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Abstract—The grid-connected inverters may experience 

excessive current stress in case of unbalanced grid 
voltage Fault Ride Through (FRT), which significantly 
affects the reliability of the power supply system. In order 
to solve the problem, the inherent mechanisms of the 
excessive current phenomenon with the conventional FRT 
solutions are discussed. The quantitative analysis of three 
phase current peak values are conducted and a novel 
current-limited control strategy is proposed to achieve the 
flexible active and reactive  power regulation and 
successful FRT in a safe current operation area with the 
aim of improving the system reliability under grid faults. 
Finally, the simulation and experiments of traditional and 
proposed FRT solutions are carried out. The results verify 
the effectiveness of the proposed method. 
 

Index Terms—distributed generation; inverter; fault ride 
through, grid fault. 
 

I. INTRODUCTION 

he distributed generation systems integrating renewable 
energy resources (RES) have attracted considerable 

attention due to the environmental aspects and flexible 
controllability [1-9]. In general, power electronic inverters 
which act as the interfaces between RESs and the grid should 
have the ability to enhance power quality and ride though the 
short-term disturbances or grid faults, especially under 
unbalanced grid conditions. The so called Fault Ride Through 
(FRT) capability [10-11] requires the grid-connected inverters 
to withstand grid voltage sags and remains connected to avoid 
sudden tripping and loss of power generation. The voltage 
collapse should be avoided by introducing flexible active and 
reactive power injection to support the grid voltage. Under 
these requirements, a wide range of FRT control strategies has 
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been proposed to ensure the inverters operate flexibly under 
grid faults conditions. 

The flexible power control concept, which facilitates 
multiple choices for FRT with different power/current 
references, has been proposed in [12-15]. An interesting FRT 
solution focused on the flexible power quality regulation by 
considering the instantaneous power ripples and current 
harmonics has been proposed in [16] where the current 
harmonic can be eliminated at the expense of active and 
reactive power oscillations. In [17], another FRT solution has 
been presented which is fully flexible since positive and 
negative sequence active and reactive power/current 
components can be simultaneously injected to improve the 
reliability of ride through services of grid-connected inverters. 
However, for three-phase three-wire grid-connected inverter 
systems, the control freedom seems not enough to eliminate 
instantaneous power oscillations and current harmonics at the 
same time from the viewpoint of classical instantaneous power 
theory [18]. An interesting control method which utilizes the 
zero sequence components is proposed in [19] to enhance 
flexible power controllability under unbalanced grid conditions. 
But the current reference generator is based on a six 
dimensional matrix, which increases the computational burden.   

Furthermore, advanced control algorithms for FRT, which 
are mainly based on symmetric sequences to achieve particular 
control objectives related to the current harmonics, power 
oscillations, dc bus ripples and voltage support during the 
unbalanced grid voltage faults have been proposed in [20-22]. 
In fact, the excessive and harmonic current in case of the 
unbalanced grid FRT significantly affects the system operation 
reliability. The power oscillations may affect the continuity of 
power supply for inverter-based systems. However, few works 
have been developed for both flexible power controllability and 
peak current-limited capacity for grid-connected inverter 
especially under unbalanced grid faults. An interesting fault 
ride through control strategy is presented in [23]. The flexible 
power control can be achieved. But the current-limited issue is 
not discussed. In order to solve the problem, an insightful 
control strategy is reported in [24]. However, the method is 
complex to implement. Moreover, it depends on the voltage 
unbalance factor and phase angle between sequences, which 
limits its use in practical applications. Therefore, the simple but 
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effective current-limited and flexible power control, which is 
independent of voltage unbalance factor and phase angle 
between sequences, needs further investigation. 

In this paper, a novel current-limited control strategy is 
proposed to achieve the flexible power control and successful 
FRT within a safe current operation range under grid faults, 
which is beneficial to the reliability of power systems. 

II. CONTROL STRATEGY 

The schematic diagram of the grid-connected inverter is 
depicted in Fig. 1 [25]. Two modes, e.g. grid-connected and 
stand alone modes are operated in practice. In general, the 
voltage control is used in stand alone mode, while the current 
control can be used in grid connected mode. In this paper, the 
current controlled grid-connected mode is investigated, 
especially for the FRT control under unbalanced grid voltage 
faults condition. 

C
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 Fig.1. Schematic of grid-connected inverter 

A.  Quantitative analysis of overcurrent 
Three-phase unbalanced grid voltage can be mathematically 

expressed as (1).  
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where U

 and U

 are the voltage amplitude of positive and 
negative sequences. p  and n are the phase angle of positive 
and negative sequences.  is the angular frequency of the 
positive and negative sequences,  
    Three-phase unbalanced grid voltage can be expressed in 
stationary frame with the Clarke transformation. 
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(2)  

    With Instantaneous Power Theory, the active and reactive 
powers of the inverter can be obtained as: 

3
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    With (3), the inverter output current can be obtained as 
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where P* and Q* are the active and reactive power reference and 
detemined by the inverter rated capacity. ( ) ( ) (q), ,p pi i i   and 

(q)i represent the active and reactive power current 

components in stationary frame respectively. Thus, equation (4) 
can be refermulated as follows  
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     Substituting (2) into (5), the current components can be 
obtained as follows 
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        (6)  

    In order to realize the flexible power control during the FRT 
process, the adjustable  coefficients  kp and kq are introduced in 
(6) , and the inveter output current referenece can be rewritten 
as follows 
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(7) 

     It should be noted that kp and kq meet the requirement 
kp+kq=0. In particular, the  special conditions of  this control 
strategy for different applications can be divided into four 
modes as shown in Tab.I. However, all of these control targets 
lead to he excessive current stress, which significantly affects 
the operation reliability of power supply system. 

TABLE I 
TRADITIONAL FRT CONTROL MODES 

Schemes Control target kp kq 

mode A P remains constant -1 1 

mode B Balanced sinusoidal current 0 0 

mode C Q remains constant 1 -1 

mode D P and Q flexible regulation [-1,1] [1,-1] 

 
    The following will present a quantitative analysis of inverter 
overcurrent. Substituting (2) into (7) and simplifying the 
equations to obtain the active and reactive power currents   
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    The inverter current reference in the stationary frame can be 
expressed as follows 
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    With the inverse Clarke transformation, equation (9) can be 
expressed in abc frame as follows 
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     The peak value of the inverter output current can be 
obtained from (10) as follow 
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Thus, the current peak value can be estimated which is 
beneficial to the traditional FRT control protection.  On the 
other hand, if the grid voltage is balanced which means 
negative sequence voltage U

=0, three phase inverter output 
current peak values are expressed as (12)  

* 2 * 2
*
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2 ( ) ( ) 2

3 3

P Q S
I

U U 


              (12) 

From equations (11) and (12), it can be observed that the 
inverter current peak values are only determined by grid 
positive voltage U+ and apparent power parameter S under 
normal grid voltage conditions. However, it is more complex to 
minimize the inverter current peak values under the unbalanced 
grid faults because of this fact that the current peak value is not 
only determined by the coupled active/reactive powers/currents 
but also by positive/negative sequence grid voltage components. 
In such cases, the injection of positive and negative sequence 
powers will inherently induce different amplitudes of three 
phase inverter output current and affect the reliability of power 
system. Quantitative computation results of inverter current are 
shown in Tab. II with the system parameters in Tab. IV. 

TABLE II 
OPERATING STATES AND CURRENT PEAK VALUES 

States Adjust coefficient Current peak value

normal kp, kq∈[-1,1] 5.0 A 

kp = 1，kq =1 8.7 A 

kp = 0.5，kq = 0.5 7.6 A 

kp = 0，kq =0 6.5 A 

kp = 0.5，kq = 0.5 7.4 A 

unbalanced
 

kp = 1，kq = 1 8.3 A 

 
    Furthermore, in order to achieve unity power factor and 
constant active power output, the reactive power can be set as 
Q* =0 and kp=-1 which is also the highest peak current 
condition. Thus, the current peak value under normal and 
unbalanced grid voltage conditions can be expressed as (13) 
and (14) respectively 

*
*
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P
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P
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    From equations (13) and (14), it can be observed that the 
inverter current peak values under unbalanced conditions are 
always higher than normal conditions because of the negative 



0278-0046 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2017.2669018, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 
sequence voltage component U

. Therefore, FRT solutions 
which focus on the minimized peak current control are 
attractive. The following subsection presents a solution for 
grid-connected inverters to ensure current-limited operation.  

B.  Proposed control strategy 

Based on the above analysis, the inverter current will 
increase under the unbalanced grid faults to keep the power 
reference P* and Q* constant. Alternatively, the power 
reference can be approximately calculated by the product of 
current references and positive grid voltage. Thus, the inverter 
output current can be obtained as follows 
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(15) 
where I*

p and I*
q represent the active and reactive current 

references, respectively. 
It should be noted that the average value of the injected 

active or reactive power over one grid cycle only matches the 
reference active or reactive power for some particular values of 
kp, and kq. The reason is that the current limitation function is 
the first priority under grid faults. Otherwise, the over-current 
phenomenon would occur if the average value of the injected 
power matches the reference power. So in order to avoid the 
over-current phenomenon, the average value of the injected 
active or reactive power might be slightly smaller than its 
reference. It should be noted that the grid fault generally occurs 
and then cleared within a short interval. So this slight power 
mismatch is acceptable in practical application. 

The peak values of three phase grid-connected inverter 
output current can be obtained from (15) as follow 

* 2 * 2
* 2 2
max 2 - 2 2 - 2

* *
2 2

2 2 2 2

( ) ( )2
[ ] [ ]

3 ( ) ( ) ( ) ( )

2
       [ ] [ ]

3 ( ) ( ) ( ) ( )

p q

p q

p p q q

p q

I U I U
I

U k U U k U

k I U U k I U U

U k U U k U

 

 

   

   

 
 

 
  (16) 

With the same system parameters of Table IV, the 
quantitative computation results of inverter current in (16) 
under normal and unbalanced grid conditions are shown in 
Table III.  

Compared with the conventional FRT solution, the proposed 
method can reduce the peak values under unbalanced grid fault 
from 8.7A (c.f Tab. II) to 6.7A  (c.f Tab. III)  But, the current 

peak values are still beyond 5A, which corresponds to rated 
current.  

TABLE III 
OPERATING STATES AND CURRENT PEAK VALUES 

States Adjust coefficient Current peak value

normal kp, kq∈[-1,1] 5.0 A 

kp = 1，kq =1 6.7 A 

kp = 0.5，kq = 0.5 5.8 A 

kp = 0，kq =0 5.0 A 

kp = 0.5，kq = 0.5 5.7 A 

unbalanced
 

kp = 1，kq = 1 6.4 A 

 
Further, In order to keep the current within a safe operation 

range, the grid-connected inverter should be equipped with 
current-limited capacity. The overall control structure is shown 
in Fig. 2.  
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 Fig.2. Control structure of the proposed current-limited strategy 
 

In Fig. 2, the MCCF-PLL is used for estimating the positive 
and negative sequences of grid voltage [26]. Other PLL can 
also be utilized for grid synchronization [27-29]. The 
three-phase current is independently controlled by three 
Proportional-Resonant (PR) controllers with a single 
current-loop control. Rd is used to damp the potential resonance 
from LCL filter. Other filters can also be used in practice 
[30-31]. Note that the current-limited reference generator 
operates in abc frame which is beneficial due to the 
convenience of actual current peak detection and comparison in 
real time.  

Based on the analysis in (16), the current peak value is 
mainly determined by current references I*

p and I*
q and the 

positive/negative sequence grid voltage. Substituting the 
current reference (15) into the Clarke transformation, the actual 
three phase currents can be derived as 
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    In order to limit the current within an acceptable level during 
grid faults, the current references in (17) is modified, as shown 
in (18), where Irated represents the rated current value of the 
inverter, Imax represents the maximum current value in three 

phase output currents, that is, * * *
max

ˆ ˆ ˆ= max( ,  ,  )a b cI i i i . 
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   (18) 
It is clear that the current reference peak value in equation 

(18) will not go beyond Irated under the unbalanced grid voltage 
conditions.  

Compared with the conventional method in [24], which is 
very complex and depends on the voltage unbalance factor and 
phase angle between sequences, the proposed current-limited 
method is independent on the voltage unbalance factor and 
phase angle between sequences. Therefore, it is simple to 
implement in practice. Other details can be found in our granted 
patent [32]. 

III. SIMULATION AND EXPERIMENTAL RESULTS 

In this section, the proposed control strategy is verified by 
simulation and experimental tests. The time-domain simulation 
with MATLAB and hardware-based experiments are conducted 
by comparing the conventional and proposed current-limited 
FRT control strategy. The test parameters are listed in Table IV. 

TABLE IV 
SYSTEM PARAMETERS 

parameters value parameters value 

udc/V 120 ua/V 50 0 

ub/V 34.2  137 uc/V 34.2  137

U+/V 38.5 U /V 11.5 

P*/W 300 Q*/var 225 

Ip
*/A 6 Iq

*/A 4.5 

L1/mH 5 L2/mH 1 

C/F 9.9 Rd/Ω 5 

kp 0.15 kr 20 

 

A. Simulation results 

Fig. 3 shows the simulation results of the conventional 
control strategy. Before the grid fault, the grid current is 5A as 
the rated value. However, the current tends to be much higher 
after the grid fault. As the coefficient of kp varies, the active and 
reactive powers can be flexibly regulated. The current is 
beyond the rated value of 5A all the time.  
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Fig. 3  Simulation results of conventional control strategy 
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Fig. 4 shows the simulation results of the proposed control 

strategy. After the grid fault, the active and reactive powers can 
be flexibly adjusted as the coefficient of kp varies. Moreover, 
the current is well regulated, and the peak value is not beyond 
the rating of 5A after the grid faults. 

B. Experiment Results 

In order to further verify the effectiveness of the proposed 
solution, the hardware experimental platform is built in the lab. 
a Chroma 62050H-600 DC programmable source is used for 
mimicking the renewable energy sources. The grid fault is 
emulated by the Chroma 6590 programmable AC source. A 
32-bit fixed-point 150MHz TMS320F2812 DSP is used to 
control the inverter. The experimental results are provided as 
follows. 

Fig. 5 shows the experimental results of the conventional 
control strategy with increasing adjustable coefficient kp 
changed from -1 to 1.  It is can be observed that the peak value 
of the grid current is far beyond the rating of 5A after the grid 
faults. The maximum value is in agreement with the theoretical 
calculation results in Tab. II. On the other hand, the active and 
reactive powers can be flexibly regulated for some specific 
microgrid applications which are sensitive to power 
oscillations.  
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Grid current Iabc (2.5A/div) 
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Fig. 5  Experimental results of conventional control strategy. 

 
Fig. 6 shows the experimental results of the proposed 

control strategy. It can be observed that the active and 
reactive powers can be regulated in a flexible way. 
Furthermore, the grid current can be well controlled with 
the proposed current-limited solution, which avoids the 
over-current phenomenon under the grid faults. 
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Fig. 6  Experimental results of proposed control strategy. 

    

IV. CONCLUSION  

This paper has presented the theoretical analysis and 
experimental verification of a new FRT control strategy for 
grid-connected inverters. Our findings indicate that the 
conventional FRT control method results in the over-current 
phenomenon, which degrades the system reliability. By 
replacing the power reference with current one, the peak 
current can be reduced, but still beyond the rated value. With 
the proposed method, the peak current can be effectively 
controlled within the rated value. Meanwhile, the flexible 
power control can be achieved. The experimental results verify 
the effectiveness of the proposed solution.  
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