
 

Abstract-- This paper proposes a Fault Ride-Through 

(FRT) operation for a single-phase grid-tied inverter with an 

active power decoupling capability. The power decoupling 

circuit achieves the double-line-frequency power pulsation 

compensation with a small capacitance; consequently, a 

transient response with a sudden load change becomes 

worsen because a large energy buffer, i.e. bulky electrolytic 

capacitors, does not apply. In particular, high overshoot 

voltages occur in a DC-link voltage when the grid voltage sag 

of the single-phase grid occurs, resulting in the interrupt of 

the FRT operation due to the over voltage protection. In 

order to solve this problem, the buffer capacitance is designed 

in the consideration of the overshoot amount of the DC-link 

voltage. The theoretical value of the overshoot amount is 

verified with a 1-kW prototype. As an experimental result, 

The error between the experimental and the calculation value 

is within 10%. Furthermore, the proposed control achieved 

both the FRT operation and the active power decoupling 

capability. 

 
Index Terms—DC-AC Inverters, FRT Operation, Active 

Power Decoupling, 

I.  INTRODUCTION 

In recent years, photovoltaics (PV) systems have been 

actively employed to solve environmental problems such 

as global warming [1]-[3].  In the PV systems, each PV 

module is connected to a single-phase grid by a DC to 

single-phase AC converter which consists of a boost 

converter and the voltage source inverter (VSI). 

Furthermore, maximum power point tracking (MPPT) is 

applied to optimize the power generation efficiency. 

However, an instantaneous power pulsation due to the 

single-phase grid fluctuates the PV generated power, 

which results in low power generation efficiency. 

Therefore, power decoupling capability is necessary in the 

DC to single-phase AC converter to guarantee 

instantaneous power pulsation.  

A passive power decoupling method with large 

electrolytic capacitors is a typical solution. However, a life 

time of the electrolytic capacitors depends on the 

environmental temperature according to Arrhenius 

equation.  As a result, system reliability is limited due to 

the electrolytic capacitors. On the other hand, active power 

decoupling methods such as DC active filters have been 

researched to solve the life-time problem [4]-[13]. In these 

methods, the single-phase power pulsation is compensated 

by a small capacitance, leading to the application of film 

or ceramic capacitors instead of the bulky electrolytic 

capacitors. As the result, the converter reliability is no 

longer restricted by the life time of the electrolytic 

capacitors. 

Meanwhile, with the expansion of the PV systems, local 

grid voltage sag might occur when several PVs are 

disconnected from the grid, which might lead to a 

widespread loss of generation. In order to prevent this 

problem, a Fault Ride-Through (FRT) capability is 

required to continue the power converter operation during 

the grid voltage sag [13]-[24]. However, in the power 

converter employing the active power decoupling 

capability, high overshoot and undershoot voltages occur 

in a DC-link voltage during the grid voltage sag due to the 

lack of a large energy buffer, i.e. a large capacitance. 

Overshoot might trigger over voltage protection, and 

undershoot distorts the input / output current during the 

DC-link voltage falls below the grid voltage. Therefore 

overshoot and undershoot voltages might interrupt the 

FRT operation. Reference [13] proposes an FRT operation 

with an active power decoupling scheme. However, the 

amount of the DC-link voltage overshoot has not been 

considered during the voltage sag. In addition, in the other 

papers, the DC-link voltage overshoot in worst condition 

at voltage sag is not sufficiently studied with the power 

pulsation and the small capacitance of the DC-link. 

In this paper, a control method of the FRT operation 

with the small energy buffer is proposed. First, the 

principles of following contents are shown in section II; 

(1) mechanism of the power pulsation compensation, (2) 

reduction of the capacitance for the buffer capacitance  

with the active power decoupling method, (3) the design 

method of the steady state buffer capacitance. Second, the 

DC-link voltage overshoot amount at the voltage sag is 

obtained by converting the transfer function of the control 

block. Moreover, the overshoot amount is shown by using 

an approximate equation. The DC-link capacitance is 

designed under the condition that the DC-link capacitance 

is limited by considering the DC-link voltage overshoot at 

the voltage sag. Finally, the FRT operation of the grid-tied 

inverters with the small capacitance is confirmed by 

experiments. The experiments are conducted with the grid 

connection of 100 V or 200 V. The experimental results 
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show that the DC link voltage value follows the command 

value even during the voltage sag. Furthermore, the output 

power recovers after the grid-voltage recovery as before 

the voltage sag. Therefore, the grid-tied inverter with the 

small buffer capacitance is possible to achieve the FRT 

operation in the worst condition of the voltage sag. By 

using the theoretical value with the approximate equation, 

the error with experimental value is less than 10%. 

II.  CIRCUIT CONFIGURATION AND ACTIVE POWER 

DECOUPLING METHOD 

A.  Circuit method 

Fig. 1 (a) shows the circuit configuration which consists 

of the active power decoupling circuit based on the boost 

converter and the VSI. The active power decoupling circuit 

achieves the power decoupling operation by the small 

capacitance Cbuf. Therefore, the single-phase power 

pulsation is compensated by a small capacitance, leading 

to the application of film or ceramic capacitors instead of 

the bulky electrolytic capacitors. In addition, this circuit is 

also utilized for a boost-up operation of a PV input voltage. 

Consequently, the proposed circuit does not require 

additional components such as an inductor for the power 

decoupling capability.  

B.  Operation principle 

Fig. 1 (b) shows the relationship between the input 

power, the instantaneous output power, and the 

compensation power of the energy buffer in the active 

power decoupling circuit. Firstly, the instantaneous output 

power Pout when the output voltage and current are 

sinusoidal waveforms is expressed as 

(1 cos 2 )
2

out out

out

V I
P t                       (1) 

where Vout is the peak grid voltage, Iout is the peak output 

current, and  is the angular frequency of the grid. 

According to (1), the single-phase instantaneous power 

pulsation occurs at twice the frequency of the grid 

frequency. Moreover, the input power Pin is expressed as 

1

2
in out out in in

P V I V I    (2) 

where Vin is the DC input voltage, and Iin is the DC input 

current. In order to keep the input power constant, i.e. the 

instantaneous power Pin, the frequency component of the 

second term in (1) is actively compensated by the buffer 

capacitor. Therefore, the instantaneous power Pbuf of the 

buffer capacitor is controlled by 

1
cos(2 )

2
buf out out

P V I t   (3). 

The active power decoupling circuit charges and 

discharges the differential power between the input and 

output power.  In addition, the charging or discharging 

energy of the buffer capacitor E is expressed as 

21

2
buf

E C V    (4) 

where Cbuf is the buffer capacitance, and V is the buffer 

capacitor voltage peak to peak value. According to (4), the 

compensation energy in DC-link capacitor is achieved by 

increasing the buffer capacitance Cbuf as in the passive 

power decoupling method. On the other hand, the active 

power decoupling circuit actively charges and discharges 

the buffer capacitor to control the buffer energy, which 

implies V is increased instead of increasing Cbuf. Note 

that, the compensation power for the power pulsation Wc 

is expressed as follows 

 
4

4

1
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2 2

out out out
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W V I t dt
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
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     (5). 

In addition, the capacitor power is obtained from the 

capacitance and the buffer capacitor voltage and expressed 

as 

2 2

max min

1 1

2 2
C buf C buf C

W C V C V    (6) 

where VCmax and VCmin are the maximum and minimum 

values of the allowable voltage fluctuation, respectively. 

The required capacitance is calculated from (5) and (6), 

and expressed as 
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Fig. 1. Grid-tied inverter with active power decoupling circuit and 
principle of power decoupling. The circuit consists of typical boost 

converter and small buffer capacitance Cbuf. This circuit does not 

need additional components for the power decoupling. According 
to Fig.1 (b), the differential power between the input and output 

power is compensated by small capacitance Cbuf. 
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2 C
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According to (7), the capacitance of the buffer capacitor is 

possible to decrease as the fluctuation of the DC-link 

voltage increases. However, the design of Cbuf in (7) is a 

design value for a steady-state operation. Therefore, the 

load fluctuation and the voltage sag operation are not 

considered in (7). The design method considering the 

transient phenomenon is described in the next chapter. 

III.  CONTROL METHOD AND CHALLENGES OF FRT 

OPERATION 

A.   FRT requirement in grid interconnection 

A power converter in a photovoltaic system might halt 

operation when voltage sag occurs or at the voltage 

recovery. Therefore, FRT operation controls the voltage 

and frequency fluctuation during the grid voltage 

recovery and supports the recovery of the output power. 

Fig. 2 (a) shows the operation of FRT at the momentary 

voltage drop. In Japan, the FRT operation after the 

voltage recovery is required that the output power is 

recovered to 80% of the output power before the 

occurrence of the voltage sag. Furthermore, the output 

power recovery must be within one second after the 

voltage recovery. Table I shows the FRT requirements of 

several country including Japan. The FRT requirements 

are different in each country. 

There are countries in Europe having the FRT 

requirements that is required to inject the reactive current 

during the voltage sag. Fig. 2 (b) shows an FRT operation 

in which a reactive current is injected to the grid side 

during voltage sag. The reactive current is injected to 

assist the grid voltage recovery. After the grid voltage 

recovery, the inverter output power is recovered by 

gradually switching from the reactive current to the active 

current. 

B.  Challenges of FRT operation with active power 

decoupling capability 

In general, the DC-link voltage control is employed in the 

VSI control, whereas the input current control is applied in 

the boost converter to achieve MPPT. Consequently, the 

DC-link voltage control bandwidth is designed to low to 

avoid the interference of the power pulsation frequency; 

hence, the high overshoot and undershoot voltage in DC 

link when the sudden load change might occur due to the 

DC-link capacitance minimization thank to the active 

power decoupling capability. 

Fig. 3 shows the simulation results of the FRT 

operation with the active power decoupling capability in 

the ideal condition. Note that the active current becomes 

zero, whereas the reactive current is provided from the VSI 
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(a) FRT requirements in Japan 
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Fig. 2. FRT operation for grid-tied inverter. 
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Fig. 3. FRT operation with small DC-link capacitance when DC-

voltage control is applied to VSI control. High overshoot and 
undershoot occur at the grid voltage recovery. As the result, the 

output current distorts due to undershoot of Vdc. 

 

Table I. FRT requirements. 

country Voltage drops down Voltage sag time

Japan

Germany

British

America

0 %

0 %

0 %

20 %

1000 ms

  150 ms

  140 ms

  625 ms

80% more than the output power within 1.0 s

90% more than the grid-voltage within 1.5 s

90% more than the output Power within 1.0 s

90% more than the grid voltage within 3.0 s

Voltage or output power recovery time 

 



 

or PV during the grid voltage sag. As shown in Fig. 3, the 

grid-tied inverter operates stably before the grid voltage 

sag. However, the output current distorts when the DC 

link voltage undershoots less than the instantaneous grid 

voltage after the grid voltage recovery. Therefore, the DC-

link voltage minimum value is requried to keep higher than 

the grid-voltage-peak value at the grid voltage drop and 

recovery. In the active power decoupling method, the DC-

link capacitance is reduced by largely varying the DC-link 

voltage; this leads to a large overshoot and undershoot 

occurring at the voltage drop and recovery. Therefore, 

design of the buffer capacitance is necessary to consider 

not only the steady state operation but also the voltage sag 

operation. 

C.  Control method 

Fig. 4 shows the proposed control block diagram of the 

proposed circuit. In this paper, the DC-link voltage control 

is performed on the VSI side or the power decoupling side 

respectively. In the former, the DC-link voltage control is 

employed in the VSI circuit together with the output 

current iout control. In the later, the DC-link voltage control 

is employed in the power decoupling circuit together with 

the input current iin control. Note that the power 

decoupling control is achieved by feeding forward the 

capacitor current reference at the output of the DC-link 

voltage control. The charge and discharge current for the 

buffer capacitor is expressed as 

cos(2 )out

c

c

P
i t

v
                          (8) 

where ic is the feed forward current to achieve the power 

decoupling. The VSI control is composed of the phase 

synchronization with the phase locked loop (PLL) control, 

and the output current iac control. The phase of the output 

current advances 90 degrees during the grid voltage sag.      

The difference between the DC-link voltage control 

employed in the VSI side and that employed in the power 

decoupling side is that the power supply source for the DC-

link is from the grid voltage or the solar cell voltage. The 

DC-link voltage control employed in the VSI side cannot 

maintain the DC-link voltage during the voltage sag 

because there is no power supply source for the DC-link 

capacitor. Therefore, in order to control the DC-link 

voltage during the voltage sag, the DC-link voltage control 

is employed in the power decoupling side to supply the 

power from the solar cell to the DC-link capacitor. 

D.  Detection method of voltage sag 

Fig.5 shows the voltage-sag detection method is 

achieved by detecting the grid voltage and using the High-

pass filter (HPF) on the control side. The grid voltage vac 

is defined as vacsin θ. Moreover, Differential of vacsinθ 

which is vaccosθ is derived by the grid voltage and HPF. 

The magnitude of the grid voltage vac can be expressed as 
2 2

sin cos
ac ac ac

v v v                           (9). 

HPF differentiates the grid voltage. According equation 

(9), the magnitude of the grid voltage is constant regardless 

of the phase of the grid voltage. The grid voltage drops to 

0 V due to the voltage sag, resulting the value of equation 

(9) becoming zero. The detection of the voltage sag is 

realized by comparing the grid voltage with the threshold 

value. However, the use of HPF causes a detection delay 

time. In order to reduce the delay time, it is necessary to 

raise the cutoff frequency of the HPF. However, the 

detection error of the instantaneous drop occurs due to the 

high cutoff frequency. The cutoff frequency of HPF is 

designed to be ten times compared to the grid frequency. 
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(a) AVR with grid-tied inverter 
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(b) AVR with power decoupling circuit 

Fig. 4. Control block diagram of proposed circuit. The feedforward 
control and the DC-link voltage control are applied to the power 

decoupling circuit control to achieve both FRT operation and the 

power decoupling operation. 
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Fig. 5. Voltage-sag detection method. 

 



 

IV.  CONSIDERATION OF DC-LINK VOLTAGE OVERSHOOT 

AT VOLTAGE SAG  

In a power decoupling circuit, the amount of the DC-

link voltage overshoot at the voltage sag depends on the 

load fluctuation. The DC-link voltage overshoot is caused 

by fluctuations in the buffer capacitor current ic and the 

inverter input current iinv due to the load fluctuation. 

Therefore, the overshoot of the DC-link voltage is 

determined by the disturbance response such as the buffer 

capacitor current and the inverter current.  

Fig. 5 (a) shows the control block diagram of the power 

decoupling side. In this control block, the Auto current 

regulator (ACR) response is much higher than the auto 

voltage regulator (AVR) response. Thus, the ACR gain is 

set to 1.0. Kpv and Tv of the proportional-integral (PI) 

controller for AVR are expressed by the following 

equations. 

2
pv nv

K C                              (10) 

2
V

nv

T



                                  (11) 

where is the damping coefficient, and nv is the angular 

frequency of the voltage controller. 

Fig. 5 (b) shows the disturbance-transfer-function 

model from the inverter current to DC-link voltage in Fig. 

5 (a). The disturbance transfer function of the inverter 

input current iinv is expressed as 

_ 2 2

1

( )
2invload i

nv nv

s
CG s

s s 




 

               (12), 

where s is the Laplace operator. Similarly, the disturbance 

transfer function due to the buffer capacitor current ic 

expressed by (13) 

_ 2 2

1

( )
2c
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dc
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nv nv

V
s

C v
G s
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


 

               (13). 

Fig. 6 (a) shows the controller on the power decoupling 

side including the inverter-output-current controller. The 

disturbances in the power decoupling controller occur due 

to the output current iac fluctuation at the voltage sag.  

Fig. 6 (b) shows the disturbance-transfer-function 

model from the inverter current to DC-link voltage in Fig. 

6 (a). Generally, an overshoot amount due to the 

disturbance is obtained by the transfer function from a step 

response or a ramp response of disturbance with Laplace 

transform and inverse Laplace transform. The transfer 

functions of ACR and AVR are second-order systems. 

Therefore, the disturbance transfer function of AVR 

including ACR is a fourth-order system. The transfer 

function of the fourth order system is converted to the time 

domain by inverse Laplace transform. However, 

formalizing the amount of overshoot requires complicated 

calculations in the forth-order transfer function. Therefore, 

the overshoot of the DC-link voltage is derived by an 

approximate equation. The elements required to derive the 

overshoot of the DC-link voltage are the variation of the 

output power Pout, the buffer capacitance Cbuf, the average 
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(a) Control block diagram of power decoupling side 
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(b) Inverter current disturbance response of power decoupling 

controller 

Fig. 5. Derivation of disturbance response. 
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(c) Output current disturbance response of power decoupling 

controller 
 

Fig. 6. Derivation of disturbance response with inverter-output-

current controller. 
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voltage Vc, and the AVR response angular frequency nv. 

The DC-link voltage is proportional to the output power 

and inversely proportional to the buffer capacitance. The 

approximate equation is expressed as 

 out

dc

buf

P
V K

C


                              (14). 

According to (14), the buffer capacitance considering the 

overshoot of the DC-link voltage is expressed as 

out

buf

dc

P
C K

V


 


                           (15). 

The coefficient K depends on the AVR response angular 

frequency nv and the average voltage of the buffer 

capacitor average voltage Vc. 

Fig. 7 shows the coefficient K with the buffer capacitor 

average voltage Vc and the AVR response angular 

frequency nv. Fig. 7 is considering the ACR response 

angular frequency is much larger than the AVR response 

angular frequency. The coefficient K becomes small when 

the AVR response angular frequency nv is high. However, 

the coefficient K is almost constant in the high response 

angular frequency range of AVR. Moreover, the rising 

limit of the AVR response angular frequency depends on 

the ACR response angular frequency. The buffer capacitor 

average voltage Vc becomes high when the coefficient K 

becomes small. The reason is that more energy is required 

to raise the buffer capacitor voltage according to (4) and 

(6). However, raising the average voltage of the buffer 

capacitor also increases the required withstand voltage of 

the switching devices. Therefore, the buffer capacitance is 

designed by the required withstand voltage of the 

switching devices. 

V.  EXPERIMENTAL RESULT 

A comparison of the case for DC-link voltage control is 

performed in VSI side and the power decoupling side. 

Table II shows the experimental conditions. 

Fig. 9 shows the FRT operation during the grid voltage 

sag. Note that in order to consider the worst case of the 

maximum DC-link voltage overshoot, the voltage sag 

occurs when the DC-link voltage reaches the maximum 

voltage ripple during the steady-state operation.  

Fig. 9 (a) shows the FRT operation when the DC-link 

voltage control is employed in the VSI control. During the 

grid voltage sag, the DC-link voltage control employing in 

the VSI control cannot regulate the DC-link voltage. This 

is because there is conversion loss existing in the power 

converter, whereas the input power is set to zero during the 

voltage sag. As a result, the DC-link voltage drops below 

the maximum value of the grid voltage to the input voltage 

(100 V). The grid voltage recovers when the DC-link 

voltage maximum value is lower than the grid voltage 

value. Therefore, the input and the output current are 

distorted. Eventually, the protection circuit operates, and 

the operation of the grid-tied inverter is halted. 

Fig. 9 (b) shows the FRT operation when the DC-link 

voltage control is employed in the power decoupling 

Table II. Experimental conditions with 100-V grid-connection.

Input voltage

Output voltage

Rated power

Dead time

boost inductor

buffer capacitor

DC-link voltage

Interconnected inductor

Switching frequency

Voltage sag time

100 V

100 V

500 W

3.0 ms 

3 mH

55 mF

300 V

6 mH

20 kHz

100 ms

Vin

Vout

P

Tdt

L

Cbuf

vdc

Lac

fsw

Tvs

Quantity Symbol Value

 
 

0

50[msec/div]

0

0

0

DC-linkvoltage 100[V/div]

Output current 10[A/div]

Grid voltage 200[V/div]

100 V
Input current 5[A/div]

(a) DC-link voltage control employing in the VSI control 

 

0

50[msec/div]

0

0

0

DC-linkvoltage 100[V/div]

Input current 5[A/div]

Output current 10[A/div]

Grid voltage 200[V/div]

424 V(overshoot 41.3%)

160 V(undershoot 46.3 %)

  
(b) DC-link voltage control employing in power decoupling circuit 

(nv = 100 rad /s) 

 
 

0

50[msec/div]

0

0

Input current 5[A/div]

Grid voltage 200[V/div]

Output current 10[A/div]

0

392 V(overshoot 30.7%)

192 V(undershoot 36.0 %)

DC-link voltage 100[V/div]

(c) DC-link voltage control employing in power decoupling circuit 

(nv = 200 rad /s) 

Fig. 9. FRT operation during grid voltage sag at 100 V grid-

connection. 



 

circuit. Since the energy required to maintain the voltage 

is supplied from the input side even during a voltage sag, 

it is observed that DC-link voltage value follows the 

command value even during the voltage sag. As a result, 

the output current distortion does not occur even after the 

grid voltage recovery. Furthermore, the DC-link voltage 

overshoot and undershoot are suppressed to 41.3%(124 V) 

and 46.7%(140 V) for the DC-link average voltage (300 

V). The DC-link voltage minimum value is always higher 

than the grid voltage maximum value. Thus, the FRT 

operation is achieved without any distortion of the input 

and the output current. By using the overshoot amount 

which used the approximation formula in Chapter 4, the 

theoretical calculation is derived by (14) as K = 1.5*10-5. 

As the result, the amount of the DC-link voltage overshoot 

is 136 V. The error between the experimental and the 

calcuration value is 8.8%. 

Fig. 9 (c) shows the AVR response angular frequency 

changed to 200 rad / s from the condition of Fig. 9 (b). The 

DC-link voltage overshoot and undershoot are suppressed 

to 30.7% (92 V) and 36.0% (108 V) for the DC-link 

average voltage (300 V). The overshoot amount at (14) is 

calculated as K = 1.05*10-5. Thus, the amount of the DC-

link voltage overshoot is 96 V. The error between the 

experimental and the calcuration value is 4.2%. 

Furthermore, raising the AVR response angular frequency 

reduces not only the overshoot of DC-link voltage but also 

the undershoot of DC-link voltage. 

Fig. 10 shows the experimental results of the FRT 

operation with the designed buffer capacitance  

considering the overshoot obtained in Chapter 4. Since the 

maximum rated voltage of IGBT is 600 V which is used in 

the experiment, the DC-link voltage maximum value 

including overshoot is designed to be 500 V. Table III 

shows the conditions of this experiment. 

Fig. 10 (a) shows the waveform from start of the voltage 

sag to the output power recovery. In the experimental 

waveform, the grid-tied inverter is possible to continue the 

operation from the start of the voltage sag to the recover of 

the output power. However, the DC-link voltage 

maximum value (262 V) becomes lower than the grid 

voltage maximum value (282 V) due to the DC-link 

voltage undershoot at the voltage recovery. Although, the 

input and output current distortion do not occur. Therefore, 

the buffer capacitance design is also necessary to consider 

the DC-link voltage undershoot at the grid voltage reovery. 

Fig.10 (b) shows the magnified waveform at the 

occurence of a voltage sag. At the start of the voltage sag, 

the output current is confirmed to switch from the active 

current to the reactive current. The overshoot amount of 

DC-link voltage is 20.0% (100 V) of the DC-link average 

voltage (400 V). Thus, the DC-link voltage is suppressed 

to around 500 V. Note that the overshoot amount with (14) 

is calculated as K = 1.05*10-5. As the result, the amount of 

the DC-link voltage overshoot is 105 V. The error between 

the experimental and the calcuration value is 4.8%. 

However, the DC-link voltage is fluctuated due to the 

resonance of the input current at the start of the voltage sag. 

The resonance frequency of the input current fluctuation is 

1 kHz, which is caused by the input LC filter resonance. 

Table Ⅳ shows the comparison between the theoretical 

and the experimental value for the overshoot amount of the 

DC-link voltage. From the Table IV, the error between the 

theoretical and the experimental value is large when the 

Table III. Experiment parameters with 200-V grid-connection. 

Input voltage

Output voltage

Rated power

Response frequency of AVR

Dead time

boost inductor

buffer capacitor

DC-link voltage

Interconnected inductor

Switching frequency

Voltage sag time

200 V

200 V

1.0 kW

200 rad/s

3.0 ms 

6 mH

100 mF

400 V

12 mH

20 kHz

100 ms

Vin

Vout

P

nv

Tdt

L

Cbuf

vdc

Lac

fsw

Tvs

Quantity Symbol Value

 
 

DC-link voltage 100[V/div]

50[msec/div]

0

0

Input current 5[A/div]

Grid voltage 300[V/div]

Output current 10[A/div]

0

262 V 

(a) Operation waveform with minimum buffer capacitor design 

 

DC-link voltage 100[V/div]

5[msec/div]

0

0

Input current 5[A/div]

Grid voltage 300[V/div]

Output current 10[A/div]

0

500 V(overshoot 5.5%)

 
(b) Magnifiged waveform at the start of voltage sag 

Fig. 10. Operating waveform by minimum buffer capacitor design 

at 200 V grid-connection. 
 

Table Ⅳ. Comparison of theoretical and experimental value for 

DC-link voltage overshoot. 

Error 

Rate

[%]

Theoretical 

Value

[V]

Measured

 value

[V]

136 124 8.8

92 96 4.2

105 100 4.8 

Fig.9 (b)

Fig.9 (c)

Fig.10

Cbuf

[mF]
K

[10-5]

Verification conditions

waveform
Pout

[W]

Vc

[V]

nv

[rad/s]

500

500

1000 100

55

55

200

100

200

200

200

200

1.05

1.5

1.05

 



 

AVR response angular frequency is low. The cause of the 

large error is that the coefficient K is used as the 

approximate equation for the overshoot amount 

calculation. Other reasens of the error are that the ACR 

response angular frequency is not included in the the 

approximate equation and the delay time of the voltage sag 

detection by HPF is not considered. 

VI.  CONCLUSION 

In this paper, the FRT operation of the grid-tied 

inverters with the small capacitance was proposed. The 

analysis of the minimization limitation for the DC-link 

capacitance considering the overshoot voltage during the 

grid voltage sag was introduced. Moreover, it was 

confirmed that the DC-link voltage control employed in 

the power decoupling circuit achieved both the FRT 

operation and the active power decoupling capability. 

Moreover, the overshoot amount in the experimental result 

was agreed with the theoretical value using the 

approximate equation with an error within 10%. The 

undershoot voltage caused the distortion in the input 

current and the output current. This problem may stop the 

circuit operation. In the future work, the calculation of the 

amount of DC-link voltage undershoot at grid voltage 

recovery will be considered. 

REFERENCES 

[1] Yichen Zhou, Yonggang Li, and Jiaomin Liu"Complete 

Models of Transmission-connected Photovoltaic Plant Using 

Modularity Principle for Power System Small Signal Stability 

Study,Q"IEEJ J. Industry Applications, Vol. 6, No. 6, pp. 435-

442, (2017) 

[2] Nimrod Vázquez, Marco Rosas, Claudia Hernández, Eslí 

Vázquez, and Francisco Perez-Pinal, “A New Common-Mode 

Tranceformereless Photovoltaic Inverter” IEEE trans.  

Industrial elctronics, Vol. 62, No. 10, pp. 6381-6391.  (2015) 

[3] Sachin Jain and Vivek Agarwal, “A Single-Stage Grid 

Connected Inverter Topology for Solar PV Systems With 

Maximum Power Point Tracking” IEEE trans. Power Electron, 

Vol. 22, No. 5, pp 1928-1940. (2017) 

[4] Y. Ohnuma, J. Itoh: "A Single-phase-to-three-phase Power 

Converter with an Active Buffer and a Charge Circuit", IEEJ 

Journal of Industry Applications, Vol. 1, No. 1, pp. 44-54 (2012)  

[5] X. Lyu, N. Ren, Y. Li, D. Cao: “A SiC-Based High Power 

Density Single-Phase Inverter With In-Series and In-Parallel 

Power Decoupling Method”, IEEE Journ. Emer. Slec. Top. 

Power Electron . No. 3 vol. 4, pp.893-901, (2016)  

[6] K. H. Chao, P.T. Cheng : “Power decoupling methods for 

single-phase three-poles AC/DC converters“, IEEE Energy 

Conversion Congr. Expo., pp.3742-3747 (2009)  

[7] H.Watanabe, K. Kusaka, K. Furukawa, J. Itoh: "DC to Single-

phase AC Voltage Source Inverter with Power Decoupling 

Circuit based on Flying Capacitor Topologu for PV System", The 

Applied Power Electronics Conference and Exposition 2016, pp. 

1336-1343 (2016)   

[8] F. Shinjo, K. Wada, T. Shimizu: “A Single-Phase Grid-

Connected Inverter with a Power Decoupling Function”, IEEE 

Power Electron. Spec. Conf. (PESC’2007), pp.1245-1249 (2007)  

[9]H. huang and P.A. Mawby, “A lifetime estimation technique 

for voltagw source inverters”, IEEE Trans. Power Electron., 

Vol28, No.8, pp,4113-4119 (2013) 

[10] Chaia-Tse Lee, Yen-Ming Chen, Li-Chung Chen, Po-Tai 

Cheng: "Efficiency Improvement of a DC/AC Converter with the 

Power Decoupling Capability" , IEEE APEC 2012 Vol. , No. , 

pp. 14621468 (2012)  

[11] Shuang Yu, Liuchen Chang, Riming Shao: "Single-phase 

Bridge Inverter with Active Power Decoupling Based on Buck-

Boost Converter", IEEE 2018, pp. 6725-6732 (2018)  

[12] H. Hu, S. Harb, N. Kutkut, I. Batarseh, Z. J. Shen, “Power 

Decoupling Techniques for Micro-inverters in PV Systems — a 

Review,” Energy Conversion Congress and Exposition 2010, 

pp.3235-3240, pp. 12-16 (2010)  

[13] Taiki Onodera, Toshihisa Shimizu “Fault-Ride-Through 

(FRT) Characteristics of a Power-Decoupling-Type 

Photoinverter System” IEEE APEC 2019, pp.3207-3212, (2019) 

[14] M. Tsili S. Papathanassiou: "A review of grid code technical 

requirements for wind farms", IET Renew. Power Gener.,, Vol. 

3, Iss. 3, pp. 308–332 (2009) 

[15] Kichiro Yamamoto, Sho Ehira, and Minoru Ikeda 

"Synchronous Frame Control for Voltage Sag/Swell 

Compensator Utilizing Single-Phase Matrix Converter,"IEEJ J. 

Industry Applications, vol. 6, no. 6, pp. 353-361, (2017)  

[16] Ben Liu, Teruo Yoshino, and Atsuo Kawamura"Seamless 

Control of Grid-Connected Inverter during Single Phase 

Disconnection after Single Phase Fault in a Weak Grid,"IEEJ J. 

Industry Applications, vol. 7, no. 6, pp. 506-516, (2018) 

[17] S. Nagai, K. Kusaka, J. Itoh: "ZVRT Capability of Single-

phase Grid-connected Inverter with High-speed Gate-block and 

Minimized LCL Filter Design", IEEE Transactions on Industry 

Applications, Vol. 54, No. 5, pp. 5387-5399 (2018)  

[18] Jaber Alipoor, Yushi Miura, and Toshifumi Ise, “Voltage 

Sag Ridethrough Performance of Virtual Synchronous 

Generator”, IEEJ Journal of Industry Applications, Vol.4, No.5, 

pp.654-666, (2015)  

[19] K. Fujii ; N. Kanao ; T. Yamada ; Y. Okuma : “Fault ride 

through capability for solar inverters”, IEEE Conferences(2011)  

[20] E. Troester, “New German Grid Codes for Connecting PV 

Systems to the Medium Voltage Power Grid” 2nd International 

Workshop on Concentrating Photovoltaic Power Plants: Optical 

Design, Production, Grid Connection  

[21] Yongheng Yang, Frede Blaabjerg and Huai Wang, “Low-

Voltage RideThrough of Single-Phase Transformerless 

Photovoltaic Inverters” IEEE trans. Industry applications , vol. 

50, No. 3, pp 1942-1952.(2014) 

[22] P. Rodriguez, A. V. Timbus, R. Teodorescu, M. Liserre and 

F. Blaabjerg, “Flexible Active Power Control of Distributed 

Power Generation Systems During Grid Faults”, IEEE trans. 

Industrial Electronics, vol. 54, No. 5, 2007, pp. 2583-2592.  

[23] S. Alepuz, S. Busquets-Monge, J. Bordonau, J. A. Martínez-

Velasco, C. A. Silva, J. Pontt and J. Rodríguez, “Control 

Strategies Based on Symmetrical Components for Grid-

Connected Converters Under Voltage Dips” IEEE trans. 

Industrial Electronics, vol. 56, No. 6, 2009, pp. 2162-2173.  

[24] D. Zhou, H. wang, Y yang, P. D. Reigoaa, and F. Blaabjerg, 

“Prediction of bond wire fatigue of IGBTs in a PV inverter under 

a long-term operation” IEEE Trans. Power Election, vol 31, No. 

10, pp.7171-7182.  


