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Abstract—This paper presents a multisampling control 

strategy for two-cell interleaved three-phase grid-connected 

converters in order to reduce the control delay and improve 

the stability margin. By sampling the currents at the point of 

common coupling, the average value can be acquired at the 

peak, valley and intersection points of all the phase-shifted 

carriers. Compared to the double-sampling double-update 

control, the bandwidth and dynamic performance improve 

with the same phase margin and no switching ripple is 

introduced at the same time. Finally, the effectiveness of the 

proposed control strategy is verified through the simulation 

and experimental results. 

Keywords—Three-phase interleaved converter, bandwidth, 

multisampling control, dynamic performance. 

I. INTRODUCTION 

With the increase of power level of wind turbines, 
interleaved three-phase grid-connected converter is a 
potential solution due to its high efficiency and reliability 
compared to the single cell equivalent [1-2]. Specifically, the 
system capacity can be improved modularly with low current 
switching devices [3]. Furthermore, the total output current 
ripple is reduced with phase-shifted carriers. Consequently, 
the LCL filter can be replaced by L filter in order to improve 
the stability and decrease the cost [4]. 

For the control of interleaved three-phase grid-connected 
converter, there are mainly two kinds of methods. The first 
one is to control the output currents and circulating currents 
for each converter separately, which may cause instability 
due to the coupling between two control loops [5]. The other 
one is to control currents at the point of common coupling 
(PCC) to achieve power sharing, and the circulating current 
is suppressed by sampling the converter-side currents, 
respectively. As a result, there is no coupling between two 
control loops and the system stability can be improved [6]. 
However, control variables are usually sampled once or 
twice within one switching period for the above methods. 
Because the switching frequency is low in high power 
converters, the control bandwidth and dynamic performance 
are limited with the given stability margin [7]. Alternatively, 
multisampling control can reduce the control delay 
effectively, and it has been used in various converters to 
break the bandwidth limit [8]. It is worth noting that the 
switching ripple is also added in the control loop, and a 
digital filter is necessary to linearize the system [9]. The 
introduced phase lag will waste the advantage of phase 
boost, and the sampling frequency has to be higher to meet 
the stability margin requirement.  

In this paper, a multisampling control strategy without 
sampling noise is proposed for the interleaved three-phase 
converter with an L filter. By multisampling the currents at 

the point of common coupling (PCC), the average value can 
be acquired and the sampling frequency considering the 
number of cells is also discussed. Based on a two-cell 
interleaved converter, the bandwidth and dynamic 
performance comparison between the double sampling 
control and four-sampling control is presented. The 
circulating currents suppression under two different sampling 
modes is also discussed. Finally, the simulation and 
experimental results are presented to verify the effectiveness 
of the proposed strategy. 

II. SAMPLING FREQUENCY SELECTION 

If controlling every single cell of an interleaved converter 
separately, the average current can only be acquired at the 
peak and valley of the carrier. Moreover, the switching ripple 
will be introduced when using higher sampling frequency. 
Actually, the interleaved converter can be regarded as a 
multilevel converter, and the equivalent switching frequency 
is the product of the preset switching frequency and the 
number of interleaved cells. As a result, there is a sampling 
opportunity when controlling the currents at PCC directly. 
The average currents at PCC can be acquired at the peak, 
valley and intersection points of all the phase-shifted carriers, 
and the maximum sampling frequency without noise is 

 2
s sw

f Nf=  (1) 

where fs, N, and fsw is the maximum sampling frequency, 
number of interleaved cells and switching frequency, 
respectively. As shown in Fig. 1, for a two-cell interleaved 
converter, four-sampling control can be used and no 
switching ripple is introduced in the control loop.  
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Fig. 1. Multisampling control principle of two-cell interleaved three-phase 

inverters. (a) Sampling process and modulation, (b) Pulse pattern. 

If updating four times within one switching period, the 
average output voltage in the positive half fundamental 
period based on the voltage-second balance principle is  
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where iinv1~iinv2, Lc1~Lc2, d1~d4, udc are single-phase 
converter-side current for the first- and second-cell, 
converter-side inductance for the first- and second-cell, four 
updated duty ratios within a switching period, dc-link 
voltage, respectively. As a result, a low frequency circulating 
current appears in the converter-side currents for every single 
cell when circulating current controller is not used [10]. If 
ignoring the non-ideal factors such as filter-inductor 
variation and dead time difference, the average output 
voltage for every single cell can be same when adding 
circulating current suppressing loop. Actually, the same 
result can also be acquired if only updating twice within a 
switching period, and the average output voltage is given in 
(3). Hence, the four-sampling double-update control mode is 
selected in this paper. 
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III. SINGLE-LOOP MUTISAMPLING CONTROL WITH PCC 

CURRENT FEEDBACK 

In terms of current control, there is always a trade-off 

between the bandwidth and overshoot for the proportional 

integral (PI) controller, which weakens the advantage of 

multisampling. The pseudo-derivative-feedback controller is 

applied to substitute the PI controller in order to suppress 

the overshoot [11]. The single-loop control with PCC 

current feedback is used as a case study, and the overall 

control diagram is shown in Fig. 2.  
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Fig. 2. Proposed control diagram. (a) Main current control loop, (b) 

Circulating current control loop. 

Because the converter-side current sensors are necessary 

for system protection and circulating current suppression, 

the controlled PCC current can be calculated from the 

sampled converter-side currents in order to save cost. 

According to Fig. 3, the main current control loop stability 

is determined by the inner loop of current control loop, and 

its open-loop transfer function is 
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where 
0.5
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= . The equivalent filter inductance is 

halved if not considering filter inductor variation.  
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Fig. 3. Model of main current control loop diagram. 

It is worth noting that the stability of the inner loop is same 
as the PI based single-loop control, and the bandwidth of the 
main current control loop is determined by the inner loop 
bandwidth and integral coefficient Ki. According to 
optimized controller design [12], when the same phase 
margin (PM) for the double-sampling control and four-

sampling control is set to 45°, the bandwidth can be 333 Hz 
and 500 Hz, respectively, as shown in Fig. 4.  
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Fig. 4. Bode diagram of the inner loop of main current control loop. 

Moreover, the reduced delay can be used to enhance the 
stability in weak grid. On the other hand, the bandwidth of 
the voltage control loop is set as 15 Hz. The overall 
parameters are shown in Table I.  

TABLE I.  MAIN PARAMETERS OF GRID-CONNECTED INVERTER 

Symbol Description Value Symbol Description Value 

Udc DC-link voltage 200 V Ug Grid voltage 90 V 

Po Output power 3 kW Lc 
Converter-side 

inductor 
2 mH 

fs 
Sampling 

frequency 
4/8 kHz fsw 

Switching 

frequency 
2 kHz 

Cdc 
DC-link 
capacitor 

594 μF Tdead Dead time 3 μs 

Kp2 
Proportional 

coefficient 
4.1 Ki2 

Integral 

coefficient 
2000 

Kp4 
Proportional 

coefficient 
6.6 Ki4 

Integral 

coefficient 
5000 

Kpc2 
Proportional 

coefficient 
4.1 Kic2 

Integral 

coefficient 
500 

Kpc4 
Proportional 

coefficient 
4.1 Kic4 

Integral 

coefficient 
500 

Kpdc 
Proportional 

coefficient 
0.09 Kidc 

Integral 

coefficient 
3.25 

 

On the other hand, the switching ripple will be introduced 
in the circulating current control loop when multisampling 
the converter-side currents, and a repetitive filter (RF) [9] 
can be used to remove them, as shown in Fig. 5.  
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Fig. 5. Model of the circulating current control loop diagram. 

The four-sampling open-loop transfer function for the 
circulating current control loop is  
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where 
0.5

( ) swsT

dG s e
−

= , 
0.5

( ) 0.5(1 )swsT
RF s e

−
= + . The RF 

introduces 0.25 switching period delay, and the total control 
delay for the double-sampling and four-sampling circulating 
current control loop are equal to 0.75 switching period. As 
shown in Fig. 6, the bandwidth (333 Hz) and phase margin 
(45°) for both sampling modes are almost same. Hence, it is 

better to use double-sampling to suppress the circulating 
current, and the switching ripple can be fully removed. 

-100

-50

0

50

100

-360

-270

-180

-90

Frequency  (Hz)
10

2
10

3
10

1
10

0

M
ag

n
it

u
d
e 

(d
B

)
P

h
as

e 
(d

eg
)

fb1

fb2

PM2

Double-sampling control
Four-sampling control

PM1

 

Fig. 6. Bode diagram of circulating current control loop. 

IV. SIMULATION RESULTS 

In order to illustrate the advantage of the multisampling 
control in terms of dynamic performance, the reference 
current steps from 15 A to 20 A (rated current) and the 
sampling frequency is set as 8 kHz. As shown in Fig. 7(a) 
and Fig. 8(a), the rising time (from 10% to 90% of the steady 
value) of the four-sampling four-update control improves 
from 3 ms to 1.75 ms compared with the double sampling 
control. Moreover, no switching ripple is introduced in the 
control loop when using four-sampling control. However, the 
low frequency circulating currents between two converters 
are large due to the different average output voltage, as 
shown in Fig. 8(b) and Fig. 8(c). 
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(c) 

Fig. 7. Double-samping double-update control with circulating current 

suppression. (a) Step response, (b) Analogue converter-side and PCC 
currents, (c) Low frequency circulating currents. 
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(c) 

Fig. 8. Four-samping four-update control without circulating current 

suppression. (a) Step response, (b) Analogue converter-side and PCC 
currents, (c) Low frequency circulating currents. 

According to the above analysis, the average output 
voltage for the parallel two converters can be balanced when 
loading the duty ratio twice within one switching period. 
Moreover, double-sampling control is used in the circulating 
current control loop in terms of stability and switching ripple 
suppression. As shown in Fig. 9, a faster step response and a 
same low-frequency circulating current suppression 
performance are achieved compared with double-sampling 
double-update control. 
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Fig. 9. Four-samping double-update control with circulating current 

suppression. (a) Step response, (b) Analogue converter-side and PCC 
currents, (c) Low frequency circulating currents. 

V. EXPERIMENTAL RESULTS 

To further verify the theoretical analysis, experiments are 
carried out in a two-cell three-phase interleaved converter 
with an L filter, as shown in Fig. 10. The grid is emulated 
with a Chroma Grid Simulator Model 61845. The applied 
half-bridge module and the control platform are a PEB-8024 
module and a B-BOX RCP control platform from Imperix, 
respectively. 

 

Fig. 10. Experimental setup. 

The parameter for the setup can be seen in Table I. As 
shown in Fig. 11(a) and Fig. 12 (a), the noises in the d- and 
q-axis for the double-sampling control and four-sampling 
control are similar, and a better dynamic performance is 
achieved by the four-sampling control. Specifically, the 

rising time of four-sampling control and double-sampling 
control is 3.28 ms and 1.91 ms, respectively. But the low-
frequency circulating current is large when using four-
sampling four-update control mode (without circulating 
current control), as shown in Fig. 11(c) and Fig. 12(c).  
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(c) 

Fig. 11. Experimental results under double-sampling double-update control 

with circulating current suppresssion. (a) Step response, (b) converter-side 

currents and PCC currents, (c) Low frequency circulating currents. 
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(c) 

Fig. 12. Experimental results under four-sampling four-update control 

without circulating current suppression. (a) Step response, (b) Converter-

side currents and PCC currents, (c) Low frequency circulating currents. 

According to Fig. 13, when using four-sampling double-

update control, the low-frequency circulating current can be 

suppressed because the average output voltage for two 

converters are same. Moreover, a faster current control 

response is achieved compared with double-sampling 

double-update control. 

 iq
*

 iq

 id 

 id
*

i g
  

(A
)

Time (s)

0 0.04 0.08 0.12 0.16 0.2

0

5

10

15

20

25

-5

0.09 0.1
-5

5

15

25

0.11

1.57 ms

Zoomed

20

10

0

 

(a) 

uga [100 V/div]

iinv1a [20 A/div]

iga [20 A/div]

iinv2a [20 A/div]

 
(b) 

i c
ir

 (
A

)  

0 0.04 0.08 0.12 0.16 0.2
-1

0

1

Time (s)

0.5

-0.5

icira icirb icirc
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Fig. 13. Experimental results under four-sampling double-update control 
with circulating current suppression. (a) Step response, (b) Converter-side 

currents and PCC currents, (c) Low frequency circulating currents. 

VI. CONCLUSIONS 

In this paper, a multisampling control strategy for two-
cell interleaved three-phase converters is proposed. The 
average current at PCC can be sampled at the peak, valley 
and intersection point of all the phase-shifted carriers. The 
duty ratio loading modes based on low-frequency circulating 
current suppression are discussed. Consequently, the 
bandwidth and dynamic performance are improved 
compared with the double-sampling double-update control. 
In the future, the proposed control strategy under weak grid 
will be investigated. 
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