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C. Harmonic Impedance Analysis 
For ICF control, the inverter current can be free of low-order 

distortion with the benefit of HCs, no matter what harmonic 
sources are from the inverter-side or the grid-side. Specially, in 
case of inverter-side disturbance (e.g. dead-time effect), the 
grid current can also be free of distortion as long as the 
low-order harmonics have been eliminated from the inverter 
current before they flow into the grid-side inductor. However, 
in case of the grid-voltage distortion, the grid-current 
harmonics cannot be rejected by the HCs any more, due to the 
uncontrolled harmonic currents in the filter capacitor. To 
further elaborate the grid-current harmonic attenuation ability 
of the ICF control system, the grid harmonic impedance is 
calculated from (7) and it can be given as 

     (8) 

which indicates the relationship between the grid voltage and 
the resulting grid current [12]. 

According to (8), at low and high frequencies, the harmonic 
impedance can be approximated as (9) and (10), respectively, 
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It can be seen from (9) and (10) that the harmonic impedance 
shows resistive characteristic at low frequencies and inductive 
characteristic at high frequencies. The resistance is determined 
by Kp, while the inductance is determined by the grid-side 
inductor L2. For a specific case, at the frequencies where the 
HCs work, F(s) becomes infinite and (8) can be approximated 
as 
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These three characteristics can be intuitively illustrated using 
the circuit model of the control system presented in [23], where 
the principle of the PR controller is represented by a resistor 
and a set of LC circuits in Fig. 5. The findings from this 
equivalent circuit can be concluded as follows: 
1) At very low frequencies, the inductor impedance is very 

small and the capacitor impedance is very large, which is 
seen as a short circuit and an open circuit system, 
respectively. In this case, the current contributed by the 
grid voltage mainly flows in loop A, whose impedance is 
dominated by the resistor with the value of Kp (see (9)). 

2) At very high frequency, the capacitor is seen as a short 
circuit, and thus the current contributed by the grid voltage 
mainly flows in loop B, whose impedance is dominated by 
L2 (see (10)). 

3) At frequencies where the HCs work, the impedance of the 
LC circuits become infinite. Thus, the current contributed 
by the grid voltage mainly flows in loop B whose 
impedance is dominated by L2 and the filter capacitor C 
(see (11)). 

 
Furthermore, Fig. 6 shows the Bode plot of the grid 

impedance Zg, which compares the harmonic impedances of the 
ICF control systems whose harmonic controllers are disabled 
and enabled, respectively. The controllers are designed 
according to [24], which results in 10.69 for Kp. The 
fundamental resonant controllers of the two systems are 
disabled in order to clearly distinguish the difference induced 
by the harmonic controllers. 

 
It can be observed from the Bode plot that the characteristic of 

the grid impedance is in agreement with the theoretical analysis, 
which behaves as a resistor at low frequencies and an inductor 
at high frequencies. It is noted that at the working frequencies 
of the HCs, the harmonic impedance of the system is slightly 
larger than that when the HCs are disabled, because the current 
contributed by the grid voltage can flow both in loop A and 
loop B when the HCs are disabled, which has a lower 
impedance than loop B due to the parallel topology. It can be 
concluded that, although the HCs of the ICF control system 
cannot reject the grid-current harmonics completely, they help 
to attenuate the harmonics to some extent. However, the 
attenuation is quite limited, which is always below 40 dB in the 
provided case. Moreover, at the working frequencies of HCs, 
the impedance values are only determined by L2 and C (see (11) 
and Fig. 5), since the grid-current harmonics only flows from L2 
to C when the HCs are enabled. Therefore, the harmonic 
attenuation capability is fixed by the filter parameters and 
cannot be improved by designing the controller parameters. 
Unfortunately, in commercial products, to obtain a similar 
filtering performance, a comparatively large capacitor is 
preferred instead of a large grid-side inductor in order to reduce 

 
 

Fig. 5.  Equivalent circuit of the grid-connected LCL-filtered voltage-source 
inverter with its inverter current controlled by the proportional-resonant 
controller plus resonant Harmonic Controllers (HCs). 

 
Fig. 6.  Bode diagram of the grid harmonic impedance for the ICF control 
system when the HCs are enabled and disabled. 
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the volume and cost of the filter. As a result, the harmonic 
impedance will be small according to (11). 

Simulations are carried out to further illustrate this, and the 
results are given in Fig. 7, where the ICF control is employed 
for the LCL-filter in Table I with the resonance frequency of 
1.52 kHz and the grid voltage is distorted by the typical 5th, 7th, 
and 11th harmonics whose magnitudes are all 5% of the 
fundamental component. Due to the severe grid voltage 
distortion, both the inverter current and the grid current are 
seriously distorted without the HCs. The HCs are then enabled 
at 0.02 s, and the low-order harmonics in the inverter current 
can effectively be rejected, owning to the infinite gains 
introduced by HCs. However, the grid current is still distorted 
in that case, due to the limited harmonic impedance (decided by 
L2 and C according to (11)) at the harmonic frequencies. 

 
 

III. PROPOSED GRID-CURRENT HARMONIC SUPPRESSION 
METHOD FOR ICF CONTROL SYSTEM  

This section introduces a simple capacitor-current 
compensation term to the ICF control system, which enables 
the system to generate infinite harmonic impedance at the 
working frequencies of HCs. However, despite its simplicity, 
the control system may become unstable. Accordingly, an 
improved control scheme is developed to address this issue, 
which inherits the stability characteristic of the typical ICF 
control system while the grid-current harmonic attenuation 
capability is enhanced.  

A. Capacitor-Current Compensation 
Generally, for unity power factor operation, the inverter 

current reference of the ICF control system should be changed 
to include the fundamental reactive capacitor current which is 
usually calculated from the fundamental grid voltage. Similarly, 
this idea can be used in the ICF control system for grid-current 
harmonic control, for which the inverter reference should be 
changed to include the full capacitor current. To implement it, 
no extra sensor is added, since the capacitor current can be 
calculated from the capacitor voltage, which has been measured 
for grid synchronization. The resultant control diagram is 
shown in Fig. 8, which is equivalent to the single-loop GCF 

control system, since the measured inverter current i1 and the 
estimated capacitor current ic form the grid current i2. As a 
result, the infinite harmonic impedance for the ICF control 
system can be introduced at the frequencies where the HCs 
work and the harmonic components can therefore be rejected. 
Fig. 9 shows the Bode plot of the grid harmonic impedance, 
which compares the impedances of the system with and without 
the compensation loop. As evidenced in Fig. 9, the infinite 
harmonic impedance can only be introduced when the 
compensation loop is added. 

 

 
However, the above approach is not commonly adopted in 

typical PR or PI controlled ICF systems in literature, which 
may be because of the instability risk introduced by the 
compensation loop. Specifically, since the modified system is 
equivalent to the GCF system, its stable region is also the same 
as the GCF, which is (fs/6, fs/2) rather than (0, fs/6). In this case, 
additional damping is required to ensure the system stability 
under weak grid conditions. This is explained in the following. 
The root loci of the modified system are plotted in Fig. 10 with 
the first three LCL-filters in Table I, whose resonance 
frequencies are in the stable region of the single-loop ICF 
control system. However, it is observed in Fig. 10 that the 
system with the compensation loop cannot be stable with these 
three LCL-filters regardless of the value of Kp. The instability is 
further verified by the simulation results in Fig. 11, where the 
HCs are always enabled during the simulation and the grid 

 
 

Fig. 7. Simulation waveforms of the inverter current and the grid current when 
the HCs are enabled after 0.02 s in the ICF control system. 

 

 
 

Fig. 8.  Three-phase ICF-controlled LCL-filtered grid-connected inverter with 
capacitor-current compensation. 

 

 
Fig. 9.  Bode diagram of the grid harmonic impedance for the ICF control 
system when capacitor-current compensation is enabled and disabled. 
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condition is the same as that in Fig. 7. The compensation loop is 
enabled at 0.02 s and the instability occurs immediately, since 
(0, fs/6) has become the unstable region of the modified system. 
In practice, the resonance frequency may reduce below the 
critical frequency due to the increase of the grid impedance 
under weak grid conditions, which may trigger the instability of 
the modified control system. 

 

 
B. Proposed Scheme 

To avoid the instability issue of the modified system, an 
intuitive solution is to insert multiple band-pass filters into the 
iC compensation loop, which only allow the predefined 
harmonics to pass. However, as the number of the harmonics to 
be attenuated increases, the computational burden and the 
design difficulty become significant. To avoid these issues, a 
simpler scheme is proposed in the following, which has the 
same computational effort with the method illustrated in Fig. 8 
but a different compensation position as shown in Fig. 12. 

In the proposed method, the capacitor current is only 
processed by the resonant controllers instead of the 
proportional controller. The resonant HCs work on low-order 
harmonics, whose resonant frequencies are below the system 
bandwidth in order to ensure the controllability. When the 
resonant controllers are properly designed, their associated 
phase lags are nearly negligible and the stability of the control 
system will be mainly determined by the proportional gain Kp 

[11], [22]. In this case, the added compensation loop will not 
affect the stable and unstable regions of the initial single-loop 
ICF control system due to the same proportional gain. This can 
be observed from the root loci of the proposed control system in 

Fig. 13 with the first three LCL-filter parameters in Table I. It 
can be seen that the system can be stable with a proper Kp in the 
proposed method.  Besides, the root loci are almost the same 
with that of the single-loop ICF control system as shown in Fig. 
4(a) and (b), i.e., stable region of the proposed system is in 
agreement with the typical single-loop ICF control system 
despite an additional compensation loop. 

 

 
However, in terms of harmonic attenuation, the proposed 

scheme is superior to the single-loop ICF control system, as 
observed from the Bode plots in Fig. 14, where the infinite 
impedance is obtained at the working frequencies of the HCs 
due to the grid harmonic information indirectly provided by the 
compensation loop. Looking back at Fig. 12, it is interesting to 
find that the proposed scheme is actually a combination of an 
ICF control system and a GCF control system (the inverter 
current is controlled by the proportional controller, while the 
grid current is controlled by the resonant controllers). That is to 
say, the proposed scheme inherits the stability characteristic of 
the single-loop ICF control system and the harmonic 
attenuation capability of the single-loop GCF control system. 
To validate the theoretical analysis, simulation results are given 
in Fig. 15. It can be seen that, without the proposed method, the 
HCs can only reject the low-order harmonics in the inverter 
current, and fail to reject the grid current distortions. For 
comparison, the proposed scheme is then enabled at 0.02 s. 
Clearly, the system maintains the stability and the grid current 
becomes sinusoidal. In principle, similar results can also be 
obtained by the accurate grid-voltage feedforward scheme in 
[12], but a second-order differentiator is required, which may 

 
                                   (a)                                                      (b) 
Fig. 10. Root loci of the ICF control system with the capacitor-current 
compensation when the LCL-filter resonance frequency is below the critical 
frequency, (a) full root loci (b) zoomed-in root loci. 

 
Fig. 11. Simulation waveforms of the inverter current and the grid current 
when the capacitor-current compensation is enabled after 0.02 s in the ICF 

control system. 

 
 

Fig. 12. Three-phase ICF-controlled LCL-filtered grid-connected inverter with 
the proposed capacitor-current compensation. 

 

 
                                    (a)                                                     (b) 

 
Fig. 13. Root loci of the ICF control system with the proposed capacitor- 
current compensation when the LCL-filter resonance frequency is below the 
critical frequency, (a) full root loci (b) zoomed-in root loci. 
















