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Abstract—In distributed generation systems, power quality 

is one of the main concerns during short-term unbalanced grid 
voltage faults. However, for the most common three-phase 
three-wire grid-connected inverters based power systems, 
there may be a trade-off between power oscillations and 
current harmonics during the unbalanced grid fault ride 
through control, which has a crucial impact on the installed 
inverters for different applications. In this paper, a modified 
instantaneous power control based voltage phase 
compensation control strategy is proposed to enhance the 
inverter current quality, while at the same time mitigating the 
active/reactive instantaneous power oscillations. Moreover, a 
simplified peak current-limited control strategy is developed 
to improve the reliability of the grid-connected system, and it 
does not need the extraction of the grid voltage and/or current 
fundamental positive/negative sequence components, which 
significantly reduce the computation burden. Finally, the 
experimental tests based on dSPACE-DS1007 and 
MATLAB/Simulink are carried out to verify the effectiveness 
of the proposed strategy.  

Index Terms— power quality, inverter, unbalanced grid 
voltage fault,  reliability  

I.  INTRODUCTION  

Distributed generation systems integrated with renewable 
energy resources (RES) are attracting more and more 
attention around the world [1-3]. With the development of a 
high penetration of RESs, more power electronic grid-
connected inverters, which act as the interfaces between 
RESs and grid, should have the ability to improve the 
power quality and ride through the grid short-term faults or 
potential disturbances, especially under unbalanced grid 
voltage conditions[4]. More specifically, the grid codes 
require the grid-connected inverters not only to remain 
connected to ride through the grid short-term faults, but 
also to support the grid voltage recovery, generate profits, 
and eliminate the voltage unbalances with a certain amount 
of active/reactive power injections, also known as Fault 
Ride Through (FRT) ability [5]. Under these requirements, 
many interesting FRT control solutions have been presented 
based on instantaneous power theory [6-8]. 
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In general, FRT control algorithms that are mainly based 
on symmetric positive and negative sequences to achieve 
particular control objectives such as the current harmonics, 
power oscillations, dc bus ripples, voltage support and over 
current limitation with different voltage/current references 
during the unbalanced grid faults have been proposed in [9], 
[10]. A significant contribution made by P. Rodriguez et al 
is the flexible power control concept in 2007 [11], and later 
several interesting FRT strategies focusing on the flexible 
power quality regulation are presented. As an example, the 
output current harmonics can be eliminated at the expense 
of active/reactive power oscillations [12]. The flexible 
pliant active and reactive power control is presented to 
improve the power quality of installed inverters during 

 unbalanced grid voltage dips [13].  Another FRT 
solution is flexible since the positive and negative, active 
and reactive power/current can be simultaneously injected 
into the grid to improve the stability and reliability of ride 
through services of grid-connected inverters [14].  

On the other hand, the instantaneous power theory has 
recently been applied to control of single-phase and three-
phase grid-connected inverters [15-18]. More analysis and 
design of active and reactive power control for operating 
inverters in a flexible way during unbalanced grid faults can 
be found in [19-21]. However, for the three-phase three-
wire grid-connected inverter system, the control freedoms 
may not be enough to eliminate instantaneous power 
oscillations and current harmonics at the same time due to 
clear lack of the path for zero sequence voltage/current 
components [22]. Therefore, some three-phase four-wire 
systems were introduced to enhance the controllability and 
flexibility of  inverters [23-25]. However, these three-phase 
four-wire systems are designed for special devices and need 
more complex control structure, which is not convenient for 
further applications.  

Furthermore, some direct power control methods have 
recently been proposed for inverters without any inner-loop 
current regulators [26], [27]. However, these methods need 
variable switching frequency based on different switching 
states, and will cause more harmonics and need more 
complex design of the line filters. A grid voltage modulated 
direct power control method was reported in [28] and it has 
a good transient response and steady-state performance. 
However, the method has not considered the impact of 
actual three-phase overcurrent and harmonics. In fact, the 
excessive and harmonic current significantly affects the 
stability and reliability of the grid-connected power system, 
and the instantaneous power oscillations will damage the 
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continuity of power supply at both dc link and ac side, 
especially during the unbalanced grid faults [29].   

As described in [30-32], there are several methods to 
provide current limitation and stability for grid-connected 
inverters under unbalanced grid faults. In [33], the inverter 
switches its control structure to a hysteresis control if the 
permissible current is exceeded. In a similar way, a grid-
following mode control method during unbalanced grid 
fault is proposed in [34], but it needs extra PLLs for the 
grid synchronization. On the other hand, the current 
limitation can be achieved by simply controlling the current 
references within a range of limited value, but may cause 
instability and lead to a wind-up in power control loops. 
[35]. As one solution, the virtual impedance structure for 
current limitation is proposed in [36], but the method needs 
the detection of the fault location, and the selection of 
virtual impedance are quite complex for further applications 
[37], [38].  

In fact, very few works have been developed for both 
power quality control and peak current-limited capacity for 
grid-connected inverter under unbalanced and extremely 
weak grid faults. On one hand, in contrast to conventional 
reactive power theory, the active and reactive power should 
be estimated accurately while at same time the output 
current harmonics should be reduced to improve the power 
quality of the grid-connected power system [39]. On the 
other hand, it is very complex to control the amplitude of 
three-phase currents under unbalanced grid faults, mainly 
because of the trend of simultaneously injecting both active 
and reactive power coupling positive/negative sequence 
grid voltage and current components. In such cases, the 
injection of the positive and negative sequence power 
inherently induces different amplitudes for the three-phase 
inverter output currents [40]. Therefore, the FRT control 
focus on the enhanced power quality and simplified peak 
current-limited control needs further research. 

In addition, the presented current vector control 
technique for grid-connected inverter, which is based on the 
extended reactive power theory [41], enables us to assure 
the exchange of instantaneous active and reactive powers 
between a grid-connected inverter and the grid without 
power ripples. However, the method is derived from 
voltage/current vector and it is very complex. 

In this paper, a modified instantaneous power control 
strategy based on phase compensation is proposed. The 
method focused on the reference currents algorithm. And 
the main demands laid on the grid-connected converter with 
harmonic-free currents, limited peak current magnitudes, 
and no fluctuations in demanded active and reactive powers 
under unbalanced grid voltage conditions, may be fulfilled 
together, contrary to the some references [11]-[13], [39], 
where an appropriate tradeoff must be usually considered.           

In addition, the following features can be expected with 
the proposed method.  
1) The computational perturbations of active and reactive 
power can be eliminated by the modified instantaneous 
power estimation at the same time without the expense of 
inverter current distortions. 
2) The proposed method improved the power quality of the 
three-phase three-wire grid-connected power inverter under 
unbalanced grid voltage. 
3) The proposed control methods are still acceptable under 
unbalanced grid voltage with some harmonics. It is easy to 

implement a current limitation function, which is beneficial 
for the reliable operations of the grid-connected system. 

Finally, the experimental tests are carried out with the 
laboratory platform based dSPACE-DS1007 system. The 
experimental results are closely matching the theoretical 
analysis and expectations.  

II. WORKING PRINCIPLE AND CONTROL STRATEGY 

The structure of the grid-connected power electronic 
system under study is shown in Fig. 1. There is a three-
phase three-wire inverter connected to the grid through an 
LCL-filter. In this study, it is assumed that a dc source is 
connected to the dc link of the inverter (such as a rectifier 
in wind plant control or a dc/dc converter in PV 
application), therefore, the dynamics from the dc link is not 
studied in this paper. The grid characteristics can be 
determined by the Short Circuit Ratio (SCR) parameters of 
the system [42].  

The grid voltage sags fault can be expanded to 
symmetrical sags (type A) and asymmetrical sags (types B 
to G). However, the type C of unbalanced grid fault is the 
most common voltage sags in practice [10], where there is a 
phase shift in the faulty voltages.  

 
Fig. 1. Grid-connected inverter with an LCL filter under 
unbalanced grid voltage faults 

A. Inherent reason for current harmonics and power 
oscillation for the conventional FRT solutions 

    For the convenience of analysis, the three-phase grid 
voltage can be expressed as follows 
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, and  represents the positive and 
negative sequence phase angle, voltage amplitude and 
angular frequency respectively. 
    With the Clarke transformation, the equation (1) can be 
expressed in the stationary frame as follows 
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    According to the instantaneous power theory [6], the 
instantaneous active/reactive power can be described as  

3

2
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where ( ) ( ) ( ), ,p p qi i i   and ( )qi represent the current active 

and reactive power components in the stationary frame 
respectively. Substituting (2) into (3), the active and 
reactive current components can be obtained as follows 
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where P* and Q* are the inverter output active and reactive 
power reference and detemined by the rated capacity of 
grid-connected inverter.  

    It should be noted that the inverter current components in 
(4) contain an amount of low-order harmonics because the 
denominator of current contains a double fundamental 
frequency fluctuation item as 2 cos(2 )p nU U t      . 

    Therefore, the reference [39] suggests that the inverter 
current harmonics can be eliminated on condition that 
2 cos(2 )p nU U t       in (4) is cancelled, which can 
be easily achieved with a notch filter of F (s) as shown in (5) 
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where ωn is the notch frequency, and ξωc is the cut-off 
frequency of the notch filter. 
     Thus, the current reference components in (4) will 
become sinusoidal and expressed in (6) 
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Substituting (6) into (3), the instantaneous active and 
reactive power can be estimated as follows  
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It can be seen from equation (7) and (8), the sinusoidal 
current references can be achieved at the expense of active 
and reative power oscillations. Therefore, there is always a 
tradeoff between current harmonics and power oscillations 
for three-phase three-wire power systems from the 
viewpoint of the conventional instantaneous power theory. 

B. Proposed current control strategy based on phase 
compensation 

To solve this problem, the active and reactive power p̂  
and q̂   can be expressed as a modified instantaneous power 
estimation formula as follows 
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where û  and û represent the grid voltage components 
based compensated 135 and 45 phase angle, respectively. 
    It should be noted that the Band Pass Filter (BPF) Fd (s) 
here is a key piece of the control strategy. Therefore, its 
role and structure design should be discussed. The Fd (s) 
can achieve the beta voltage phase compensation of 45 as  
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                        (10) 

where ωd can be set as the compensated phase voltage 
frequency, and ξωc is the cut-off frequency of the filter. In 
addition, the compensated phase voltage frequency of the 
BPF is set as 50 Hz as a predefined value, which is the 
same with the grid voltage fundamental frequency. ξ is set 
to 1 for the good dynamic response as well as the filter 
performance. The alpha voltage phase compensation of 
135 can be achieved by the -Fd (s). 

With the same constant power control target, the active 
and reactive power references are P* and Q*. The inverter 
output current references are obtained from (9) and (10) as    
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It should be noted that the denominator in (11) has 
become a constant component of 2 2( ) ( )U U  and without 
any notch filters. Therefore, the current references 
calculation will be reduced, and the inverter output currents 
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only consist of the fundamental positive and negative 
sequence grid voltage components, excluding the harmonic 
components. Therefore, the current quality is improved. 
    However，the peak value of current in (11) is obviously 
higher than the current components in (6) due to the 
negative sequence voltage component 0U  , which means  
there will be a higher overcurrent risk under unbalanced 
grid faults. Therefore, the next section will discuss the 
current limitation function of the proposed method. 

C. Proposed control strategy equipped with currrent 
limitation function 

In practice, the peak current is one of the most important 
factors to ensure the safe operation of grid-connected 
inverter under unbalanced grid fault. Therefore, the inverter 
should be equipped with a peak current limitation capacity. 
The limited peak current references are expressed as  
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where Ilimit represents the limited value of the inverter 
current, Imax  represents the maximum peak value in three 
phase currents.  

It is clear that the current reference peak value in 
equation (12) will not go beyond the limited peak value of 
current during the unbalanced grid voltage fault. 

In Fig. 2, eq. (9) instead of eq. (3) can be used for 
instantaneous active and reactive powers estimation. The 
voltage phase angles were compensated by Fd (s) and then 
send to current reference generations based on the 

instantaneous power theory. Thus, the active and reactive 
powers can be constant automatically. 

Considering that the current harmonic amplitude reduces 
as its frequency increases, only the low-order current 
harmonics are regulated with the PR controller. Note that, 
for operating the PR controller under grid frequency 
variations, its resonant frequency should be updated with 
the grid frequency [39], and the detailed design of the PR 
controller can be found in [43]. The three-phase inverter 
currents are independently controlled by proportional 
resonant (PR) controllers with a single current-loop control. 

However, it is still very complex to carry out the stability 
analysis under unbalanced and harmonic grid voltage. The 
main reason is that only the positive sequence model is 
considered under balanced grid without harmonics. 
However, for the unbalanced grid voltage with harmonics, 
not only the fundamental positive sequence model, but also 
fundamental negative sequence model, harmonics as well 
as the grid impedance all should be considered. The 
systematic and comprehensive modeling and stability 
analysis under unbalanced and harmonic grid voltage 
conditions still needs further research. 

The current limitation function of (12) are working in 
three-phase frame, which is beneficial to the detection of 
the actual current peak values in real time. The detection of 
the current peak values can be easily estimated in a fast and 
accurate way as reported in [44-47].  
   Compared with the conventional peak current-limited 
control solutions, the proposed method is quite simple and 
does not need the information of the grid voltage unbalance 
factor, phase angle, and the extraction of positive and 
negative sequence voltage and/or current components. The 
proposed method only needs the detection of a maximum 
peak value in three-phase currents in real time. Therefore, 
the proposed method are easy to implement for industrial 
applications under both balanced and unbalanced grid 
voltage conditions.  

 

Fig. 2.  Control diagram of proposed strategy with current limitation function

III. SIMULATION RESULTS 

To validate the proposed control method, the 
MATLAB/Simulink software was used. To emulate the    
C-type grid voltage fault, the Unbalance Factor (UF) of the  

 
grid voltage is set as 0.3, and there is a 137  and 
137 angle in phase B and phase C, respectively. Assuming 
that the rated current of the power inverter is 5 A. The 
parameters of the simulated system are listed in Table I, 
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which are the same with the parameters of the experimental 
tests in the next section.  

TABLE I.  SYSTEM PARAMETERS 

parameters value parameters value 

udc/V 720 ua/V 300 0 

ub/V 145 137 uc/V 145 137 

U+/V 230 U /V 70 

P*/kW 1.8 Q*/kVar 1.35 

L1/mH 2 L2 /mH 2 

C/F 10 UF 0.3 

Kp 10.71 Kr 3587 

The simulation results of the conventional and proposed 
control solutions under unbalanced grid voltage faults can 
be found in Fig.3, where the grid voltage faults are occurred  

at 0.2 seconds.  At first, two conventional control methods 
(Solution I and Solution II) were presented to demonstrate  
the tradeoff  between inverter current harmonics with its 
instantaneous powers oscillations, which means the current 
harmonics  could be decreased at the expense of the larger 
fluctuations in both instantaneous active and reactive 
powers or vice versa. However, it should be noted that the 
power oscillations, large overcurrent and distortions under 
unbalanced voltage might lead to the failure of the FRT 
control during grid faults. On the other hand, the proposed 
control (Solution III) with voltage phase compensation can 
be used to improve the current quality while at the same 
time eliminate the instantaneous powers oscillations. 
However, the maximum peak current in solution III (8.5 A) 
is still larger than conventional solutions. Therefore, the 
proposed control methods should be equipped with current 
limitation function as demonstrated in solution IV and 
described in eq. (12). 

 

Fig.3. Simulation results of the conventional and proposed control solutions under unbalanced grid voltage fault
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IV. EXPERIMENTAL RESULTS 

    In addition, in order to further verify the effectiveness of 
the proposed control strategy, the experimental tests 
performed in the laboratory setup are shown in Fig. 4 (a) and 
Fig. 4 (b).  

The grid-connected power system contains a three-phase 
three-wire 7.5 kW Danfoss inverter connected with an LCL 
filter. The dc link power is supplied by a Yaskawa D1000 
active rectifier, which is controlled to be the desired value of 
720 V. Chroma 61845 grid simulator is connected to support 
300 V ac grid voltage, which will be specifically 
programmed to emulate the C-type unbalanced grid voltage 
fault during the experimental test. The experiments will 
divided into two cases, the first case focused on the 
unbalanced grid voltage without harmonics and the latter 
case is considered the unbalanced grid voltage contain with 
lower-order harmonics. 

The proposed control solutions are implemented in the 
dSPACE-DS1007 system, where the switching pulses are 
generated via the digital waveform output board-DS5101. 
The inverter currents and the grid voltages are measured by 
an A/D-D/A multifunction board-DS2004. The sampling and 
switching frequencies are set as 10 kHz. The other 
parameters in the experiments are the same with the 
parameters of the simulated system. 

 
(a) Photo of  the laboratory experimental setup  

 
(b) Configuration of the grid-connected inverter system 

Fig. 4. Laboratory platform based dSPACE-DS1007 system. 

As shown in Fig. 5, a C-type unbalanced grid voltage 
fault occurred at 1.2 seconds. In this study case, the 

following will demonstrate the conventional FRT control 
solutions and the proposed control methods for comparison.  

 
Fig. 5. C-type unbalance grid voltage fault without harmonics 

 
(a) Inverter output currents 

 
(b) Instantaneous active and reactive powers 

Fig. 6. Conventional FRT control results (Solution I).  

Fig. 6 shows the experimental results of conventional 
FRT control solution I with the current references based on 
(4), the active and reactive instantaneous power presents 
constant relatively during unbalanced grid voltage fault as 
shown in Fig. 6(b). There are small fluctuations in the active 
and reactive powers under unbalanced grid voltage cases. 
The fluctuations of the active and reactive power are 0.38 
kW and 0.35 kVar, respectively, which are due to the phase 
shift errors in C-type unbalanced grid voltages. 

However, it can be observed that the inverter output 
currents in Fig. 6(a) are highly distorted with an amount of 
low-order harmonics and the THD of currents are measured 
and it can even reach 31.84%, which is consistent with the 
theoretical analysis. 

Fig. 7 presents the experimental results of conventional 
FRT control with current references based (6). As it can be 
seen in Fig. 7(a), the inverter output currents are controlled 
with normally sinusoidal waveforms at the expense of 
power fluctuations at the double fundamental frequency of 
the grid voltage (100 Hz) as shown in Fig. 7(b), and the 
instantaneous active and reactive power fluctuations are 
about 1.0 kW and 0.75 kVar, respectively. 
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(a) Inverter output currents 

 
(b) Instantaneous active and reactive powers 

Fig. 7. Conventional FRT control results (Solution II). 

Besides, the experimental results are on good agreement 
with the theoretical analysis. It is evident that there is a 
tradeoff between inverter current harmonics and 
instantaneous power fluctuations for three-phase three-wire 
grid-connected inverter systems.  

Accordingly, the lower harmonics in currents will lead to 
larger fluctuations in both active and reactive instantaneous 
powers. Therefore, the control target of pure sinusoidal 
waveforms of inverter currents and constant power 
estimation seems could not be achieved at the same time 
under unbalanced voltages from the conventional FRT 
solutions.  

 
(a) Inverter output currents 

 
(b) Instantaneous active and reactive powers 

Fig. 8. Proposed FRT control based on phase compensation results 
without a current limitation function (Solution III). 

Fig. 8 shows the experimental results of the proposed 
control strategy based on (11) without current limitation 
function. It can be observed that the inverter output current 
harmonics can be greatly reduced and the active and 
reactive power can be estimated accurately at the same time 

due to the 45 and 135 phase angle compensation in alpha 
and beta voltage eliminating the fluctuant item in the 
denominator of  the proposed current references in (11). 
    However, it is should be noted that the system 
experiences excessive overcurrent. The maximum peak 
value of the phase current is 8.5 A in Fig. 8(a), which is a 
higher than experimental results of conventional FRT 
solutions under unbalanced grid voltage, e.g. Imax = 7.5 A, 
shown in Fig. 7(a), and this may lead to a higher failure risk 
of FRT control under unbalanced grid faults. Therefore, it is 
necessary to equipped with current limitation function for 
the proposed control method. 

Furthermore, Fig. 9 shows the experimental results of 
the inverter equipped with peak current-limited capacity 
based on the proposed method, and it can be seen from 
Fig.9(a) that the grid-connected inverter current can be well 
controlled within a limited range of 5A, which avoids the 
overcurrent risk compared with other control solutions 
during the grid faults. In Fig. 9(b), the instantaneous active 
and reactive power keeps constant and with a good dynamic 
performance, and the active and reactive power are 
decreased from 1.8kW to 1.0 kW and 1.35 kVar to 0.85 
kVar, respectively, when the currents are limited. 

 

 
(a) Inverter output currents 

 
(b) Instantaneous active and reactive powers 

Fig. 9. Proposed FRT control with a current limitation function 
results (Solution IV). 

    In order to further test and verify the effectiveness of the 
proposed control strategy under unbalanced grid voltage 
with harmonics. The experimental studies are carried out 
based on the above solutions. It is assumed that an 
unbalanced grid voltage mainly contains the low-order 
harmonics (eg. 4% of 5th harmonic, 3% of 7th harmonic 
and the THD of voltage is 5%) as shown in Fig. 10. 
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Fig. 10. Unbalanced grid voltage with harmonics. 

Fig. 11 and Fig. 12 show the experimental results of 
conventional solution I and II under unbalanced grid voltage 
with 5th and 7th harmonics. It can be observed that the 
inverter current is more highly distorted, and the active and 
reactive power ripples are significantly increased due to the 
product function of the additional grid-connected inverter 
current harmonics and grid voltage harmonics, and even can 
be reached at 2.85 kV and 2.2 kVar, respectively, as shown 
in Fig. 12 (b). 

 

 
                  (a) Inverter output currents 

 
(b) Instantaneous active and reactive powers 

Fig. 11. Solution I under unbalanced grid voltage with harmonics. 

 
                  (a) Inverter output currents 

 
(b) Instantaneous active and reactive powers 

Fig. 12. Solution II under unbalanced grid voltage with harmonics. 

Fig. 13 and Fig. 14 show the experimental results of 
proposed solution III and IV under unbalanced and 
harmonic grid voltage. It can be seen the proposed strategy 
can still operates in a stable range, but the current 
harmonics are also increased as well as the active and 
reactive power ripples. Furthermore, the current peak value 
can be controlled within a limited range of 5A by solution 
IV as shown in Fig.14 (a). More performance comparison 
and quantified analysis can be found in Table.II. 

 
              (a) Inverter output currents 

 
(b) Instantaneous active and reactive powers 

Fig. 13. Solution III under unbalanced grid voltage with harmonics. 

 
               (a) Inverter output currents 
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(b) Instantaneous active and reactive powers 

Fig. 14. Solution IV under unbalanced grid voltage with harmonics. 

 

TABLE.II. PERFORMANCE COMPARISON OF THE SOLUTIONS  

 Unbalanced grid voltage without 
harmonics 

Unbalanced grid voltage with 
harmonics 

Current Power Current Power 
Imax 
[A] 

THDmax 
[%] 

ΔPmax 

[kW] 
ΔQmax[
kVar] 

Imax 

[A] 
THDmax[

%] 
ΔPmax 

[kW] 
ΔQmax[
kVar] 

Solution I 8.4 31.64 0.38 0.35 8.2 34.57 1.02 1.02 

Solution II 6.5 4.87 1.01 0.75 7.2 11.85 2.85 2.20 

Solution III 8.5 4.06 0.01 0.01 9.3 6.51 1.00 1.00 

Solution IV 5.0 6.94 0.01 0.01 5.0 12.91 1.00 1.00 

 

 

 

 
V.  CONCLUSION 

In this paper, a modified instantaneous power control 
based on phase angle compensation and current limitation 
is proposed. For a fair comparison, the proposed methods 
have the same control structure with conventional solutions.  
All of the current references generation do not need any 
information from the grid voltage unbalance factor, phase 
angle, and extraction of positive and negative sequence 
voltage and/or current components. This reduces the 
computation burden since there is no Park transformation as 
well as PLLs.  

In addition, the theoretical analysis and experimental 
verification of the proposed FRT control strategy are 
presented based on the three-phase three-wire inverter 
during C-type unbalanced grid faults. It is indicated that the 
proposed modified instantaneous power control (solution 
III) can enhance the inverter output current quality while 
mitigating the active and reactive power oscillations. 
However, the current harmonics are significantly increased 
as well as the active and reactive power ripples when the 
actual grid voltage harmonics are considered. 

Furthermore, the peak current is one of the most 
important factors to ensure the safe operation of inverter to 
avoid overcurrent in practice. Therefore, the proposed 
solution IV is suggested to control the grid-connected 
inverter currents within a safe range to avoid the overcurrent 
risk effectively under the unbalanced grid voltage fault. The 
experimental results verify the effectiveness of the proposed 
solutions.  
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