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Abstract. A single wind turbine can no longer meet the increasing installed capacity 

and reliability requirements. Therefore, the power level and stability requirements 

of the wind power generation system can be improved through the parallel 
connection of three-level back-to-back converters.  However, the zero-sequence 

circulating current (ZSCC) will distort the three-phase current, increase the power 

loss and reduce the system efficiency.  Therefore, this paper establishes the ZSCC 
equivalent model of the back-to-back parallel converter, and analyzes the generation 

principle of the zero-sequence circulating current.  In order to reduce the switching 

loss of the system and increase the system efficiency, a novel DPWM modulation 
strategy is proposed. At the same time, in order to control the zero-sequence 

circulating current of the parallel system, a hybrid switching modulation strategy 

using DPWM1 and DPWM3 based on hysteresis control is proposed. The 
simulation and experimental results verify the effectiveness of the zero-sequence 

circulation suppression strategy for the parallel system. 

Keywords. Circulating current suppression, three-level back-to-back converters, 

DPWM, hybrid switching modulation strategy. 

1. Introduction 

With the large-scale integration of wind power generation systems into the medium-

voltage distribution network, the power grid has put forward higher requirements on the 

quality of the output current waveform of the full-power grid-connected converter. Due 

to the advantages of good harmonic performance, low switching loss, high system 

efficiency, and low electromagnetic interference, three-level converters have been more 

widely used than two-level topologies [1-3]. The power converters in the wind power 

generation system usually need to be used in parallel to increase the system capacity, and 

at the same time, the efficiency and reliability of the system can also be improved.  
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However, the parallel connection of converters will generate a zero-sequence circulating 

current path, which will lead to circulating currents between converters, which will 

increase system losses, cause grid-connected current distortion, and affect the service life 

of switching devices [4-6].  In the parallel system of three-level back-to-back converters, 

it is not only necessary to control each converter, but also to suppress the zero-sequence 

circulating current between each converter. Therefore, it is of great significance to study 

the ZSCC suppression of parallel system of three-level back-to-back converters. 

Scholars at home and abroad have done a lot of research on this. References [7] and 

[8] add hardware circuits to suppress the circulating current, but the volume and cost of 

the system are significantly increased. Hou [9] uses the harmonic elimination PWM 

method to achieve low-frequency ZSCC suppression. However, this method sacrifices 

part of the harmonic performance and has limited suppression effect on mid and high 

frequency circulating currents. The PI controller or deadbeat controller is used to 

distribute the zero vector action time in SVPWM modulation in [10] and [11], which can 

effectively suppress the circulating current. However, the parallel three-level converter 

hardly uses zero vector, and this control method is difficult to apply. In [12], a novel 

modular three-level inverter based on LCL filter is proposed to suppress the low-

frequency zero-sequence circulating current by changing the operating time of the zero-

sequence component. In [13], a small vector feed-forward control method with the PI 

controller is proposed to achieve circulating current suppression. However, the 

information of two inverters should be obtained in the control and it is not easy to expand. 

This paper establishes an average model of zero-sequence circulating current for the 

paralleled back-to-back three-level converters. Based on the opposite effects of DPWM1 

and DPWM3 on zero-sequence circulating current, this paper proposes a hybrid 

switching modulation strategy that uses DPWM1 and DPWM3 to realize the circulation 

suppression of parallel system based on the hysteresis controller.  Finally, the accuracy 

and effectiveness of the proposed method are verified by experiments on a 10kW three-

level back-to-back parallel experimental platform. 

2. Averaged Model of Back-To-Back Parallel System of Three-level Converters 

In the wind power generation system, the permanent magnet synchronous motor is 

connected to the grid through a three-level full-power converter connected in parallel, as 

shown in Figure1. Two sets of converters share the DC bus. 
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Figure 1. Topology of paralleled three-level back-to-back converters  
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Figure 2. Simplified topology of back-to-back converter. 

To simplify the analysis, replace the permanent magnet synchronous motor with a 

symmetrical three-phase AC voltage source. As shown in Figure 2, a simplified single 

converter topology can be obtained. According to Kirchhoff's voltage law, the equivalent 

model of the parallel converters can be represented as: 
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where emi, egi (i=a, b, c) are grid voltage and motor voltage respectively; uimk, 
uigk(i=a, b, c)  represent the output phase voltage of the machine side and the grid side 
of converter k respectively; umn is the voltage between the neutral point of the machine 
side and the grid side; Lmk and Lgk (k=1,2) are filter inductance; imik, igik (k=1, 2; i=a, b, c) 
respectively represent the three-phase current of the converter k. 
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Figure 3. Simplified topology of back-to-back converter. 

Because the DC bus separates the machine side from the grid side, the circulating 
current on the machine side and the grid side are independent of each other. For the 
circulating current on the same side, the circulating currents of the paralleled converters 
are equal in magnitude and opposite in direction. Therefore, the ZSCC can be defined 
as: 
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Summing the three-phase of (1): 
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The zero-sequence voltage can be expressed as: 
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According to (2) and (4), When k =1,2, (1) can be simplified to: 
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Then, the equivalent model of the back-to-back parallel converter can be obtained 
according to (5), as shown in Figure 3. 

3. ZSCC  Suppression Based on DPWM Hybrid Switching Modulation 

The SVPWM of the three-level converter is composed of 1 zero vector, 6 small vectors, 

6 medium vectors and 6 large vectors. Among them, there are redundant vectors in the 

small vectors and the zero vectors, as shown in Figure 4.   
The selection of vectors in three-level SVPWM follows the NTV(Nearest Three 

Vector) principle, and both redundant small vectors are applied to reduce harmonics. 
When the reference vector locates on subsector I.1, the switching sequence of SVPWM 
is shown in Figure5. T1, T2 and T3 represent the acting time of each vector respectively, 
and the redundant small vectors have the same action time. 

 

Figure 4. Basic space vector of SVPWM. 
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Figure 5. Switching sequence of subsector I.1. 

Due to the isolation of the DC bus, the ZSCC on the machine side and the grid side 
are independent of each other. Therefore, the ZSCC on both sides can be discussed 
separately, and the machine-side circulating current is taken as an example for analysis. 
According to(5), the circulating current is caused by unequal zero-sequence voltages 
between the two converters. In order to investigate the low frequency characteristics of 
the zero-sequence voltage, the average zero-sequence voltage(AZSV) should be 
calculated. The AZSV of subsector I.1can be expressed as: 
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                                                              (6) 

where the zero-sequence voltage amplitude of vectors onn, oon, ooo and poo are -Vdc/3,-

Vdc/6,0 and Vdc/6 respectively. 

Then, the AZSV of the reference vector passing through the entire vector space can 

be calculated. Figure6 is the waveform of AZSV within a fundamental period (f=50Hz). 

It can be seen that the AZSV of three-level SVPWM is the triple frequency component 

of the fundamental wave. According to(5), the harmonic frequency of circulating current 

should also be mainly composed of triple frequency. 
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Figure 6. AZSV of three-level SVPWM (modulation index m=0.8). 
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Figure 7. Modified switching sequence of machine-side converter 1. 

For the paralleled two converters on the same side, the magnitude of the circulating 

current is the same, but the direction is opposite. Therefore, if the ZSCC of one converter 

is controlled, the circulating current of another converter is naturally controlled. The 

following analysis takes the ZSCC control of converter 1 as an example. The signs of the 

zero-sequence voltage amplitudes of the redundant small vectors in the three-level 

SVPWM are always opposite. Therefore, the effect of the redundant small vector on the 

AZSV in each switching cycle is also opposite according to(6). Without changing the 

output voltage of the SVPWM, the AZSV of the converter 1 can be adjusted by changing 

the action time of the redundant small vector, as shown in Figure 7.  Where k is an 

adjustment factor for the action time of the redundant small vector. By changing the 

regulation factor k of the redundant small vector, the AZSV difference of the paralleled 

converters can be adjusted to zero to suppress the circulating current. 

In continuous PWM modulation, the purpose of suppressing circulation can be 

achieved by adjusting the time of the redundant small vector of one of the converter 

SVPWM switch sequences to eliminate the difference between zero-order voltages of 

the two converters. However, in DPWM modulation, since there is no redundant small 

vector in the switch sequence, the method of zero-order circulation suppression by 

adjusting the action time of redundant small vector is no longer applicable. Therefore, it 

is also necessary to use the redundant switch sequence to the DPWM1 modulation 

strategy, the DPWM3 modulation strategy, to achieve the suppression of zero-order 

circulation.DPWM1 and DPWM3 are shown in Figures 8 and 9.  
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Figure 8. DPWM1. 
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Figure 9. DPWM3. 

In each sector, the selection of redundant small vectors for both modulation 

strategies are always the opposite. According to the previous analysis, in the three-level 

converter space vector pulse width unified modulation model, when the allocation factor 

of redundant small vector k=1, that is, only the choice of P-type small vector, the average 

zero-order voltage in a switching cycle is the largest, and when k=-1, the average zero-

order voltage of the three-level converter is the smallest. Therefore, the effect of DPWM1 

and DPWM3 modulation strategies on zero-order circulation is always reversed at any 

time of vector modulation. 

However, according to Figures 8 and 9, the value of redundant small vector 

allocation factor k in vector space of DPWM1 and DPWM3 is constantly switched 

between 1 and -1, that is to say, the effect of the circulation of DPWM1 and DPWM3 is 

not fixed and needs to be discussed in sectors. From the clamp interval distribution of 

DPWM1, it can be seen that in 1,3,5 small sectors of I, III, V sectors, the allocation factor 

k value of redundant small vectors is constantly taken 1, that is, only the P-type small 

vector is used, at this time the zero-order component is the largest, with a positive 

direction to increase the role of zero-order circulation, and in II, IV, VI large sector 2,4,6 

small sectors, redundant small vector allocation factor constant set -1, that is, only used 

to N-type small vector, at this time the zero-order component is the smallest. It has the 

effect of increasing the zero-order circulation in a negative direction. The redundant 

small vector allocation ratio of the DPWM3 modulation strategy is completely 

complementary to DPWM1 in each sector, so the effect of DPWM1 and DPWM3 on 

zero-order circulation is the opposite at any moment.  

Based on this, a zero-order circulation suppression method based on the hysteresis 

controller can be obtained, and the hybrid switching modulation strategy of DPWM1 and 

DPWM3 is still taken as an example, while the inverter 2 adopts the modulation strategy 

based on DPWM1. First of all, the sector where the reference vector is located is judged, 

when the reference vector is located in I, III, V large sectors of 1,3,5 small sectors, at this 

time the DPWM1 modulation strategy will increases the flow of the zero-order 

circulation to the positive direction, and DPWM3 modulation strategy will increases the 

flow of the zero-order circulation to the negative direction. Sampling the zero-order 

circulation izm of the parallel converter, and switching the modulation strategy from 

DPWM1 to DPWM3 when the zero-order circulation izm reaches the upper threshold izth, 

thus reducing the zero-order circulation. When the zero-order circulation izm reaches the 

threshold lower limit -izth, switching the modulation strategy from DPWM3 to DPWM1 
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can increase the zero-order circulation (absolute value decreases), and the control 

principle of the circulation is shown in Figure 10. 
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Figure 10. The principle of hysteresis control of zero-order circulation. 

In order to reduce the additional switching loss caused by switching modulation 

strategies, the switching time to select the end of each switching cycle, at the beginning 

of the switching cycle, the switching sequence of the DPWM1 and DPWM3 modulation 

strategies will only occur in one phase of the switching state transition. If the I-3 sector 

modulation strategy is switched from DPWM1 to DPWM3, the switch sequence 

conversion order is: poo->pon ->oon-> onn->->pon, only one-phase switching device in 

each switching action, which smoothly implements the switching process and reduces 

additional switching losses. The analysis of the above-mentioned zero-order circulation 

suppression strategy is based on two parallel converters on the machine side, but for the 

two converters on the grid side, the above-mentioned circulation suppression method is 

also applicable. 

4. Experimental Results 

In order to verify the effectiveness of the ZSCC suppression strategy proposed in this 

paper, a back-to-back parallel system composed of four 10kW three-level converters was 

built for experimental verification. In the experiment, the motor is replaced by a three-

phase AC source, which is still called "machine side" for clarity of expression. The 

machine-side converter adopts double closed-loop control to establish a stable DC 

voltage, while the grid-side converter uses current loop control to connect to the grid. 

The machine-side and grid-side voltage sources are separated by isolation transformers. 

The filter inductances on machine side and grid side are  both 4mH; The upper and lower 

capacitors on the DC side are both 3300uF; Carrier frequency is 5kHz; DC voltage is 

400V; The effective value of AC line voltage on machine side and grid side is 190V. 

As shown in Figures 11 and 12, the experimental results are based on zero-order 

circulation suppression under the DPWM modulation strategy. Figures 11 (a) and 11 (b) 

are cases where the current of the two converters is given equal in parallel, and the 

reference current of the two converters is: Iref1=Iref2= 5A, at which point the zero-order 

voltage of the two converters is basically inhibition, so that zero-order circulation is 

relatively small without circulation control shown in Figure 11 (a), and the distortion of 

the grid-connected current is not obvious, and Figure 11 (b) adds a stagnant-controlled 

circulation control method to show that the zero-order circulation is effectively 
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controlled. The output current of the converter has also been improved. Figures 12 (a) 

and 12 (b) give inconsistent currents to two converters, where the reference currents for 

the two converters are: Iref1=5A, Iref2=10A. Figure 12 (a) is a zero-order circulation 

control situation, at this time due to the current given inconsistency, the zero-order 

voltage of the two converters is very different, zero-order circulation is very obvious, the 

grid current also has a very large distortion; However, compared with systems with 

continuous PWM modulation strategies, parallel system current harmonic performance 

based on DPWM modulation strategies is slightly worse. 
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(a)                                                            (b) 

Figure 11. Experiment results with Iref1=Iref2=5A.(a) neither machine side nor the grid side with ZSCC control. 

(b)proposed DPWM Hybrid Switching Modulation Strategy. 
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Figure 12. Experiment results with Iref1=5A, Iref2=10A.(a) neither machine side nor the grid side with ZSCC 

control. (b)proposed DPWM Hybrid Switching Modulation Strategy. 

5. Conclusion 

In this paper, the zero-sequence circulating current model of three-level back-to-back 

parallel system is established, and the principle of ZSCC is analyzed based on the 

modulation method of SVPWM. Based on the opposite effects of DPWM1 and DPWM3 

on zero-sequence circulating current, this paper proposes a hybrid switching modulation 

strategy that uses DPWM1 and DPWM3 to realize the circulation suppression of parallel 

system based on the hysteresis controller. Experimental results on 10kW converters 

platform verify the effectiveness of the proposed method. Results on 10kW converters 

platform verify the effectiveness of the proposed method. 
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