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ABSTRACT: This paper presents a new control technique used to reduce the harmonic distortion of current, without
increasing the computational load of the standard current control abnormal conditions. The proposed control technique
overcomes the disadvantages of resonant current control under unbalanced conditions. Simulations results of the
proposed control technique are carried out and showed better performance.
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. INTRODUCTION

Photovoltaic (PV) power generation is a concept of increasing interest. In recent years, a high number of PV systems
with a power capacity up to some megawatts have appeared in the distributed generation (DG) scenario. Usually, these
PV systems are connected to the commercial utility grid [1]-[8]. They can also form a microgrid with other DG
resources, energy storage systems, and local loads [9]-[10]. Regardless of the output connection, power quality is an
essential feature of PV systems. The quality of power is mainly governed by practices and standards on voltage,
frequency, and harmonics. In particular, PV systems should have low current harmonic distortion to assure that no
adverse effects are caused to other equipment connected to the utility grid or the microgrid.

The resonant current control has been extensively employed to reduce the current harmonic distortion in a wide range
of DG applications, including PV systems, wind and water turbines, and fuel-cell inverters. Essentially, this control
uses a proportional-resonant (PRES) compensator to track the fundamental component of the current reference signal
and a resonant harmonic (RESH) compensator to attenuate the most important current harmonics. Satisfactory results
are easily achieved with this control since the resonant compensators are capable of tracking sinusoidal references of
arbitrary frequency with zero steady state error. The main problem of the resonant current control is the performance
deterioration given by abnormal conditions in the utility grid. In such conditions, grid voltage harmonics and phase
imbalances may create current reference signals with non sinusoidal distorted waveforms. Also, grid voltages inter
harmonics which often appear in standard variable speed drive applications produce distorted reference signals. As a
result, the current harmonic distortion is increased due to precisely the ability of the resonant current control to
accurately track the distorted reference waveforms.
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Fig.1. Diagram of the three-phase PV inverter.
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1. THREE-PHASE DG PV INVERTER

Fig. 1 shows the diagram of the three-phase PV inverter. It includes a PV array, a dc-link capacitor, and a three-phase
voltage-source inverter. The switches of the inverter are governed by the discrete variables u, which can take the value
—1 or 1. Small resistive parasitic elements are considered in this filter. Also, a damping resistor is intentionally
introduced in series with the capacitors in order to attenuate the LCL peak magnitude at the resonance frequency.
Normally, the losses in this resistor are negligible [1].

A. Open-Loop Model of the Three-Phase PV Inverter

The starting point for the analysis of the resonant current control is an averaged model of the three-phase PV inverter.
A circuit representation of this averaged model in the stationary reference frame is shown in Fig.2. The inputs of the
model are the dc-link voltage V;, the grid voltage vg, and the control inputs d, which can take continuous values inside
the range

-14d, <1 (1)
-1<dg <1 (2)
The outputs of the model are the inverter current i; and the grid current i,.
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Fig.2. Averaged circuit model of the three-phase PV inverter, where Zi(s) =Lis + ri, Zo(S) = LoS + Io, Zs(s) = 1/(Cs) + R, and s is the Laplace operator.
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Fig.3. Standard resonant current control in the stationary reference frame.

B. Resonant Current Control

Fig. 3 shows the standard configuration of the resonant current control. The error between the inverter current and the
reference signal is processed by two compensators connected in parallel: the PRES compensator Hy(s) and the RESH
compensator Hy(s). The inverter current is normally employed in the control instead of the grid current. This fact
reduces the number of the required current sensors and increases the system robustness [1]. The grid voltage and the
dc-link voltage are used as feedforward signals in order to improve the dynamics of the system. The system capability
to reject external disturbances is also enhanced with these feedforward signals. From Fig. 3, the control inputs can be

written as _
o =77 [vger + (H1(3) + Ha(=)) (5% — )] Hals) @)

do =2 [vaa + (H() + Ha(s)) (35 — 5:0)] Hals). )

Hq(s), not shown in Fig. 3, is the transfer function that models the control processing time delay Tq [1]
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Hy(s) = e Ta=, (5)

C. Closed-Loop Model of the Three-Phase PV Inverter
The analysis of the system can be carried out by means of a closed-loop dynamic model. This model is derived by
placing (3) and (4) into the open-loop model shown in Fig. 2, resulting in
ioa(5) =Gr(s)i,(s) + Gg(s)vgals) (6)
io3(s) = Gr(s)ii(s) + Gals)vgp(s) (7
where the reference-signal-to-grid-current transfer function and the grid-voltage-to-grid-current transfer function can be

expressed, respectively, as
_ Ze(s)Gi(s) (H(s) + Hy(s)) Ha(s)

G(s) 1+7T(s) ®
Gi(s) (Zi(s Hy(s)+ Ha(s)) Hy(s
6,0 - -GV U L IR ED

Moreover, the loop gain T(s) and the transfer function G;(s) can be written as
T(s) = (Zols) + Zo(s)) Gils)
x (Hy(s) + Ha(s)) Ha(s) (10)

1
" Z() (05) + Bo(9) + Z(9)Zals)

It is worth mentioning that the closed-loop dynamics of the grid current does not rely on the dc-link voltage; see (6) and
(7). Essentially, this fact can be attributed to the feedforward action introduced in (3) and (4) by the dc-link voltage
signal. Note that a feedforward signal of the grid voltage is also included in the control inputs (3) and (4). However, in
that case, the closed-loop dynamics of the grid current is directly affected by the grid voltage disturbances through the
transfer function Ggy(s). As discussed hereinafter, this transfer function presents significant magnitude attenuation in the
frequency range of interest. Therefore, the direct influence of the grid voltage disturbances on the grid current is nearly
negligible.

Gils) (11)

1. ANALYSIS AND LIMITATIONS OF THE STANDARD RESONANT CURRENT CONTROL

The standard resonant current control employs two resonant compensators connected in parallel, as shown in Fig. 3 the
PRES compensator ensures the correct tracking of the fundamental component of the current reference signal. The
RESH compensator attenuates the selected grid current harmonics. Fig. 4 shows the Bode magnitude diagram of the
resonant compensators.

ki 2{ WS
Hy(s) = Y 5 fn2enlrico)s )

s + 2n(nwo)s + (nws)?”

n

The features of the standard resonant current control emerge from the analysis of the transfer functions (8)—(10). The
Bode diagrams of these functions are shown in Fig. 5. Note that the system is stable with a phase margin of 38.4- at the
crossover frequency of 1.1 kHz; see Fig. 5(a). Moreover, the grid voltage-to-grid-current transfer function Gy(s) has
significant magnitude attenuation in the frequency range of interest (i.e., Gy4(s) — 0 in this frequency range); see Fig.
5(b). Thus, from (6), it is easy to observe that the grid voltage disturbances do not directly affect the grid current
dynamics. Additionally, the reference-signal-to-grid-current transfer function G,(s) has a flat 0-dB magnitude within the
system bandwidth; see Fig. 5(c). This ensures that the grid current tracks accurately the reference signal, even in the
undesired situation in which this signal has significant harmonics. Consequently, from (6), the harmonic distortion
present in the reference signal will be transferred to the grid current. The reference signal harmonic distortion may be
caused by grid disturbances such as voltage harmonics or imbalances. This is, in fact, an indirect mechanism to
increase the output current harmonic distortion through grid voltage disturbances when using the standard resonant
current control.
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Fig. 4. Bode magnitude diagram of the PRES and RESH compensators employed in the standard resonant current control.
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Fig.5. Bode diagrams of the standard resonant current control. (a) Loop gain transfer function T(s), (b) grid-voltage-to-grid-current transfer function
Gy(s), and (c) reference-signal-to-grid-current transfer function G(s).

V. PROPOSED RESONANT CURRENT CONTROL

The main objective of the proposed control is to achieve low harmonic distortion in the grid current even during grid
abnormal conditions. This feature should be accomplished without increasing the control computational load.

A. Control Configuration

Fig. 6 shows the diagram of the proposed control scheme. Note that the configuration is very similar to the standard
control shown in Fig. 3. Both the grid voltage and the dc link voltage are included as feedforward signals. The
proposed control also has two resonant compensators, but in that case, the input of the compensator located on the
bottom is the inverter current instead of the error between this current and the reference signal. This is one of the
differences between the standard and the proposed control schemes. The second one is the configuration of the resonant
compensators. The control objectives are reached if the resonant compensators are chosen as follows:

ki1 261 wos
e = FuZiwos 14
a(s) 524 2w, + wl 9

kngn nwa 8
=k +Zs + 2 (nwy)s + (nw,)? )

Note that the first compensator includes only the fundamental resonant term and the second compensator compresses
both the proportional and the harmonic resonant terms. It is worth mentioning that

Hi(s) + Ha(s) = Ha(s) + Ha(s) (16)
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Fig.6. (a).Proposed resonant current control, (b) Bode diagram of the reference-signal-to-grid-current transfer function for the proposed resonant
current control

V. SIMULATION RESULTS

Fig. 7 shows the simulation model of the three-phase grid-connected PV inverter system. This local load is necessary in
the setup since the ac source cannot absorb the active power injected by the inverter.
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Fig.7 Simulation model of the three-phase grid-connected PV inverter system
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Results

A. Current THD Measures

An extensive set of measures has been carried out in order to compare the current harmonic distortion provided by the
standard and the proposed control schemes. The Simulation model considers an ideal grid situation, i.e., the voltage
supplied by the ac source has both negligible harmonics and no appreciable imbalance. In that situation, the standard
and the proposed schemes provide very similar results (not shown here).
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Fig.8. Simulation results of Grid voltage, Inverter current and load current using the standard control without RESH compensator and the standard
control with RESH compensator for a grid condition with high voltage THD.
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Fig.9. Simulation results of Grid voltage, Grid current, Inverter current using the proposed control for a grid condition with high voltage THD and
voltage imbalance.

Fig. 8 and 9 show the Simulation results of Grid voltage, Grid current, Inverter current. Note that the current has
experienced an increase due to the reduction of the grid voltage. Basically, the dc-link voltage control loop has enlarged
the amplitude of the current reference signals in order to maintain constant the injection of the active power. What is
more important is that the standard control produces unsatisfactory results. The current THD of the three phases
exceeds the limit even when the RESH compensator is used. On the contrary, the proposed control provides good
results. The current THD is low and similar to the value measured when the grid has no voltage imbalance. This feature
should be attributed to the ability of the proposed control to eliminate the harmonics present in the current reference
signals. It is worth mentioning that the injected currents exhibit a small amplitude mismatch produced by the voltage
imbalance. It is expected that this small mismatch has insignificant adverse effects on the power system.

VI. CONCLUSION

The proposed resonant current control of three- phase PV inverters connected to the utility grid in order to attenuate the
current harmonics. This controller breaks the disturbance injection mechanism by employing the same compensators
that the standard current control uses but inter- connected in a different configuration. The main feature of this
controller is to low the current harmonic distortion and low computational load. Simulation of the proposed system is
done by using Simulink/Mat-lab. The simulation model is presented in the paper and the results are found to be better.
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