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Abstract 

 

With power level of grid-connected converters rising, the switching frequency of the switching devices is commonly greatly 

reduced to improve its power capacity. However, this results in serious couplings of the dq current components, which leads to 

degradation of the static and dynamic performances of grid-connected converters and fluctuations of the reactive power in 

dynamic processes. In this paper, complex vector models under low switching frequency are established for an L/LCL 

grid-connected converter, and the relationship between the switching frequency and the coupling degree is analyzed. In addition, 

a series decoupling current control strategy is put forward. It is shown that the proposed control strategy can eliminate the 

couplings, improve the performances and have good robustness to parameter variations through static and dynamic 

characteristics analyses and a sensitivity analysis. Experimental and simulation results also verify the correctness of the 

theoretical analyses and the superiority of the proposed control strategy. 

 

Key words: Complex vector, Decoupling current control strategy, Low switching frequency 

 

I. INTRODUCTION 

Grid-connected converters have advantages in terms of a 

sinusoidal output current, small harmonic content, bidirectional 

power flow and adjustable power factor. Since the connection 

hub is between the distributed power supply and the grid, it is 

widely used in renewable energy systems, power transmission 

systems, reactive power compensation systems, etc. With the 

expanding capacity of power demand, the power level of 

grid-connected converters has been rising. In order to increase 

the power capacity and to reduce losses, the switching 

frequency of the converter has to be greatly reduced [1]-[5]. 

For example, ABB ACS6000, which has an output power 

range from 3MVA to 36MVA, uses IGCT, and its switching 

frequency is around 500 Hz. 

However, a reduction of the switching frequency increases 

the delay of the signal sampling and the PWM control in 

practical systems. Therefore, undesirable cross coupling is 

introduced in the d-q coordinates. The cross coupling affects 

the dynamic and static control performance of the grid- 

connected converter, making it difficult to design [6]-[9]. On 

the other hand, due to the coupling, when the active power 

command of the grid-connected converter changes, the reactive 

power fluctuates. Especially in high-power applications, the 

weak grid voltage is seriously affected by the reactive power. 

At present, research on high performance control strategies  
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Fig. 1. Main circuit of a three-phase grid-connected converter. 

 

for grid-connected converters under a low switching frequency 

is mainly divided into two aspects. On the one hand, the 

performance of the system is improved by adjusting the 

parameters of the regulator. In [10] and [11], a PI regulator is 

used in the d-q coordinate system, and the system is 

approximated as a second-order single input single output 

system with the cross coupling neglected. A set of parameter 

design methods is obtained. However, it should be pointed 

out that the approximation is not reasonable in [12]. A 

parameter design method based on the root locus of a multi 

input multi output system is given, which can completely 

eliminate the static coupling of the system. However, 

dynamic coupling still exists. On the other hand, the 

performance of the system is improved by a new control 

strategy. In [13], [14], a PR controller is used in the stationary 

coordinate system, which avoids the coupling problem. 

However, the dynamic performance of PR controller is 

inferior to that of a PI controller in the d-q coordinate system 

[15]. Model predictive control in stationary coordinate system 

has been proposed in [16]. However, the model prediction 

method has a problem since the switching frequency is not 

fixed. The relative gain matrix theory is used to analyze the 

coupling degree of the system, and a novel output feedback 

decoupling method is designed to decouple L type grid- 

connected converter systems under low switching frequency 

[17]. However, this method is difficult to use for converters 

with higher-order filters, such as LCL filters. Recently, in 

order to improve the ability to restrain high order harmonics 

and to reduce the filter volume and cost, LCL type grid- 

connected converters have become a trend. The decoupling 

control of LCL type grid-connected converters is carried out 

in [18]. However, it operates at a high switching frequency. 

At this point, the delay of signal sampling and PWM control 

have little influence on coupling. Therefore, it can be ignored. 

However, under a low switching frequency, there are 4 

cross-coupling links in LCL type grid-connected converters, 

and there is no corresponding decoupling control method. 

In 1954, W.V. Lyon first proposed the concept of complex 

vectors in the book “Transient Analysis of Alternating 

Current” [19]. The classical state matrix method and the 

complex vector analysis method have identical forms. The 

scalar of space vector, the real part and the imaginary part 

correspond to the corresponding matrix elements. The use of 

complex vectors for modeling, in addition to making the 

equations concise, reveals the internal electromagnetic 

relations of the system, which is a prominent advantage of 

complex vector analysis [20]-[22]. 

In this paper, an L/LCL type grid-connected converter 

model under a low switching frequency based on complex 

vector is established, and the coupling degrees at different 

switching frequencies are analyzed. Then based on the idea 

of zero pole cancellation, the series decoupling control 

strategies are proposed for the two converters. The frequency 

characteristics of the undecoupled and decoupled current 

control systems are compared, and the parameter sensitivity 

of the proposed strategies is analyzed. Finally, the correctness 

of the theoretical analysis and the proposed strategies are 

proved by experimental and simulation results. 

 

II. L/LCL TYPE GRID-CONNECTED CONVERTER 

MODEL UNDER A LOW SWITCHING FREQUENCY 

BASED ON COMPLEX VECTORS 

A. L/LCL Type Grid-Connected Converter Model 

The main circuit of a three-phase grid-connected converter 

is given in Fig. 1, and an L or LCL filter is usually used. 

T1~T6 denote the power switch tubes, C denotes the DC side 

capacitor, idc denotes the DC side current, Udc denotes the DC 

side voltage, and ea, eb and ec denote the phase voltages of the 

grid. In an L type grid-connected converter, L denotes the 

filter inductance, R includes the total equivalent resistance 

including the power loss equivalent resistance of the switch 

tubes and the parasitic resistance of the filter inductance, and 

ia, ib and ic denote the three phase currents. In an LCL type 

grid-connected converter, L1 denotes the converter side 

inductance, R1 includes the total resistance including the 

power loss equivalent resistance of the switch tubes and the 

parasitic resistance of the inductance L1, Cf denotes the filter 

capacitor, Rd denotes the damping resistor, L2 denotes the grid  
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(b) 

Fig. 2. Complex vector signal flow diagram of a current control system: (a) L type grid-connected converter; (b) LCL type grid- 
connected converter. 

 

side inductance, and R2 denotes the parasitic resistance of the 

inductance L2. In addition, i1k (k=a, b, c) denotes the converter 

side current, i2k (k=a, b, c) denotes the grid side current, and 

ick (k=a, b, c) denotes the filter capacitor current. 

According to Fig. 1, the AC side circuit equation of an L 

type grid-connected converter in the dq coordinate system is 

as follows. 

         (1) 

Where ed and eq denote the d and q components of the 

phase voltages of the grid; ud and uq denote d and q 

components of converter side voltages; id, iq denote the d and 

q components of the three phase currents; p denotes the 

differential operator; and ωb denotes the angular frequency 

of the grid voltage.  

According to (1), the circuit model of an L type grid- 

connected converter is reconstructed based on the concept of 

complex vector and transformed into the following complex 

transfer function: 

      (2) 

Where τs=L/R. 

Inevitably, there is a delay of the signal sampling and 

PWM control in practical systems, especially under a low 

switching frequency. This delay is so long that it cannot be 

ignored. Therefore, it is necessary to consider the influence of 

the delay. In general, the delay of signal sampling and PWM 

control includes one and a half switching period [7], [23], 

[24], namely, τd=1.5/fsw. fsw is the switching frequency of the 

grid-connected converter. If only the lower frequency range 

of the control system is focused on, the delay is equivalent to 

the first-order inertial link. Therefore, its complex vector 

transfer function is as follows. 

          (3) 

Combining (2) and (3), the complex vector transfer 

function of the control object of the current control system is 

shown in (4), where Sj=s+jωb. Thus, a complex vector signal 

flow chart of the current control system of L type grid- 

connected converters can be obtained, as shown in Fig. 2(a). 

Fr(s) is the current controller. There are two complex factors j 

in the system, which indicates that there are two cross 

couplings. The cross couplings are caused by the differential 

action of the filter inductance and the first-order inertial link. 

Similar to L type grid-connected converters, the complex 

vector transfer function of the control object of the current 

control system for LCL type grid-connected converters is 

obtained as (5). In (5), Lt=L1+L2 and Rt=R1+R2. A complex 

vector signal flow chart of the current control system of LCL 

type grid-connected converters is obtained, as shown in Fig. 

2(b). From Fig. 2(b), it can be seen that there are four  
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(a) 

 
(b) 

Fig. 3. Coupling function amplitude |Fxy(jω)| of an undecoupled 
closed-loop current control system: (a) L type grid-connected 
converter; (b) LCL type grid-connected converter. 

 

complex factors, which indicates that there are four cross 

couplings. Three of them are introduced by L1, L2 and Cf in 

the LCL filter, and the last one is introduced by the first-order 

inertial link. Therefore, the couplings of LCL type grid- 

connected converters are more complex, which makes its 

control and design more difficult. 

B. Coupling Analysis 

From the above modeling process, it is known that the 

cross couplings between the variables corresponds to the 

imaginary part. In order to intuitively analyze the coupling 

degree of the system, the coupling function Fxy(jω) is defined 

as: 

               (6) 

If the current control system is undecoupled and a PI 

regulator is used, the current controller Fr(s) is as follows. 

                (7) 

The coupling function amplitude |Fxy(jω)| of the 

undecoupled closed-loop current control system can be 

obtained by (4)-(7), as shown in Fig. 3. Fig. 3(a) shows the 

coupling curves of an L type grid-connected converter. Fig. 

3(b) shows the coupling curves of an LCL type grid- 

connected converter. It can be seen that the coupling degree  

 
Fig. 4. Complex vector signal flow diagram of a series 
decoupling current closed-loop control system. 
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(b) 

Fig. 5. Diagram of a series decoupling unit: (a) L type grid- 
connected converter; (b) LCL type grid-connected converter. 

 

of the current control system increases gradually with a 

decrease of the switching frequency, and that the coupling 

degree is most serious near the fundamental frequency. In 

order to solve this problem, a series decoupling strategy 

based on a complex vector under a low switching frequency 

is proposed in the following section. 

 

III. SERIES DECOUPLING STRATEGY BASED ON A 

COMPLEX VECTOR UNDER A LOW SWITCHING 

FREQUENCY 

From (7), it is shown that there are no complex zeros in the 

PI regulator to eliminate the complex poles of the control 

object. In this paper, a series decoupling strategy is used to 

offset the complex poles. A complex vector signal flow 

diagram of a series decoupling closed-loop current control 

system is shown in Fig. 4. Ds(s) is a series decoupling unit. In 

theory, the decoupling unit can be designed on the bases of 

any target system. Only these couplings are eliminated by the 

proposed strategy in order to retain its main channel 

characteristics. 

A. Decoupling Strategy of L Type Grid-connected Converters 

According to (4), the series decoupling unit, which can 

retain the main channel characteristic, is required as: 

            (8) 
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In (9), in order to facilitate implementation, Ds_L(s) is 

decomposed into Ds1(s) and Ds2(s). In this case, Ds1(s) is the 

decoupling unit for delay, and Ds2(s) is the decoupling unit 

for the grid-connected converter-controlled object. In (10), 

the decoupling units are shown and they are separated into an 

actual part and an imaginary part. In order to preserve the 

characteristic of the main channel, the real part is written as 

"1+", and the block diagram is shown in Fig. 5(a). 

      (9) 

              (10) 

Then the complex vector transfer function of the open-loop 

current control system of an L type grid-connected converter 

is decoupled as: 

          (11) 

B. Decoupling Strategy of LCL Type Grid-connected 

Converters 

Similar to an L type grid-connected converter, the series 

decoupling unit for an LCL type grid-connected converter is 

shown in (13). In (12), D(s) is decomposed into Ds1(s), Ds2(s) 

and Ds3(s). In this case, Ds1(s) is the decoupling unit for the 

delay, Ds2(s) is the decoupling unit for the complex zero of 

the grid-connected converter-controlled object, and Ds3(s) is 

the decoupling unit for the complex pole of the grid- 

connected converter-controlled object. The decoupling units 

are shown in (14). In order to retain the characteristic of the 

main channel, the real part is written as "1+", and the block 

diagram is shown in Fig. 5(b). 

         (12) 

After decoupling, the complex vector transfer function of 

the open-loop current control system of an LCL type grid- 

connected converter is shown in (15). 

IV. COMPARISON ANALYSIS OF UNDECOUPLED AND 

SERIES DECOUPLED CURRENT CONTROL 

SYSTEMS 

In this paper, the stability, dynamic performance and 

parameter sensitivity of undecoupled and series decoupled 

systems are analyzed and compared under the condition that 

the main circuit parameters are constants. Under a low 

switching frequency, the dynamic performance of a traditional 

feed-forward decoupled system is worse than that of an 

undecoupled system [17]. Therefore, in this paper, a detailed 

comparison was made between an undecoupled system and a 

system with the proposed series decoupling strategy. 

A. Analysis of the Frequency Domain and the Time Domain 

In Figs. 6(a)-(d), the root loci of undecoupled systems and 

series decoupled systems of L and LCL type grid-connected 

converters are given at fsw=1 kHz. It can be seen that for small 

values of Kp, some of the poles of the undecoupled current 

control systems are in the right half-plane (RHP). However, 

the dominant poles of the series decoupled current control 

systems are always in the left half-plane (LHP). This means 

that the series decoupling strategy increases stability. From 

Figs. 6(c) and 6(d), two poles move towards the RHP with Kp 

increasing. This is due to the fact that the resonance 

suppression for the LCL filter deteriorates with Kp increasing, 

rather than the coupling. 

In Figs. 6(e) and 6(f), the step responses of undecoupled 

systems and series decoupled systems of L and LCL type 

grid-connected converters are given at fsw=1kHz. The d axis 

current component of the undecoupled system influences the 

q axis component through the coupling channel, which leads 

to a larger fluctuation of the q axis current component. It 

needs to undergo a mutation process to return to the original 

steady state value. Although there is no static coupling, the 

undecoupled system needs a longer regulation time. As a 

result, even if a grid-connected converter is in unit power 

factor operation, when the active current is mutated, the 

reactive current is seriously affected through the coupling 

channel. Fluctuations of the reactive current inevitably affect  
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(c) (d) 

       
(e) (f) 

Fig. 6. Root loci and time domain curves of an undecoupled system and a series decoupled current control system: (a) Root locus of L 
type with the undecoupling method; (b) Root locus of L type with the series decoupling method; (c) Root locus of LCL type with the 
undecoupling method; (d) Root locus of LCL type with the series decoupling method; (e) Step response of an L type grid-connected 
converter; (f) Step response of an LCL type grid-connected converter. 

 

the grid voltage. When it occurs at a high-power grid- 

connected converter, the grid voltage is greatly impacted. 

When the d axis current component is fed into the unit step 

signal, a series decoupled system has a smaller overshoot, 

shorter rise time and shorter time to reach its steady state. The 

d axis and q axis current components do not affect each other 

and couplings do not exist. 

B. Parameter Sensitivity Analysis 

Since the series decoupling current control strategy proposed 

in this paper is designed based on the principle of zero pole 

cancellation, the decoupling performance is influenced by the 

system parameters that determine the positions of the zero and 

poles. The parameters in an actual system may be changed by 

factors such as current, temperature, etc. In order to analyze the 

parameter sensitivity of the proposed strategy, the open-loop 

frequency characteristics of an LCL type grid-connected 

converter is shown in Fig. 7. Here, the filter parameters L1, L2 

and Cf are changed when the other system parameters are 

unchanged. In addition, L1, L2 and Cf  vary from -30% to +30%.  
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(a) 

 
(b) 

 
(c) 

Fig. 7. Frequency characteristics of the series decoupled system 
at 1kHz for parameter variations for: (a) L1 ±30%; (b) L2 ±30%; 
(c) Cf ±30%. 

 

It can be seen that the proposed decoupling method has a good 

robustness. 

 

V. EXPERIMENTAL AND SIMULATION RESULTS 

A. Experimental Results 

A laboratory setup of an L/LCL type grid-connected 

converter, shown in Fig. 8, has been built to verify the 

proposed series decoupling strategy and to compare its 

performance with the traditional undecoupled strategy at a  

 
Fig. 8. Laboratory setup of an L/LCL type grid-connected 
converter. 

 
TABLE I  

EXPERIMENTAL PARAMETERS 

Symbol Description Value 

Eab, Ebc, Eca The grid line voltages(rms) 50V 

L1 Converter side inductance 3mH 

L2 Grid side inductance 3mH 

Cf Filter capacitor 100μF 

Rd Damping resistor 1Ω 

fb Grid frequency 50Hz 

fsw Switching frequency 1kHz 

Udc DC side voltage 120V 

L= L1+ L2 Inductance 6mH 

 

low switching frequency. A high-performance NI cRIO-9024 

of National Instruments Company is used as the core 

controller, IGBTs from INFINEON Company are used, and 

the driving circuit for the IGBTs is designed on the basis of a 

dual SCALE driver 2SD315A from CONCEPT Company. 

The experimental parameters are shown in Table I. 

In the experiment, the grid-connected converters operate in 

the inverter state. The reactive current is given zero when two 

grid-connected converts are operating at a unity power factor. 

The d and q components of the grid-side current are output to 

the oscilloscope through the DAC module the NI 9263. The 

whole control system framework of the two grid converters 

can be seen in Fig. 1. 

In Fig. 9, experimental waveforms of the undecoupled 

system and the proposed decoupled system for an L type grid 

connected converter at fsw = 1 kHz are given. Waveforms of 

the undecoupled system are in Figs. 9(a), 9(b) and 9(c). 

Waveforms of the decoupled system are in Figs. 9(d), 9(e) 

and 9(f). From Figs. 9(a) and 9(d), the waveforms of the DC 

voltage Udc and the d and q components of the grid-side 

current are given when the d component mutates from 5A to 

10A. The mutation makes the response speed slower, the 

overshoot bigger, and the fluctuation on iq larger when the 

undecoupled method is employed. When compared with the 

undecoupled system, the series decoupled system has good 

control performance. The response speed is faster. The  
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(a)                       (b) 

Fig. 11. Simulation waveforms with different control methods 
for an LCL type grid-connected converter at fsw = 1 kHz: (a) 
With the undecoupling method; (b) With the proposed 
decoupling method. 
 

 
(a)                       (b) 

Fig. 12. Simulation results of an LCL type grid-connected 
converter at fsw = 1 kHz: (a) Statistics of the fluctuation on iq 
based on the difference of Δid

*; (b) Fluctuation on the reactive 
power when Δid

*=1.2kA. 
 

VI. CONCLUSIONS 

In this paper, the complex vector is used to model L/LCL 

type grid-connected converters. The modeling method has the 

characteristics of simple equation, graphic expression and is 

easy to understand. In addition, it can simplify the system 

expression and decoupling process. By analyzing the coupling 

degree of two kinds of undecoupled systems, it is found that 

the coupling degree increases with a decrease of the 

switching frequency. For this reason, two series decoupling 

current control strategies based on the complex vector for L 

and LCL type grid-connected converters is proposed in this 

paper. The dq components of the grid-side currents are 

decoupled in series. The time domain and frequency domain 

analyses show that the proposed strategies can effectively 

suppress the current cross coupling phenomenon caused by a 

low switching frequency. It can also achieve better dynamic 

performance and a greater stability margin. The sensitivity 

analysis shows that the proposed strategies has good 

robustness when the system parameters change greatly. 

Finally, the experimental and simulation results verify the 

correctness of the theoretical analyses and the superiorities of 

the proposed control strategy. 

Under a unit power factor, the proposed decoupling method 

can realize power decoupling, especially in the dynamic 

process. It has practical value for the independent control and 

flexible regulation of the reactive power and active power of 

microgrids. 
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