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ABSTRACT Due to the power-grid low-order harmonic voltage and the nonlinearity of power electronic
devices, the grid-connected converter of wind power generation system produces grid-connected harmonic
current. In order to improve the output power quality of full-power grid-connected converter of wind power
generation system, based on the detailed analysis of the harmonic mathematical model of grid-side converter,
a cross-coupling control strategy for suppressing the low-order harmonic current components is proposed in
this paper. In this control strategy, the DC component of each grid-connected harmonic current is detected in
the multi-synchronous rotating coordinate system, and the current cross-coupling control method is adopted
to realize the accurate control of each harmonic current. The harmonic current cross-coupling controller is
analyzed and designed in detail. The proposed control strategy takes into account the cross-coupling effect
of each harmonic current, which can effectively reduce the interaction between each harmonic current and
the fundamental current, and improve the stability of the system. Simulation and experimental test verify the
correctness and feasibility of the proposed control strategy.

INDEX TERMS Wind power generation system, grid-connected converter, power quality, harmonic current,
cross-coupling.

I. INTRODUCTION
A kind of green energy, wind energy has been developed
rapidly in the field of renewable energy sources in recent
years [1]. With the increasing proportion of wind power
installed capacity in the whole power system, the impact
of wind power quality on power grid has been paid more
and more attention [2], [3]. At present, with the new power
grid operation guidelines putting forward higher and higher
requirements for the low voltage ride through operation
capability of wind power generation system [4]–[7], more
and more attention has been paid to the wind power gen-
eration system with full power converter, which gradually
entered into industrial application [8]–[13]. The wind energy
resources in China are mainly concentrated in remote areas.
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And the connection between the wind farm and the main
power grid is weak, so the bus voltage quality of the wind
farm is not ideal, which is rich in low-order voltage har-
monics. On the other hand, the inductance of the grid-side
inlet reactor is generally small, and its working switching
frequency is low, which will lead to a large degree of low-
order harmonic current in the grid-connected converter. This
will worsen the output power quality of the wind power
generation system. Therefore, further research on the cur-
rent harmonic suppression method of full-power converter
for wind power generation system has important practical
significance for improving the power quality of wind power
generation system and improving the stability of power grid
operation.

At present, the current harmonic suppression of wind
power generation system has been studied in refer-
ences [14]–[21]. In reference [15], a traditional PI regulator
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plus multi-frequency resonance(PI-MFR) regulator is
proposed for doubly-fed induction wind power generation
system, and the accurate control of generator positive and
negative sequence current and 5th and 7th harmonic current
under unbalanced voltage is realized. In reference [17], the
generation mechanism of harmonic current of permanent
magnet direct drive synchronous wind generator is discussed,
and the control scheme of suppressing harmonic current of
permanent magnet direct drive synchronous wind generator
is studied. However, the harmonic current suppression mea-
sures of grid-connected converters have not been considered
in the literature. In reference [18], a grid-side converter
control strategy using quasi-proportional resonance(quasi-
PR) controller is proposed, which can suppress the negative
sequence component and low harmonic current component
of grid-connected current in permanent magnet direct drive
wind power system. Because the resistance of the grid-side
inlet reactor is generally very small, the influence of the grid-
side low-order harmonic voltage will play a leading role in the
grid-connected harmonic current suppression. In the control
scheme proposed in the literature, the cross-coupling effect of
harmonic current has not been considered, which will not be
conducive to the accurate control of grid-connected harmonic
current and ensure the stable operation of the system. On the
other hand, in the scheme of using proportional resonance
controller to suppress current harmonics, multiple propor-
tional resonance controllers should be used to suppress each
low harmonic current. This will cause the order of the har-
monic current controller to increase sharply, which makes the
parameter design of the whole control system very complex
and greatly increases the difficulty of the design of the system
controller.

When the power-grid voltage contains low-order harmonic
voltage components (considering 5th, 7th, 11th and 13th),
if the grid side converter is controlled only according to
the fundamental component control mode, then the grid-
side converter can not provide the appropriate harmonic
compensation control voltage, and the corresponding low-
order harmonic current will appear in the grid-side current.
However, because the switching frequency of the grid-side
converter is low and the inductance of the inlet reactor is
small, its suppression effect on the low-order control volt-
age harmonic output of the converter is limited, which will
also cause a large degree of low-order harmonic current
in the grid-side current. Therefore, it is necessary to take
certain measures to supress or eliminate the low-order har-
monic current and improve the grid-connected power quality
of wind power generation system. Based on the analysis
of the harmonic model of full power converter for wind
power generation system, a grid-side converter control strat-
egy using cross-coupling control to suppress low-order har-
monic current components is proposed in this paper. The
harmonic current cross-coupling controller is analyzed and
designed in detail. The correctness and feasibility of the
proposed control strategy are verified by simulation and
experiments.

FIGURE 1. Multiple synchronous rotating reference coordinate.

The proposed control strategy takes into account the cross-
coupling effect of each harmonic current, which can realize
the accurate control of grid-connected harmonic current. And
the proposed control strategy can suppress the grid-connected
harmonic current caused by the power-grid low-order har-
monic voltage and the nonlinear characteristics of the grid-
connected converter at the same time. The proposed control
strategy is of great significance to further improve the output
power quality of the grid-connected full-power converter of
wind power generation system.

II. HARMONIC MODEL OF GRID SIDE INVERTER
In the three-phase static coordinate system, the rotation direc-
tion of the 5th and 11th harmonic vector is opposite to that
of the fundamental vector, and the rotational electric angular
velocity is −5ω and −11ω, respectively. The rotation direc-
tion of the 7th and 13th harmonic vectors is the same as that
of the fundamental vector, and the rotational electric angular
velocity is 7ω and 13ω, respectively. In order to reduce the
interaction between harmonics and fundamental currents, and
to realize the accurate control of grid-connected harmonic
currents, a multi-synchronous rotating reference coordinate
is established, as shown in Fig. 1.

As shown in Fig. 1, α/β coordinate is a two-phase static
coordinate, and dq coordinate is a two-phase synchronous
rotating coordinate. +/− in the superscript represents the
forward or reverse synchronous rotating coordinate respec-
tively, and 1, 5, 7, 11 and 13 in the superscript represent
the fundamental wave, 5th, 7th, 11th and 13th synchronous
rotating coordinate, respectively.

In this paper, 1, 5, 7, 11 and 13 in the subscript of all
equations represent fundamental wave, 5th, 7th, 11th and
13th harmonic vector or component, respectively. And the
grid and ctrl in the subscript of all equations represent the
grid-side electrical parameters and the control voltage com-
ponent, respectively. The d and q in the subscript of all
equations represent the synchronous rotation d and q axis
components respectively, and the a, b and c in the sub-
script represent a phase, b phase and c phase components,
respectively.

In the static three-phase coordinate system, each harmonic
voltage equation of the grid-side converter can be expressed
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as follows:

uabc_k = uctrl_abc_k + Rgrid iabc_k + Lgrid
diabc_k
dt

(1)

In which Rgrid is the resistance of the inlet reactor, Lgrid is
the inductance of the inlet reactor. k is the harmonic order.
uabc_k is the power grid voltage harmonic vector. uctrl_abc_k
is the control voltage harmonic vector, which is generated by
the controller. And iabc_k is the current harmonic vector.
In the three-phase static coordinate system, the voltage

equation of the grid-side converter with harmonic compo-
nents is as follows:

ugrid = uctrl + Rgrid igrid + Lgrid
digrid
dt

(2)

In which ugrid , uctrl , igrid is as follows, respectively.

ugrid = u
1+
dq_1e

jωt
+u5−dq_5e

−j5ωt
+u7+dq_7e

j7ωt

+ u11−dq_11e
−j11ωt

+u13+dq_13e
j13ωt (3)

uctrl = u
1+
ctrl_dq_1e

jωt
+ u5−ctrl_dq_5e

−j5ωt
+u7+ctrl_dq_7e

j7ωt

+ u11−ctrl_dq_11e
−j11ωt

+u13+ctrl_dq_13e
j13ωt (4)

igrid = i
1+
dq_1e

jωt
+ i5−dq_5e

−j5ωt
+ i7+dq_7e

j7ωt

+ i11−dq_11e
−j11ωt

+ i13+dq_13e
j13ωt (5)

Equation (2) is transformed into the dq synchronous rotat-
ing coordinate system by constant amplitude coordinates
transformation [22]–[25].

ugrid_dq = uctrl_dq + Rgrid igrid_dq

+Lgrid
digrid_dq
dt

+ jωLgrid igrid_dq (6)

In which ugrid_dq, uctrl_dq, igrid_dq is as follows, respectively.

ugrid_dq = u1+dq_1 + u
5−
dq_5e

−j6ωt
+ u7+dq_7e

j6ωt

+ u11−dq_11e
−j12ωt

+ u13+dq_13e
j12ωt (7)

uctrl_dq = u1+ctrl_dq_1 + u
5−
ctrl_dq_5e

−j6ωt
+ u7+ctrl_dq_7e

j6ωt

+ u11−ctrl_dq_11e
−j12ωt

+ u13+ctrl_dq_13e
j12ωt (8)

igrid_dq = i1+dq_1 + i
5−
dq_5e

−j6ωt
+ i7+dq_7e

j6ωt

+ i11−dq_11e
−j12ωt

+ i13+dq_13e
j12ωt (9)

Equation (6) shows that in the dq synchronous rotating
coordinate system, the harmonic components of voltage and
current the grid side are AC variables. In the proportional
resonance control of the grid side converter, in order to avoid
the influence of each harmonic current on the fundamental
current control, the low pass filter(LPF) is used to filter out
each AC components, which can realize the effective control
of the fundamental current component.

Considering that the grid-connected harmonic current is
suppressed in the steady state, and the frequency of each
harmonic current component is basically constant, in order
to avoid the mutual influence of each harmonic current,
and to simplify the design of the controller, the suppres-
sion control of each harmonic current can be realized in

the multi-synchronous rotating coordinate system shown in
Fig.1. In this paper, the 5th harmonic voltage equation is
taken as an example. Equation (2) is transformed into 5th syn-
chronous rotating coordinate system by constant amplitude
coordinate transformation, as follows.

ugrid_dq = uctrl_dq + Rgrid igrid_dq

+Lgrid
digrid_dq
dt

− j5ωLgrid igrid_dq (10)

In which ugrid_dq, uctrl_dq, igrid_dq is as follows, respectively.

ugrid_dq = u1+dq_1e
j6ωt
+ u5−dq_5 + u

7+
dq_7e

j12ωt

+ u11−dq_11e
−j6ωt

+ u13+dq_13e
j18ωt (11)

uctrl_dq = u1+ctrl_dq_1e
j6ωt
+ u5−ctrl_dq_5 + u

7+
ctrl_dq_7e

j12ωt

+ u11−ctrl_dq_11e
−j6ωt

+ u13+ctrl_dq_13e
j18ωt (12)

igrid_dq = i1+dq_1e
j6ωt
+ i5−dq_5 + i

7+
dq_7e

j12ωt

+ i11−dq_11e
−j6ωt

+ i13+dq_13e
j18ωt (13)

Equation (11) to (13) show that in the 5th synchronous
rotating coordinate system, only the 5th harmonic voltage
and current components are DC component, while the fun-
damental wave and 7th, 11th, 13th harmonic components
are AC component. Therefore, with the help of the low-
pass filter, the AC components can be filtered out, and the
5th harmonic voltage equation of the grid-side converter is
obtained, as follows.

ugrid_dq_5 = uctrl_dq_5 + Rgrid igrid_dq_5

+Lgrid
digrid_dq_5

dt
− j5ωLgrid igrid_dq_5 (14)

Similarly, other order harmonic voltage equations can be
obtained as follows.

ugrid_dq_7= uctrl_dq_7 + Rgrid igrid_dq_7

+Lgrid
digrid_dq_7

dt
+j7ωLgrid igrid_dq_7 (15)

ugrid_dq_11= uctrl_dq_11 + Rgrid igrid_dq_11

+Lgrid
digrid_dq_11

dt
−j11ωLgrid igrid_dq_11 (16)

ugrid_dq_13= uctrl_dq_13+Rgrid igrid_dq_13

+Lgrid
digrid_dq_13

dt
+j13ωLgrid igrid_dq_13 (17)

III. DESIGN OF HARMONIC CURRENT SUPPRESSION
CONTROL STRATEG
A. HARMONIC CURRENT SUPPRESSION STRATEGY
In the dq multi-synchronous rotating coordinate system,
from (14) to (17), the 5th, 7th, 11th and 13th harmonic
voltage (18) to (21) of the grid-connected converter can be
obtained, as follows:

ugrid_d_5 = uctrl_d_5 + Rgrid igrid_d_5

+Lgrid
digrid_d_5

dt
+ 5ωLgrid igrid_q_5

ugrid_q_5 = uctrl_q_5 + Rgrid igrid_q_5

+Lgrid
digrid_q_5

dt
− 5ωLgrid igrid_d_5

(18)
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ugrid_d_7 = uctrl_d_7 + Rgrid igrid_d_7

+Lgrid
digrid_d_7

dt
− 7ωLgrid igrid_q_7

ugrid_q_7 = uctrl_q_7 + Rgrid igrid_q_7

+Lgrid
digrid_q_7

dt
+ 7ωLgrid igrid_d_7

(19)



ugrid_d_11=uctrl_d_11 + Rgrid igrid_d_11

+Lgrid
digrid_d_11

dt
+11ωLgrid igrid_q_11

ugrid_q_11=uctrl_q_11+Rgrid igrid_q_11

+Lgrid
digrid_q_11

dt
−11ωLgrid igrid_d_11

(20)



ugrid_d_13=uctrl_d_13 + Rgrid igrid_d_13

+Lgrid
digrid_d_13

dt
−13ωLgrid igrid_q_13

ugrid_q_13=uctrl_q_13 + Rgrid igrid_q_13

+Lgrid
digrid_q_13

dt
+13ωLgrid igrid_d_13

(21)

In order to simplify the analysis, the influence of power-
grid harmonic voltage in (18) to (21) is included in the action
of controller harmonic voltage. Therefore, the dq component
of each order harmonic voltage of power grid in (18) to (21)
is ignored, and the harmonic voltage equation of the system
in steady state can be expressed as (22) to (25) respectively.{

uctrl_d_5 = −Rgrid igrid_d_5 − 5ωLgrid igrid_q_5
uctrl_q_5 = −Rgrid igrid_q_5 + 5ωLgrid igrid_d_5

(22){
uctrl_d_7 = −Rgrid igrid_d_7 + 7ωLgrid igrid_q_7
uctrl_q_7 = −Rgrid igrid_q_7 − 7ωLgrid igrid_d_7

(23){
uctrl_d_11=−Rgrid igrid_d_11−11ωLgrid igrid_q_11
uctrl_q_11=−Rgrid igrid_q_11+11ωLgrid igrid_d_11

(24){
uctrl_d_13=−Rgrid igrid_d_13+13ωLgrid igrid_q_13
uctrl_q_13=−Rgrid igrid_q_13−13ωLgrid igrid_d_13

(25)

Considering that the resistance of the grid side inlet reac-
tor of MW class grid-connected converter is generally very
small, it can be seen from (22) to (25) that the rotational
voltage in each harmonic voltage equation plays a leading
role. With the increase of the harmonic order, the cross-
coupling effect of the rotating voltage is stronger. Therefore,
when constructing the harmonic voltage controller, the cross-
coupling effect of the harmonic should be considered, that is,
the d-axis harmonic control voltage mainly affects the q-axis
harmonic current, while the q-axis harmonic control voltage
mainly affects the d-axis harmonic current.

Because the grid-side harmonic current can be suppressed
in the steady state, the conventional PI regulator can still
be used to realize the harmonic current suppression control.
For the d-axis harmonic current control, the q-axis current
can be adjusted by closed-loop PI, and the corresponding
d-axis control voltage can be obtained by adding the d-
axis resistance compensation term. For the q-axis harmonic
current control, the d-axis current can be adjusted by closed-
loop PI, and the corresponding q-axis control voltage can be

obtained by adding the q-axis resistance compensation term.
Combining (22) to (25), the harmonic current control (26)
to (29) of the grid-side converter in multi-synchronous rotat-
ing coordinate system can be further obtained, as follows.

uctrl_d_5=−Rgrid igrid_d_5 − 5ωLgrid (Kp_5+
Ki_5
s

)

×(i∗grid_q_5 − igrid_q_5)

uctrl_q_5=−Rgrid igrid_q_5 + 5ωLgrid (Kp_5+
Ki_5
s

)

×(i∗grid_d_5 − igrid_d_5)

(26)



uctrl_d_7=−Rgrid igrid_d_7 + 7ωLgrid (Kp_7+
Ki_7
s

)

× (i∗grid_q_7 − igrid_q_7)

uctrl_q_7=−Rgrid igrid_q_7 − 7ωLgrid (Kp_7+
Ki_7
s

)

×(i∗grid_d_7 − igrid_d_7)

(27)

uctrl_d_11=−Rgrid igrid_d_11−11ωLgrid (Kp_11+
Ki_11
s

)

×(i∗grid_q_11−igrid_q_11)

uctrl_q_11=−Rgrid igrid_q_11+11ωLgrid (Kp_11+
Ki_11
s

)

×(i∗grid_d_11−igrid_d_11)

(28)

uctrl_d_13=−Rgrid igrid_d_13+13ωLgrid (Kp_13+
Ki_13
s

)

×(i∗grid_q_13 − igrid_q_13)

uctrl_q_13 = −Rgrid igrid_q_13−13ωLgrid (Kp_13+
Ki_13
s

)

×(i∗grid_d_13−igrid_d_13)

(29)

In which Kp_k and Ki_k are the proportion coefficient and
integral coefficient of k-order harmonic current PI regulator,
respectively.

Fig. 2. is a block diagram of grid-side converter control
system with cross-coupling control. In the control system,
the low pass filter is used to detect the dq axis component
of the harmonic current. Because the lowest frequency of
the AC current component of the dq axis is 300Hz in each
rotating coordinate system, the cut-off frequency of the low-
pass filter in each harmonic detection channel is 50 Hz, which
can not only ensure the accurate DC component and reduce
the interaction between the harmonic currents, but also make
the system have better dynamic characteristics [26]–[30].
For the fundamental current control of the control system,
in order to effectively filter out the harmonic current in the
fundamental current and make the fundamental current have
excellent dynamic regulation ability, It is necessary to ensure
that the fundamental current control has a certain response
bandwidth. Therefore, the cut-off frequency of the low-pass
filter in the fundamental current detection channel of the
system is selected to be 100Hz. The control parameters of the
fundamental current are as follows: the control period of the
system is 200µs, the proportional coefficient is 0.5, the inte-
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FIGURE 2. Control diagram of grid-side converter with cross-coupling control.

gral coefficient is 0.05, and the integral period is 10µs. In the
control system, the fundamental voltage control adopts the
traditional voltage and current closed-loop control mode to
realize the stable control of DC chain voltage. The given value
of each harmonic current is set to 0, and the corresponding
harmonic current compensation voltage is generated by using
each harmonic current suppression control, which is added
to the fundamental control voltage to obtain the total output
control voltage of the system.

B. DESIGN OF CROSS-COUPLING CONTROLLER
In this paper, the 5th harmonic current controller is taken as
an example. The block diagram of the 5th harmonic current
suppression control can be obtained from the mathematical
model of grid side converter (26) to (29), as shown in Fig. 3.

From Fig. 3, it can be seen that when deducing the transfer
function of the cross-coupling controller, the disturbance term
is ignored, andwhen the transfer function of the d-axis control
channel is obtained, the q-axis current is given to 0. While
when the q-axis control channel transfer function is obtained,
the d-axis current is given to 0. As a result, the open-loop
transfer function of the dq axis of the 5th harmonic current PI

FIGURE 3. Control diagram of 5th harmonic current with cross-coupling
control.

control can be obtained, as follows.

G(s) =
25ω2L2grid (sKp_5 + Ki_5)

s2(Rgrid + sLgrid )2
(30)

In order to realize the accurate control of harmonic cur-
rent, it is necessary to design the parameters of harmonic
current cross coupling controller. Considering that the phase
margin and crossing frequency are related to the stability of
the system, and the control system also needs to ensure a
certain DC gain [31]–[35]. The parameters of the 5th har-
monic current cross coupling controller are determined to be
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TABLE 1. Harmonic current controller parameters.

TABLE 2. Simulation parameters of permanent magnet direct drive wind
power generation system.

Kp_5 = 0.043,Ki_5 = 0.004. According to the Bode dia-
gram of open-loop transfer function (30), the system crossing
frequency is 62.5rad/s, the phase margin is 35.1◦, and DC
gain is 20dB. The control system has good control accuracy
and stability. Similarly, according to Fig. 2, the open-loop
transfer functions of other harmonic controller parameters
can be can derived. And according to the Bode diagram
of open-loop transfer functions, other harmonic controller
parameters can be obtained. The parameters of each harmonic
current controller and frequency domain indexes are shown
in Table 1.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION
A. SIMULATION VERIFICATION AND ANALYSIS
In order to verify the correctness and effectiveness of the
proposed control strategy for harmonic current suppression
of grid-connected converter, a simulation model of 2MW
permanent magnet direct drive wind power generation sys-
tem is built in Matlab/Simulink software, and the simulation
research and analysis are carried out. The system parameters
are shown in Table 2.

In the simulation, the harmonic contents of the 5th, 7th,
11th and 13th voltage are 2.18%, 2.15%, 1.30% and 1.41%
of the fundamental component, respectively. The grid side
converter operates in the mode of unit power factor, and the
output rated power is 2MW. Fig. 4 shows the comparison of
power grid voltage and the output current of the grid-side
converter under the proportional resonance control mode,

FIGURE 4. Comparison of power grid voltage and the output current of
the grid-side converter under proportional resonance control, proposed
control without the consideration of cross-coupling effect, cross-coupling
control.

the proposed control without the consideration of cross-
coupling effect and the cross-coupling control mode when
power grid voltage contains low-order harmonics. It can be
seen from Fig. 4 (a) that the grid-connected current has
obvious distortion and the sinusoidal degree is poor under
the proportional resonance control mode. If cross-coupling
effect is not considered, the proposed controller is just a
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FIGURE 5. Comparison of dq axis components of each harmonic current between proportional resonance control and cross-coupling control.

conventional double closed-loop PI control. It can be seen
from Fig. 4 (b) that the grid-connected current has serious
distortion and the sinusoidal degree is more poorer than
proportional resonance control under the proposed control
without the consideration of cross-coupling effect. In the
cross-coupling control, it can be seen from Fig. 4 (c) that
the grid-connected current waveform is smooth, the dis-
tortion at the peak value is small, and the current peak
burr is reduced, and the grid-connected current waveform is
better.

Fig. 5 shows the comparison of the dq axis components
of each harmonic current with proportional resonance con-
trol and cross-coupling control in each synchronous rotating
coordinate system. From Fig. 5, it can be seen that the dq
axis component of each harmonic current is large under the
proportional resonance control, and the proportional reso-
nance control strategy lacks the ability to effectively suppress
the grid-connected harmonic current. While under the cross-
coupling control, the low-order harmonic current components
are effectively suppressed, all of which are controlled to about
0, and the harmonic current suppression control effect is
good.

Fig. 6 shows the spectrum analysis of three-phase grid-
connected current under proportional resonance control.

From Figure.6, it can be seen that there is a high harmonic
current component in the three-phase grid-connected current,
and the proportion of the 5th, 7th, 11th and 13th harmonic
current component in the fundamental current component
is more than 1.5%. Among them, the proportion of the 5th
harmonic current is up to 2%, which will lead to a serious
decline in the output power quality of wind power generation
system.

Fig. 7 shows the spectrum analysis of three-phase grid-
connected current under cross-coupling control. It can be seen
from Fig. 7 that compared with the proportional resonance
control, the proportion of each low harmonic current compo-
nent in the fundamental current component is greatly reduced.
The proportion of the 5th, 7th, 11th and 13th harmonic cur-
rent component in the fundamental current component is all
controlled below 0.5%, which further proves the excellent
suppression and control performance of the harmonic cur-
rent cross-coupling controller to the grid-connected harmonic
current.

Table 3 shows the comparison of the harmonic content
of three-phase grid-connected current with proportional
resonance control and cross-coupling control. Therefore,
it can be seen that the output power quality of wind
power generation system under cross-coupling control
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FIGURE 6. Frequency spectrum analysis of three-phase grid-connected
current under proportional resonance control.

FIGURE 7. Frequency spectrum analysis of three-phase grid-connected
current under cross-coupling control.

has been greatly improved, and the reliability of power
generation system and power grid operation has also been
improved.

TABLE 3. Comparisons of grid-connected current harmonic contents
between proportional resonance control and cross-coupling control.

FIGURE 8. Experimental platform of grid-side converter.

B. EXPERIMENTAL VERIFICATION AND ANALYSIS
In order to further verify the feasibility of the proposed
control strategy, a small power grid-connected converter
experimental platform is established, which test the control
effect of the grid-side converter. Fig. 8 shows the experi-
mental platform, which is mainly composed of three-phase
grid-side converter, inlet reactor, three-phase isolation trans-
former, self-coupling voltage regulator, DC power supply and

43504 VOLUME 8, 2020



Z. Zhang, P. Wang: Grid-Connected Harmonic Current Suppression of Permanent Magnet Direct Drive Wind Power Converter

FIGURE 9. Experiment results between proportional resonance control
and cross-coupling control.

FIGURE 10. Frequency spectrum analysis of three-phase grid-connected
current under proportional resonance control.

control system. The inlet reactor resistance Rgrid is 0.1�,
the inlet reactor inductance Lgrid is 3mH, the DC side capaci-
tance C is 2200µF, the DC side voltage is 100V, the switching
frequency is 10kHz, and the dead time delay is 3µs. The main
controller of the grid side converter control system adopts the
special digital processing chip cyclone III EP3C40Q240C8N
of Altera company, which process the voltage and current
signals collected by the control system. The control algorithm
proposed in this paper is used to generate pulse width mod-
ulation drive signal to control the fundamental current and
harmonic current of the grid-side converter.

FIGURE 11. Frequency spectrum analysis of three-phase grid-connected
current under cross-coupling control.

FIGURE 12. Grid-connected currents of step dynamic response of active
power under cross-coupling control.

When the grid-side converter of the experimental platform
works at the unit power factor and outputs 4A active current,
the waveform of three-phase grid-connected current is shown
in Fig. 9. Fig. 9(a) shows a three-phase grid-connected current
waveform under proportional resonance control. Fig. 9(b)
shows a three-phase grid-connected current waveform under
cross-coupling control. From Fig. 9, it can be seen that there
are many sharp burrs in grid-connected current under propor-
tional resonance control, the current waveform is rough and
not smooth, and the distortion at the peak value is large.While
under cross-coupling control, the grid-connected current is
smoother. The peak and peak distortion is small, and the
burr of current peak is reduced, and the waveform of grid-
connected current is better.

Fig. 10 shows the harmonic analysis diagram of three-
phase grid-connected current under proportional resonance
control. Fig. 11 shows the harmonic analysis diagram
of three-phase grid-connected current under cross-coupling
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FIGURE 13. dq axis current component of step dynamic response of
active power under cross-coupling control.

control. Compared with Fig. 10 and Fig. 11, it can be seen that
when the proportional resonance control strategy is adopted,
the grid-side three-phase current distortion is more serious
and the sinusoidal degree is poor. The amplitude of the 5th
and 7th harmonic current is relatively large. While when
the cross-coupling control strategy is adopted, the sinusoidal
degree of grid-side current is improved, and the proportion

of low-order harmonic current is greatly reduced. Taking
A phase current as an example, The proportion of the 5th
harmonic current component in the fundamental current
decreases from 4.993% to 1.392%, and the proportion of the
7th harmonic current component in the fundamental current
decreases from 2.384% to 1.079%. Therefore, it can be seen
that the control strategy proposed in this paper has a good
suppression effect on the low-order harmonic current of the
grid-connected converter.

In order to further verify the dynamic response perfor-
mance of the proposed control strategy in this paper, active
power step dynamic response experiment of the grid-side
converter is carried out. Fig. 12 shows the dynamic response
waveform of the three-phase grid-side current. Fig.13 shows
the dq axis component waveforms of fundamental current,
5th, 7th and 11th harmonic current.

The grid-side converter runswith a unit power factor before
3s, and changes to an output active power of 420W at 3s. Fun-
damental active current component control is accurate and
fast. At the same time, each harmonic current is suppressed to
0 after the active current step, which shows that the proposed
control method can realize the fast and accurate regulation
of fundamental current, and each harmonic current can be
effectively suppressed. The grid-side converter has excellent
current regulation performance and good dynamic response.

V. CONCLUSION
Due to the power-grid low-order harmonic voltage and the
nonlinearity of power electronic devices, the grid-connected
converter of wind power generation system produces grid-
connected harmonic current. In order to improve the output
power quality of full-power grid-connected converter of wind
power generation system, the harmonic mathematical model
of grid-side converter is established in this paper. On this
basis, a cross-coupling current control strategy for suppress-
ing the low-order harmonic current components is proposed.
The proposed control strategy takes into account the cross-
coupling effect of each harmonic current, which can realize
the accurate control of grid-connected harmonic current, and
can suppress the grid-connected harmonic current caused by
the power-grid low-order harmonic voltage and the nonlinear
characteristics of the grid-connected converter at the same
time. The correctness and feasibility of the proposed control
strategy are verified by simulation and experimental test,
which is of great significance to further improve the output
power quality of the grid-connected full-power converter of
wind power generation system. In the next step, the proposed
control strategy is applied to the LCL filter inverter to verify
the harmonic current suppression performance of the control
strategy and the stability of the system, and compared with
other control strategies.
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