

K If

Vd*  ( K Pf 

K If
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where s is the Laplace operator, K Pf and K If are the proportional and integral controller
*
*
gains, respectively, I qs
and I ds
are q-axis and d-axis reference currents, respectively, and

Vq* and Vd* are the reference voltages of the inverter, respectively.
Assuming that there is no deformation on the reference voltages, i.e. the inverter output
voltages are exactly the same with the reference voltages, substituting (5) and (6) into (3)
and (4) yields the transfer function of system with respect to the fundamental component
as

G f ( s) 

K Pf s  K If
I ( s)
.
 2
*
I ( s) Ls  ( Rs  K Pf ) s  K If

(7)

It is worth mentioning that the grid impedance value varies according to grid
conditions rather than a constant parameter. Fortunately, the boundary of the grid
impedance can be easily determined in order that the PI controller can be designed to cope
with these variations. In this study, the controller parameters are obtained in frequency
domain by choosing a proper set of the critical frequency and gain margin to ensure
desirable tracking performance and system stability. The frequency response for the
closed-loop system of the fundamental controller is given in Figure 3. As can be seen
from Figure 3, the closed-loop system exhibits a unit gain in the low frequency regions,
which proves the good tracking performance of the designed controller.

Figure 3. Frequency Response of a Grid-tied Inverter with the PI Decoupling
Controller
As far as the harmonic attenuation capability is concerned, the voltage equations with
respect to harmonic components can be obtained from (1) and (2) as follows:

vqh  Riqh  L

diqh
dt

 Lidh  eqh
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vdh  Ridh  L

didh
 Liqh  edh .
dt

(9)

To suppress the influence caused by the grid voltage harmonics, a proportional
decoupling controller with grid voltage feedforward is employed using the harmonic
model. The control law is given as
*
*
vqh
 K Ph  (iqh
 iqh )  Lidh  eqh

(10)

*
*
vdh
 K Ph  (iqh
 iqh )  Liqh  edh

(11)

*
*
where K Ph is the controller gain, i qh
and i dh
are q-axis and d-axis harmonic reference
*
*
currents, respectively, and vqh
and v dh
are q-axis and d-axis inverter reference voltages

of the harmonic compensator, respectively.
With the same assumption used to obtain the transfer function of the fundamental
model, the transfer function of the harmonic model can be derived by substituting (10)
and (11) into (8) and (9) as

Gh ( s) 

KP
.
Ls  ( K P  R)

(12)

As stated earlier, the main purpose of introducing a proportional controller for current
control is to suppress the harmonics which are generally more than three times
fundamental frequency. The most instructive way to reduce the effect of grid harmonics is
to increase the control bandwidth of current controller. For the conventional PI
decoupling controller, however, increasing the control bandwidth usually leads to the
instability problems. Fortunately, by using the decomposition model, the bandwidth of the
proportional controller can be archived high enough to regulate the harmonics without
violating stability criteria. Through the design techniques in the frequency domain, a
proper proportional harmonic compensator that is able to provide sufficient bandwidth as
depicted in Figure 4 can be easily obtained. The frequency response of the closed-loop
system reveals that the cutoff frequency of system with harmonic compensator is much
higher than that with only the PI controller. In addition to the frequency response with
respect to the reference, Figure 5 shows the frequency response of the closed-loop system
with respect to disturbances. As easily noticed, the gain for disturbance is relatively low
in the whole interested frequency range. In other words, Figure 5 proves the robustness of
the proposed compensator against the disturbance.
In Figure 2, the measured currents are directly used as feedback signals for the PI
controller instead of the fundamental currents as described in the control laws (5) and (6)
since the PI controller has no effect on high frequency signals. Furthermore, so far as the
grid voltage is concerned, it is not necessary to separate the decoupling and feedforward
terms as expressed in (5), (6), (10), and (11) for the fundamental and harmonic
components since they are finally added up together. As a result, only one harmonic
detector is needed as shown in Figure 2, which contributes to reduce significant
computational efforts in the main controller. To extract the harmonic components from
the output currents without phase delay, the fourth-order BPF has been implemented by
cascading two second-order BPFs in the stationary reference frame. The transfer function
of the second-order BPF can be described as
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H BPF ( s) 

K BPF s
s  s  c2
2

(13)

where β is the bandwidth, ωc is the center frequency, and KBPF is the filter gain.

Figure 4. Frequency Response of a Grid-tied Inverter with the Proportional
Harmonic Compensator

Figure 5. Frequency Response with Respect to Disturbances with the
Proportional Harmonic Compensator
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4. Simulation and Experimental Results
To evaluate the performance of the proposed control scheme, the simulations and
experiments have been carried out. The simulation model has been built using the PSIM
simulation software based on the configuration as shown in Figure 1. Parameters which
are used in the simulations and experiments are as follows: the DC-link voltage VDC =
420V, the inverter output filter resistance R = 0.5 Ω, and the inverter output inductance L
= 7 mH. In order to prove the performance of the proposed scheme in various operating
conditions, the distorted grid voltage in the simulation model is formed by adding 10% of
the fifth and the seventh harmonics and 5% of the eleventh and the thirteenth harmonics
to the sinusoidal grid voltages, as depicted in Figure 6.

Figure 6. Three-phase Distorted Grid Voltages
The robustness of the proposed compensation scheme against the grid disturbances is
demonstrated in Figure 7, where the steady-state response of the proposed control scheme
is compared with the conventional PI decoupling controller. As is clearly shown, the
inverter output currents of the conventional PI decoupling controller without
compensation are highly distorted under the presence of the grid voltage harmonics. With
the proposed compensation scheme, however, the inverter output currents remain fairly
sinusoidal regardless of the highly distorted grid voltages as shown in Figure 7 (right).
In addition to the comparison in phase currents, Figure 8 and Figure 9 highlight the
superior performance of the proposed control scheme by comparing the q-axis and d-axis
currents in the synchronous reference frame under the same distorted grid voltage. As can
be observed in these figures, the steady-state response of the convention PI decoupling
controller reveals a quite high level of current ripple. By contrast, the reference currents
are tracked with negligible current fluctuation in the proposed control scheme.

Figure 7. Inverter Output Currents under the Distorted Grid Voltages
without Compensation (left) and with Compensation (right)
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Figure 8. q-axis Inverter Output Currents under the Distorted Grid Voltages
without Compensation (left) and with Compensation (right)

Figure 9. d-axis Inverter Output Currents under the Distorted Grid Voltage
without Compensation (left) and with Compensation (right)
Along with steady-state responses, the transient responses of the proposed control
scheme are given in Figure 10 and Figure 11. Figure 10 shows the transient response of
the proposed control scheme for the step change in current reference. This figure reveals a
relatively fast transient response as the q-axis current can approach the reference within
around one period of grid voltage. On the other hand, Figure 11 illustrates the transient
response of the proposed control scheme to disturbance. In this condition, the harmonics
are suddenly superimposed on the ideal grid voltages at 0.3 s, as shown in Figure 11(left).
As a consequence of fast transient response of the proposed control scheme, the effect of
disturbance grid voltage is instantly compensated, giving unnoticeable change in the
current response as shown in Figure 11(right).

Figure 10. Step Response of q-axis Inverter Output Current
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Figure 11. Transient Responses of the Proposed Control Scheme, Threephase Grid Voltages (left), Inverter Output Currents (right)
For the experimental validation of the proposed control method, the experimental setup has been constructed, which consists of a DSP-based controller, an L-filtered threephase grid-tied inverter, a magnetic contactor for grid connecting operation, and a
programmable AC power source to imitate the grid. The control algorithms are
implemented by 32-bit floating-point DSP TMS320F28335 for 2 kVA laboratory
prototype three-phase grid-tied inverter. Figure 12 shows three-phase distorted grid
voltages used for experiments which include 10% of the fifth and the seventh harmonics
and 5% of the eleventh and the thirteenth harmonics, resulting in the THD of 15.9%.

Figure 12. Three-phase Distorted Grid Voltages Used for Experiments
Figure 13 shows the experimental results for the inverter output current under the
distorted grid voltage without compensation (left) and with compensation (right). The
improvement of the proposed compensation scheme compared to the conventional
controller can be clearly observed for the inverter output currents. This improvement is
also illustrated in a sense of controlling the DC quantity of current in Figure 14, which
shows the actual q-axis and d-axis inverter output currents in the steady-state together
with their reference values.

84

Copyright © 2017 SERSC

International Journal of Control and Automation
Vol. 10, No. 2 (2017)

Figure 13. Experimental Results for Inverter Output Current under the
Distorted Grid Voltage without Compensation (left) and with Compensation
(right)

Figure 14. Experimental Results under the Distorted Grid Voltages for qaxis and d-axis Inverter Output Currents without Compensation (left) and
with Compensation (right)
Figure 15 shows the FFT result of a-phase inverter output current for the proposed
control scheme under the distorted grid voltage. As can be observed, the harmonic
distortion level of phase current is spectacularly low for all harmonics in frequency range
of interests. The THD level of inverter current in this extreme case is just over 2.5%,
which means that the THD level using the proposed control scheme is far less than the
requirement of most integration codes.

Figure 15. FFT Result of a-phase Current for the Proposed Scheme
The experimental outcomes presented from Figure 12 to Figure 15 confirm the
simulation results as well as practical aspects of the proposed control scheme.
Consequently, it is sufficient to deduce that the proposed scheme provides not only a good
disturbance rejection capability but also a very fast transient response even in very simple
way.
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5. Conclusions
To construct a reliable microgrid system, this paper has presented a simple harmonic
mitigation strategy in a power electronic converter for the grid integration of renewable
energy resources, which contributes to improve the power quality of grid-tied inverter in
DG system in the presence of the distorted grid voltages. The proposed scheme divides
the inverter currents into the fundamental and harmonic components by using the fourthorder digital BPF in order to control the fundamental and harmonic components of the
inverter output currents separately. As a result of the separation, the harmonic currents
can be instantly suppressed by proportional decoupling controller, while the fundamental
current is stably controlled by the PI decoupling controller to inject the generated power
to utility grid. Consequently, the proposed scheme ensures a fast dynamic response and
provides a useful capability of reducing main harmful low order harmonics in three-phase
system. The proposed scheme has a simple control structure with low computational
burden. To prove the effectiveness of the proposed scheme, a prototype system has been
constructed with a digital signal processor TMS320F28335. The comparative simulations
and experimental results have demonstrated the performance of the proposed scheme as
well as its simplicity. As a result, the proposed scheme can be one of the most effective
ways to improve the performance of DG systems.
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