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    Abstract- Parallel operation is an effective way to improve the 

capacity of full power converter in permanent-magnet direct-

drive (PMDD) wind power generation system. But it causes the 

zero-sequence circulating-current (ZSCC), which brings current 

discrepancy, current waveform distortion, power losses, and 

electromagnetic interference (EMI), etc. The paper proposes a 

new topology of full power converters which are composed of n 

full power converters. The n converters have the same structures 

and are in parallel with each other. Besides, the average models 

of the system are analyzed and the fundamental mechanism of 

ZSCC generation is given. Based on the above analysis, the 

control strategy of the system is designed. The simulation and 

experiment results of two parallel full power converters show the 

feasibility of the proposed theory and control scheme. 

 

    Index Terms- full power converters, parallel operation, wind 

power generation, zero-sequence circulating-current (ZSCC). 

I. INTRODUCTION 

ITH the development of wind power generation 

technology, the power rating of wind turbine is becoming 

larger and larger and some have got to the level of 10 MW [1]–

[4]. In the permanent-magnet direct-drive (PMDD) wind power 

generation system, the generator is connected to the line through 

the full power converter [5]–[7]. Being limited by the power 

rating of switching devices, it is difficult to transmit the large 

power to the line through single converter. To overcome this 

problem, the parallel operation of converters is studied [8]–[10]. 

Without the current pressure increase of single switching device, 

the parallel operation can increase the total current effectively, 

which makes it possible to manufacture higher power rating 

converters. When the capacity of wind turbine is constant, the 

switching devices with lower power rating can be used to reduce 

the cost through the parallel operation. Meanwhile, the parallel 

operation makes module design convenient to shorten the 

production period and widen the application field of power 

module [11]–[17]. Furthermore, the harmonics of total current 

can be reduced greatly through carrier phase shifted (CPS). 

Consequently, the power rating of filter can be decreased to 

reduce the production cost. At last, the parallel operation can 

realize redundancy design of N+1 to improve the system 

reliability [18]–[23]. 

There is no zero-sequence circulating-current (ZSCC) in the 

system with single converter because the ZSCC route does not 

exist. But it is serious in the parallel system if the ZSCC route 

exists [8], [10], [24]. The ZSCC is caused by the character 

differences of the parallel converters, such as inductor, switching 

device, switching frequency, dead-time, load, etc. But these are 

the apparent reasons. The intrinsic reason of ZSCC generation 

should be analyzed, because it is useful for us to understand the 

ZSCC generation mechanism and suppress the ZSCC. The ZSCC 

only flows among the parallel converters, which increases the 

power loss, decreases the system efficiency, and shortens the life 

of switching devices. Moreover, the ZSCC can induce current 

discrepancy, which makes the current pressures of switching 

devices different. Therefore, the capacity increase of the total 

system is limited [25], [26]. The ZSCC distorts the three-phase 

currents and increases the total harmonic distortion (THD), 

which causes pollution to the line. Besides, the high frequency 

components of ZSCC can cause the serious problem of 

electromagnetic interference (EMI). There are mainly two ways 

to eliminate the ZSCC. On the one hand, it can be eliminated by 

breaking the ZSCC route. On the other hand, it can be depressed 

by proper control methods [12], [27], [28]. The former way is 

used traditionally. In [29], the isolation transformer is used to 

break the ZSCC route and eliminate the ZSCC. Moreover, some 

special harmonics can be eliminated through CPS or the different 

structures of second sides of transformer to reduce the pollution 

to the line. But the isolation transformer usually operates at the 

line frequency and its volume and weight are large, which 

increases the production cost. Therefore, this method is not 

suitable for the MW-level PMDD wind power system. In [30], 

the topology with separate dc buses is proposed, which breaks 

the ZSCC route and 

 
 

Fig. 1. System topology 

eliminates the ZSCC. But this topology is only suitable for 

special generators with isolation windings. When the common 

three-phase generator is used, the problem of ZSCC is still very 

serious because the generator-side ZSCC and the line-side ZSCC 

are coupled with each other. So the application field of this 

W 
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topology is limited. Furthermore, the separation of dc buses 

enlarges the system volume and is inconvenient for module 

design. In addition, the two dc bus voltages must be both 

controlled, which requires more voltage sensors and makes the 

control system complicate. References [31], [32] control the 

parallel converters as one converter to depress the ZSCC. But 

this kind of control method is too complicated to realize parallel 

operation with multimodules. In [12], the ZSCC is suppressed 

via null-vector duty. But it needs to change the conventional 

space vector pulse width modulation (SVPWM) strategy, which 

makes it complicate to achieve and limits its application scope. 

    To overcome the above problems, the paper proposes a new 

topology of PMDD wind power system. Its average models and  

ZSCC phenomenon are analyzed. It is found that the generator-

side ZSCC and the line-side ZSCC are independent with each 

other. Besides, the intrinsic reason of ZSCC generation is the 

discrepancy of the zero-axis duty cycles for the parallel 

converters. According to the above analysis, the ZSCC 

controllers are designed, which depress the generator-side ZSCC 

and the line-side ZSCC effectively and do not increase the 

hardware cost. Moreover, they do not change the conventional 

SVPWM strategy, which makes them easier to achieve and 

expands their application scope. The problems caused by ZSCC, 

such as current discrepancy, current waveform distortion, etc., 

are overcome well and the reliability and efficiency of the system 

are improved. The proposed topology of the wind power system 

is described in Section Ⅱ. The ZSCCs of the system are 

analyzed in three-phase stationary coordinates and synchronous 

rotating coordinates respectively in Section Ⅲ. The control 

strategy is presented in Section Ⅳ. The simulation and 

experimental results separately verify the validity of the 

theoretical analysis  

 
Fig. 2. Average model of single phase bridge. (a) Generator – 

side (b) Line - side 

and control strategy in Sections Ⅴ and Ⅵ. Finally, some 

conclusions are given in Section Ⅶ. 

II. SYSTEM TOPOLOGY 

    The proposed topology is illustrated in Fig. 1. Each converter 

is the back-to-back two-level voltage-source converter (VSC) 

and n converters with the same structures are paralleled, which 

have the common dc bus. The generator is the common three-

phase permanent magnet synchronous generator (PMSG). Ck 

(k=1, 2, … , n) is the dc bus capacitor. Lgk (k=1, 2, … , n) is the 

three-phase inductance of generator-side, which has the function 

of filtering and avoiding the shortness of dc bus. Llk (k=1, 2, … , 

n) is the three-phase inductance of line-side, which can filter the 

harmonic, store energy, and avoid the shortness of dc bus. 

Increasing the inductances can suppress the high frequency 

components of the ZSCCs but can not suppress the low 

frequency components of the ZSCCs effectively. In addition, 

increasing inductances means the increment of volume, weight, 

and cost of the wind power converter. Therefore, the ZSCCs can 

not be only suppressed by increasing inductances. 

III. ZSCC ANALYSIS 

A. ZSCC analysis in three-phase stationary coordinates 

    The ZSCCs of the parallel system are analyzed through the 

average model. The inductance current iL   and the dc bus voltage 

Udc can be treated as constant in a switching period because the 

period is very short commonly [12]. According to the average 

theory, the neutral point voltage of phase bridge u and the current 

of top switch i can be expressed as: 
u = dU 

dc   
(1)

     

i = di
L   

(2)
  

where d is the phase duty cycle. Then we can get the average 

model of single phase bridge on the generator-side and the line-

side respectively, as shown in the dashed frames in Fig. 2, where 

the subscript g and l denote the generator-side and the line-side 

respectively. 

    According to the average model of single phase bridge, the 

average model of the parallel system can be got, as shown in Fig. 

3, where the dashed circle part is the simple model of the PMSG; 

ega, egb, and egc are the electromotive forces (EMFs) of the 

PMSG; L σ  and Rs  are the leakage inductance and the resistance 

of the stator respectively; igak, igbk, and igck (k=1, 2, … , n) are the 

three-phase input currents on ac side of the kth 
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Fig. 3.  Average model of the parallel system in three-phase stationary coordinates. 

 

generator-side converter; dgak, dgbk, and dgck (k=1, 2, … , n) are 

the three-phase duty cycles of the kth generator-side converter; 

Rgk (k=1, 2, … , n) is the equivalent series resistances (ESRs) of 

inductor for the kth generator-side converter; ela, elb, and elc are 

the three-phase voltages of the line; ilak, ilbk, and ilck (k=1, 2, … , 

n) are the three-phase output currents on ac side of the kth line-

side converter; dlak, dlbk, and dlck (k=1, 2, … , n) are the three-

phase duty cycles of the kth line-side converter; Rlk (k=1, 2, … , 

n) are the ESRs of inductor for the kth line-side converter. 

Because there is no ZSCC route in single converter, the ZSCC is 

not generated even if the zero-sequence voltage exists. But the 

ZSCC routes exist in the parallel system and their resistances are 

small. Therefore, the serious ZSCC will be generated even if the 

zero-sequence voltage is small. In Fig. 3, igzk (k=1, 2, … , n) and 

ilzk (k=1, 2, … , n) are the ZSCCs of the kth generator-side 

converter and the kth line-side converter respectively. 

i
gzk   

= i
gak   

+ i
gbk   

+ i
gck 

,  (k = 1, 2," , n)   (3) 

i
lzk  

= 
     ilak + ilbk + ilck , (k = 1, 2," , n)   (4) 

In the proposed topology, there are n-1 ZSCC routes for each 

converter. Taking the 1st generator-side converter for example, 

as shown in Fig. 3, the ZSCC between it and the kth generator-

side converter is defined as igz1k. Therefore, its ZSCC, namely 

igz1, can be expressed as: 

           
n 

igz1 = ∑ igz1i .    (5) 

          i=2 

Similar conclusions can be got for the else generator-side 

converters and the line-side converters can be analyzed using the 

same method.  

According to the Kirchhoff’s voltage law and the average model 

as shown in Fig. 3, the voltage equations of the kth generator-

side converter and the kth line-side converter can be expressed as 

follows respectively:  

 

 

 

 
Where 

 
According to the Kirchhoff’s current law and the average model 

as shown in Fig. 3, we can get the current equation of the system: 

 
Where 

 
B. ZSCC analysis in synchronous rotating coordinates 

 

   The average model in three-phase stationary coordinates should 

be transformed to one in synchronous rotating coordinates to 

simplify the controller design. The two-dimension coordinate 

transform, namely ab/dq transform, is usually used to control the 
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system in two dimensions and it is based on the premise that the 

sum of the three-phase currents is zero. The transform equation is 

as follows: 

 

 
where ω is the synchronous angular velocity. 

 

In the parallel system, the d-axis and q-axis components obtained 

by (11) are not accurate due to the existence of ZSCCs. To get 

the accurate d-axis and q-axis components and the ZSCCs, the 

three-dimension coordinate transform, namely abc/dqz 

transform, is adopted: 

 

 
The relations between variables in three-phase stationary 

coordinates and ones in synchronous rotating coordinates can be 

expressed as: 

 

 
The d-axis and q-axis components can be got correctly by (12) 

and (13). But the three-phase currents of ac side are still distorted 

seriously if the ZSCCs are not controlled. At the same time, 

current discrepancy, EMI, etc. are generated. Therefore, the 

ZSCC controllers are needed to suppress the ZSCCs. 

 

According to (6), (7), and (12), the voltage equations of the kth 

generator-side converter and the kth line-side converter in 

synchronous rotating coordinates can be expressed as follows 

respectively: 

 

 

 

 

 
In addition, the sums of the ZSCCs on the generator-side and the 

line-side are both zero: 

 

 
According to (14)-(17), the average model of the parallel system 

in synchronous rotating coordinates can be got, as shown in Fig. 

4. It can be seen that the ZSCCs of the generator-side and the 

line-side are independent with each other. The generator-side 

ZSCCs are caused by the discrepancy of zero-axis duty cycles for 

the parallel generator-side converters. The change of dgzk 

(k=1,2, … , n) has an influence on the generator-side ZSCCs. 

Besides, all the generator-side ZSCCs are equal to zero if n-1 

ones are zero. Similarly, the conclusions about the line-side 

ZSCCs can be got. The ZSCCs of the generator-side and the line-

side can be rewritten as:  
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IV. CONTROL STRATEGY 

    Fig. 5 shows the control strategy of the parallel PMDD wind 

power system and Fig. 6 is the detailed control strategy. The 

electrical rotor angular position of the PMSG θ g is got by the 

sliding-mode-observer (SMO), which has the high robustness 

and increases the reliability of the system [33]–[37]. Its output is 

provided to all of the generator-side converters. The SMO is 

contained in the 1st generator-side controller and its details are 

where ω g and ω l are the electrical rotor angular velocity of the 

PMSG and the synchronous angular velocity of the line  

respectively. 

       The current equation of the system in synchronous rotating 

coordinates can be got from (9) and (12) as follows: provided in 

Appendix. The kth (k=2, 3, … , n) generator-side controller has 

its own ZSCC controller whose principle is discussed below.  

 

Except the SMO and the ZSCC controllers, the else parts of the 

generator-side controllers have no differences, which are 

described as follows. 

  For the kth (k=1, 2, … , n) generator-side converter, the three-

phase currents igak, igbk, and igck are transformed into the d-

axis and q-axis currents igdk and igqk to be as the feedbacks of 

the d-axis and q-axis current loops respectively. The q-axis 

 

 

 

 

 
 

Figure 4: Average model of the parallel system in synchronous rotating coordinates. 
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Figure 5: Control strategy of the system. 

 

 

current reference, namely igqk, is given manually according to 

the torque reference. It should be noted that igqk is usually got 

by maximum power point tracking (MPPT) in wind farm to 

capture the wind power maximally. The d-axis reference, namely 

igdk, is usually zero to guarantee that the capability of 

transmitting power is maximum when the power capacity of 

converter is constant. The outputs of the d-axis and q-axis PI 

regulators are added to –ωgLgqigq and ωg(Lgdigd+Ψf) 

respectively to be as the d-axis and q-axis reference voltages, 

namely ugdk and ugqk, where Lgd and Lgq are the d-axis and q-

axis inductances of the PMSG; Ψf is the amplitude of the flux 

induced by the permanent magnets of the rotor in the stator 

phases. Fig. 6 (c) and (d) is the detailed control strategy of the 

line-side converters. All of the line-side converters have the 

common dc voltage loop whose output is divided by weight to 

be as the d-axis current references of the line-side converters, 

namely ildkref (k=1, 2, … , n). The angular position of the line θl 

is got by the phase locked loop (PLL). The dc voltage loop and 

the PLL unit are contained in the 1st line-side controller. The kth 

(k=2, 3, … , n) line-side controller has its own ZSCC controller. 

Except the dc voltage loop, the PLL unit, and the ZSCC 

controllers, the else parts of the line-side controllers have no 

differences, which are described as follows. 

The q-axis references, namely ilqk (k=1, 2, … , n), are usually 

zero to realize the line connection with unit power factor. The 

three-phase currents ilak, ilbk, and ilck are transformed into the 

d-axis and q-axis currents ildk and ilqk to be as the feedbacks of 

the d-axis and q-axis current loops respectively. The outputs of 

the d-axis and q-axis PI regulators are added to (eld–ωlLlkilqk) 

and (elq+ωlLlkildk) respectively to be as the d-axis and q-axis 

reference voltages, namely uldk and ulqk. 

The key of the control strategy is the ZSCC controllers 

which are designed based on the above analysis, according to 

the theory of SVPWM. Because the ZSCCs of the 

generator-side and the line-side are independent with each 

 
(b) 
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Fig. 6. Detailed control strategy. (a) The 1st generator-side 

converter. (b) The kth (k=2, 3, … , n) generator-side converter. 

(c) The 1st line-side converter. (d) The kth (k=2, 3, … , n) line-

side converter. 

 

other, the ZSCC controllers of the generator-side and the line-

side can be designed independently. 

    Take the ZSCC controllers of the generator-side for example. 

To simplify the control system, we regulate igz2, igz3, … , igzn 

by changing dgz2, dgz3, … , dgzn respectively. If igz2, igz3, … , 

igzn are all suppressed, igz1 is suppressed automatically, due to 

(17). Firstly, the current sensors measure the three-phase currents 

igak, igbk, and igck (k=2, 3, … , n). According to (12) and (13), 

the zero-axis current igzk can be got, which is as the feedback of 

the kth ZSCC controller. And the reference value of the kth 

ZSCC controller is zero. After the PI regulation, the output Δdk 

is added to dgak, dgbk, and dgck respectively to regulate dgzk 

and suppress the generator-side ZSCCs, according to (18). 

Besides, the absolute value of Δdk should be less than T0/4. T0 

is the time duration for which the null vectors U0 (000) and U7 

(111) are applied. Take the sector contained by vectors U2 (010) 

and U3 (011) for example and presume that Δdk is positive, as 

shown in  

 
Figure 7: Regulation of PWM signals. 

 

 
Fig. 7. The original PWM signals and the actual ones regulated 

by the ZSCC controller are indicated by the dashed lines and the 

solid lines respectively. The equations can be got: 

 

 
 

where t2′, t3′, t0′, and t7′ are the original durations of vectors U2,  

U3 , U0 , and U7 respectively; t2, t 3, t 0, and t7 are the actual 

durations of vectors U2, U3, U0, and U7 respectively; kAB is the 

slope of line AB. The zero-axis duty cycle is only changed and 

the durations of vectors U2 and U3 keep constant. Therefore, the 

controlled variables are not affected. It can be got that the 

variance of the zero-axis duty cycle is 6Δdk/kAB. The ZSCC 

controller design method of the line-side is identical with one of 

the generator-side. 

 

V. SIMULATION ANALYSIS 

    This section presents the computer simulation of two parallel 

converters to validate the performance of the proposed topology 

and the control strategy. In other words, n is equal to two. It has 
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been done using MATLAB/SIMULINK simulation package. The 

specifications of the PMSG are shown in Table Ⅰ. The PMSG 

operates at rated speed. The nominal line-to-line voltage of the 

three-phase grid is reduced to 230 V and the nominal grid 

frequency is 50 Hz. The PWM frequency is set at 5 kHz. The 

capacitances of the two dc capacitors are 

 

 

 

 
 

 
 

Fig. 8. Simulation waveforms without the ZSCC controllers. (a) 

ZSCCs of the 1st generator-side converter and the 1st line-side 

converter. (b) Phase A currents of the two generator-side 

converters. (c) Phase A currents of the two line-side converters. 

(d)Three-phase currents of the 1st generator-side converter. (e) 

Three-phase currents of the 1st line-side converter. 

 

 
 

 



International Journal of Scientific and Research Publications, Volume 2, Issue 3, March 2012                  9 

ISSN 2250-3153  

www.ijsrp.org 

 
 

 

 
 

 

 

 
 

 

 
 

Fig. 9. Simulation waveforms with the ZSCC controllers. (a) 

ZSCCs of the 1
st
 generator-side converter and the 1st line-side 

converter. (b) Phase A currents of the two generator-side 

converters. (c) Phase A currents of the two line-side converters. 

(d)Three-phase currents of the 1st generator-side converter. (e) 

Three-phase currents of the 1st line-side converter. 

 

 
 

Fig. 10. Transient simulation waveforms. (a) ZSCC of the 1st 

generator-side converter. (b) ZSCC of the 1st line-side converter. 

 

both 6800 μF and the voltage of the dc bus is 450 V. To simulate 

the character differences of the two parallel converters, some 

parameters are set differently. The inductances of the two 

generator-side inductors are set as 2.14 mH and 1.87 Mh 

respectively. The inductances of the two line-side inductors are 

set as 4.22 mH and 3.92 mH respectively. The dead-times of the 

two converters are 2.1 μs and 1.3 μs respectively. Besides, the 24 

IGBTs used in the simulation have differences in internal 

resistance, forward voltage, fall time, and tail time, etc. 

A. Simulation waveforms without the ZSCC controllers 

    Fig. 8 shows the simulation waveforms of the system without 

the ZSCC controllers. It can be seen from Fig. 8 (a) that the 

ZSCCs of the generator-side and the line-side are both serious. 

Fig. 8 (b) and (c) show that the current discrepancy and distortion 

is serious. It can be seen from Fig. 8 (d) and (e) that the three-

phase currents are distorted and unsymmetrical. 

B. Simulation waveforms with the ZSCC controllers 

    Fig. 9 shows the simulation waveforms of the system with the 

ZSCC controllers. We can see from Fig. 9 (a) that the ZSCCs of 

the generator-side and the line-side are both zero nearly, which 

validates the effectiveness of the proposed ZSCC controllers. It 

can be seen from Fig. 9 (b) and (c) that the current waveforms of 
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the two parallel converters are consistent and the problems of 

current discrepancy and distortion are overcome well. Fig. 9 (d) 

and (e) show that the three-phase currents of the generator-side 

and the line-side are sinusoidal and symmetrical. 

C. Transient simulation waveforms 

    Fig. 10 (a) and (b) show the transient simulation waveforms of 

ZSCCs on the generator-side and the line-side respectively. 

Before the actions of the ZSCC controllers, the ZSCCs of the 

generator-side and the line-side are both serious. After the 

actions of the ZSCC controllers, they are both zero nearly. 

VI. EXPERIMENTAL ANALYSIS 

    In order to verify the previous analysis further, the experiment 

has been carried out on a laboratory setup to test the performance 

of the system with the proposed topology and the control 

strategy. The generator-side converters and the line-side 

converters are both composed of two converters respectively. In 

other words, n is equal to two. The hardware setup is shown in 

Fig. 11. 

 
 

 
Fig. 11. Laboratory setup. (a) Main circuits. (b) Control circuits. 

 

The specifications of the PMSG are identical with ones in the 

above simulation analysis which is shown in Table Ⅰ. The two 

generator-side converters are respectively connected to the 

PMSG through a three-phase inductor. The nominal inductance 

of the three-phase inductor is 2 mH and its accuracy is ± 10%. 

The capacitances of the two dc capacitors are both 6800 μF and 

the voltage of the dc bus is 450 V. The two line-side converters 

are respectively connected to the line through a three-phase 

inductor. Its nominal inductance is 4 mH and its accuracy is ± 

10%. The nominal line-to-line voltage of the three-phase grid is 

reduced to 230 V and the nominal grid frequency is 50 Hz. The 

PWM frequency is set at 5 kHz. A 15 kW induction motor is 

used instead of wind turbine for the fast prototyping of system 

and makes the PMSG operate at rated speed. The adopted IGBT 

modules are the SEMIKRON SKiiP 2403GB172-4DW. The 

generator-side controller and the line-side controller have no 

differences, both of which have a fixed-point DSP 

TMS320F2812PGFA and a CPLD ALTERA MAX Ⅱ 

EPM570T100C5N. Besides, a master is used which has the 

function of communication and I/O. 

A. Experimental waveforms without the ZSCC controllers 

    Fig. 12 shows the experimental waveforms of the system 

without the ZSCC controllers. We can see from Fig. 12 (a) that 

the ZSCCs of the generator-side and the line-side are both 

serious. Fig. 12 (b) and (c) show that the current discrepancy and 

distortion are serious. It can be seen from Fig. 12 (d) and (e) that 

the three-phase currents are distorted and unsymmetrical.  

B. Experimental waveforms with the ZSCC controllers 

    Fig. 13 shows the experimental waveforms of the system with 

the ZSCC controllers. We can see from Fig. 13 (a) that the 

ZSCCs of the generator-side and the line-side are both 

suppressed well. It can be seen from Fig. 13 (b) and (c) that the 

current waveforms of the two parallel converters are consistent. 

Fig. 13 (d) and (e) show that the three-phase currents of the 

generator-side and the line-side are sinusoidal and symmetrical. 

C. Transient experimental waveforms 

Fig. 14 (a) and (b) show the transient experimental waveforms of 

ZSCCs on the generator-side and the line-side respectively. It can 

be seen that they are both zero nearly after the actions of the 

ZSCC controllers, which validates the 
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Fig. 12. Experimental waveforms without the ZSCC controllers. 

(a) ZSCCs of the 1st generator-side converter and the 1st line-

side converter. (b) Phase A currents of the two generator-side 

converters. (c) Phase A currents of the two line-side converters. 

(d)Three-phase currents of the 1st generator-side converter. (e) 

Three-phase currents of the 1st line-side converter. 
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Fig. 13. Experimental waveforms with the ZSCC controllers. (a) 

ZSCCs of the 1st generator-side converter and the 1st line-side 

converter. (b) Phase A currents of the two generator-side 

converters. (c) Phase A currents of the two line-side converters. 

(d)Three-phase currents of the 1st generator-side converter. (e) 

Three-phase currents of the 1st line-side converter. 

 

 

 
 

Fig. 14. Transient experimental waveforms. (a) ZSCC of the 1st 

generator-side converter. (b) ZSCC of the 1st line-side converter. 

 

proposed control method of ZSCC. Besides, the experimental 

results are in accord with the above simulation ones. 

 

 

VII. CONCLUSION 

    The paper proposes a new topology of PMDD wind power 

system which increases the power capacity of wind power 

converter effectively. It is found that the ZSCCs are caused by 

the discrepancy of zero-axis duty cycles of the parallel 

converters. Besides, the generator-side ZSCCs and the line-side 

ZSCCs are independent with each other. Therefore, the ZSCC 

controllers of the generator-side and the line-side can be 

designed independently. The proposed ZSCC controllers do not 

increase the hardware cost and have no effect on the controlled 

variables. Moreover, they do not change the conventional 

SVPWM strategy, which makes them easier to achieve and 

expands their application scope. They suppress the generator-side 

ZSCCs and the line-side ZSCCs effectively and the currents of 

parallel converters are sinusoidal and consistent. The problems of 

current discrepancy, distortion, and asymmetry are overcome 

well and the reliability and efficiency of the system are 

improved. The research results of the paper make it possible to 

manufacture the wind power converters with higher power 

rating. 

 

APPENDIX 

    The mathematical equation for the SMO in two-phase 

stationary coordinates is got by (A-1): 

  (A-1) 

 

Where 

 

 
R and L are the  

 
equivalent resistance and inductance of stator respectively; ˆgα 1 

and ˆigβ 1 are the α-axis and β-axis estimated currents; ugα1 and 

ugβ1 are the α-axis and β-axis reference voltages; eˆgα and eˆgβ 

are the α-axis and β-axis estimated EMFs of the PMSG. G Z is 

control signal and can be expressed as follows: 

 

    (A-2) 
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 (A-3) 

 

  (A-4) 

 

 

Where  

 and  

 

α-axis and β-axis currents; E0 is the setting value of the current 

estimation error. The control signal Z is filtered with a first order 

low-pass filter and the estimated back EMF can be got: 

  (A-5) 

 

where f0 is the cutoff frequency of the filter. Then the electrical 

rotor angular position of the PMSG θg can be obtained by (A-6): 

   (A-6) 
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