
Abstract: This paper describe circulating currents of low frequency components suppression strategy for parallel interleaved converters. Herein, inverters are parallelized by magnetically coupled inductors. Normally, to get better harmonic content of the output voltage, carrier interleaving is used. This gives a higher circulating current (DM current) to flow through the two Voltage Source Converters (VSCs). Even though high frequency circulating currents are well reduced with the mutual inductance of the Coupled
Inductors (CI). Nevertheless, CI cannot efficiently riddle the low frequency components. When the uncontrolled circulating currents grow to be too high; they lead to CI saturation, higher switching losses, and degrade the overall performances of the converter. As a result, this paper presents a global control strategy for a grid-connected parallel interleaved converter based on the concept of Energy shaping control. This controller considerably diminishes the value of the low frequency components of circulating currents. The performance of the proposed circuit is evaluate by simulation and compared with the Conventional PI control and the Linear Quadratic (LQ) control. 
I. Introduction:

In recent times, with the growth and the enhance invention of power semi-conductor devices, static power converters used in numerous applications such as renewable energies and Flexible AC Transmission Systems (FACTS) devices. Parallel-connected converters are distinguished as one of the most competitive VSC topologies for higher power applications, mainly because of its ability to ensure high power ratings, system reliability and efficiency [1]. Because of this of these assets, the differential current mode is still a major concern. This finally can lead to negative impacts such as distortion in output currents of each converter, higher current stresses, damage of the switching devices, reduction of system efficiency [2][3]. Furthermore, by circulating current
total harmonic distortion will increase. 
For instance wind energy systems, smart transformers, and power conditioners and it is illustrated in fig.1. In a voltage source inverter, joining each leg in parallel is an approach to amplify the output current and, as a result, it’s rated power. This connection can be done using either coupled or uncoupled inductors, and attaining an even contribution to the output current from all the legs is a vital issue. Circulating currents generates additional losses and stress to the power converter devices. Consequently, they should be controlled and minimized. An efficient technique to gain such balance when coupled inductors are used is given [4]. CI provides low conductance with respect to circulating currents. So, without requirement of additional control equipment it can be able to reduce these currents for current balancing. This configuration was most attractive and innovative as it can regulate the performance harmonic analysis of output voltages if appropriate modulation methods are used. Often, parallelized inverter carrier pulses are phase shifted by 1800, which provides a variety of advantages to the system such as no of levels in output voltage, reduction in size of the filter and common mode voltage [5].



 In addition, authors in many papers extended their research on minimizing the circulating currents, which are flowing through the (CI). In Ref. [6], it is proposed common dc bus parallel inverter system for minimization of circulating current using sinusoidal pulse width modulation (SPWM) to overcome the dead-time effects. Modeling of the parallel grid-connected three-phase inverters and the cause of the zero-sequence circulating current and a method for suppressing the zero-sequence circulating current based on a PI controller are presented in detail  in Ref. [7]. In Ref.[8], the authors represents a novel Zero sequence circulating currents reduction method based on the developing selective harmonic elimination pulse-width modulation (SHEPWM) for parallel three level T-type inverters., which is used to increase the capacity of the distributed generation system.
The response of the controller is given to the modulating signals of only one converter of the two parallelized VSCs. Also, a modified DPWM scheme was proposed in Ref. [13] to reduce the maximum values of the flux linkage and the circulating currents.

Capella et al. developed a balancing technique which generates leg-specific reference signals for each converter. Reference signals are calculated at time intervals equal to the switching period using the output currents of each converter [14]. In Ref. [15], authors proposed reducing the circulating currents based on a deadbeat control strategy. Besides, other studies have investigated the reduction of the Zero-Sequence Circulating Current (ZSCC) rather than the individual differential mode currents. ZSCC is defined as the sum of circulating currents flowing through the three phases. In Ref. [16], a carrier Phase Shifted PWM was used to suppress the (ZSCC) in modular two-level interleaved converters. In Ref. [17] and [18], two methods for reducing the (ZSCC) based on the Harmonic-Elimination Pulse Width Modulation (HEPWM) technique were proposed. To further suppress the (ZSCC), Ye et al. proposed a method that adjusts the distribution of the null vectors in conventional (SVM) scheme through PI controller
[19]. All the above mentioned techniques try to maintain the instantaneous circulating current within acceptable limits.
In the proposed paper, authors recommended to restrict the low frequency circulating currents by means of Energy Shaping (ES) control. In this technique, the system is considered as an energy conversion device that satisfies theEnergy-balance equation (EBE). ES control achieves (asymptotic) stabilization
of passive systems with a Hamiltonian structure and a desired storage function which represents the energy of the closed loop system. This control technique has been used in many applications including
power converters. For example, it was used to control a three-phase front end converter in Ref. [20].  It was also used to control a back-to-back converter for micro-grid applications [22]. The authors of [23] have presented an ES controller for a three- Level T-type converter feeding a magnetic energy storage system. In this context, this paper aims to develop an ES shaping controller for a parallel interleaved converter. The converter can be integrated in many high-power applications such renewable energy systems and FACT controllers. The proposed design offers an effective control of low frequency
Circulating currents along with the currents injected to the grid.

2. Methodology and mathematical modeling of the parallel interleaved converter:

2.1. Mathematical model
This segment gives the representation of the parallel interleaved converter which is tied to the grid by means of an inductive filter. This converter topology is as shown in Fig. 1. The output voltages, vA, vB and vC, are a function of the switching signals Sxi of power converter devices and the input bus voltage udc. i be a symbol of the two parallelized VSC (i {1, 2}) and x represent the converter phases (x {A, B, C}). The currents injected to the grid are referred to as iA, iB and iC. The power source supplying the converter was simplified to an equivalent current source. Considering the converter topology, the voltages between the converter outputs and the
midpoint O can be expressed by:
			(1)
The phase-to-ground voltages at the converter output can be expressed with the following equations:
		(2)
		(3)
Along with this, the voltage across the coupled inductors can be represented by:

			(4)

In Eq. (4), L0 is the mutual inductance and Llk is the leakage inductance. By inserting relation (4) in the expressions of the output voltage vAN, the sum of Eqs. (2) and (3) gives:
2		(5)
Along with 

So VAN can be written as 
		(6)
Likewise, the relations of the differential voltage between the two ends A1 and A2 is found by the difference of two equations of expression (4):
		(7)
Above expression can be re written as 

Using  we will get
	(8)     Where 
In addition, with respect to Fig. 1, output voltages delivered by the parallel interleaved converter are: 
	       (9)
Here R and L are inductive filter parameters
From equations 9 &5 we will get
				(10)
By substituting 1 in 10, the following relations are obtained
     		(11)
Here   and 
In the similar way substituting 2 in 8, the dynamics of circulating currents can be obtained as:
			(12)
The mathematical representation of the above system can be simplified using the Park’s transformation. It transforms the system expressed by relations (11) and (12) into the rotating reference frame ≪ dq≫ Which is synchronized with the grid angle θgr . Thus, the dynamics of the parallel interleaved converter are expressed as:
  
		
		(13)
Sd1, Sd2, Sq1 and Sq2 are the direct and the quadrature axis switching functions for the two parallelized converters. ω is the angular frequency of the grid voltage.

2.2 PCH model of the parallel interleaved inverter

The converter can be considered as a inactive system because it merely exchanges energy without having the capability of generating energy independently. Consequently, it can be modeled as a PCH system that meets the necessities of energy shaping control. The configuration of this system is as follows:
 =   + p(x) u
y = (x)                                    (14)

In (14), J (x) is the interconnection matrix assumed to be skew symmetric (J (x) = J (x) T). R(x) is a positive semi-definite symmetric matrix which imitates the energy dissipation characteristics of the
system.  p (x) is the external port connection matrix and E (x) is the energy function of the system which reflects the internal and external energy transfer structure. In relation (14), u and y are the port power variables, their duality product defines the power exchanged with the external environment [25].

The system expressed by Eq. (13) can be written as:

			   
			                    (15)
With j(x) = and R(x) = 
It is clear that, J (x) is skew-symmetric and R(x) is positive semi definite. Thus, this system satisfies (14) and can be considered as a port-controlled-Hamiltonian (PCH). The Hamiltonian E () represents the function of energy for the system and it is written as:

E () = +  +  +         (16)
The state space vector is given as
x =        (17)
The external port connection matrices are specified by:
=  ; =; 
 is the gradient of the energy function E (). E () can be given as
E () =+  +  +       (18)
If the state variables are referred to as x1, x2, x3 and x4, Eq. (18) becomes:
 
E () =  +  +       (19)
Therefore, the gradient of the Hamiltonian function is defined by:
 ==       (20)







Fig. 2. PI control of the grid-connected converter.






3. Control strategies of the grid connected converter

3.1. PI control of the grid connected converter
The control process of the parallel interleaved converter is given on Fig. 2. In order to measure Current and voltage at the PCC to the grid, currents and voltages sensors are used. By means of PLL, the grid phase angle θgrid is obtained. The lock is attained by setting the direct grid voltage component e*grd. to zero. A PI-controller is used to correct the grid angle according to the error between e*grd and egrd. So, the grid voltage vector is aligned with the q axis of the rotating frame. This method has been already described in many works such as [5,6]. The expressions of active and reactive powers delivered to the grid are given by
              (21)    
Based on relations (-), current setpoints, and  can be produced through the grid voltages and power references  and.

     (22)
      (23)
The control pattern is developed based on the differential equations of the grid connection elements. These equations are expressed in the revolving frame “dq” as:

    (24)

In the above expressions,  represent the voltage vector generated by the parallel interleaved converter.




(a)



(b)
Fig. 3. Control loops of the converter based on PI controllers. (a) Control loops
of grid currents. (b) Control loop of the DC bus voltage.



Therefore, grid currents are restricted by two control loops based on PI controllers as illustrated on Fig.3a. Converter dynamics are assumed very small compared to the time constant of grid currents. Therefore, they are not considered in the design of PI controllers. The PI controllers are analyzed in the continuous time-domain and then, they are transposed to digital. First, the PI parameters are calculated using the pole compensation method. That is, the zero of the PI controller is placed over the pole of the first order system. Then, the integral time constant is used to set the closed loop time constant τCL. Nevertheless, to avoid instability, the bandwidth of the closed loop system (1/τCL) must remain considerably lower than the converter switching frequency [1]. Axes decoupling is performed by subtracting compensating terms ec_d and ec_q from regulator outputs. Their expressions are given by:

     (25)

Furthermore, the voltage across the DC bus capacitor is controlled through an external regulation loop. Voltage variations are expressed by the following equation where Pβ expresses the power measured at the
output of the grid connected converter and Pes is the power of the energy source:
=        (26)
The controlled variable is  . The active power  at the converter output is assumed equal to the grid active power at the PCC. Thus, the external control loop of the DC bus voltage can be represented by the diagram of Fig. 3b.

3.2. LQ control of the grid connected converter

The LQ controller of the grid-connected inverter is depicted on Fig. 4. This controller is developed based on the state space representation of the system given by Eq. (16). Thus, the system is represented as:

                                                                 (27) 
Where Y yields output vector i.e, y=  
is input vector 

A=   ; B= ; C= 
LQ technique allows finding a stabilizing feedback matrix Kd which fulfils an optimal trade-off between the control energy and the transient response performances. The design of this controller is detailed in reference [22].

3.3. ES control of the grid connected converter

The grid-connected converter satisfies the PCH representation expressed by Eq. (15). In PCH systems, the internal energy exchanges are captured by the interconnection and the damping matrices [23].
Therefore, we first fix the preferred structure of these matrices. The preferred system is expressed by the following equation:

 =                   (28)
 With  
,  and  denote the preferred interconnection matrix, the preferred dissipation matrix and the expected energy function of the system, respectively.  and  denote the new internal structure and dissipative structure of the system, respectively. 
; 
r1 and r2 are a positive numbers chosen to set the damping of the system. ES control allows to find a feedback control u =ɣ (x) such that the closed loop dynamics of the system are those expressed by relation (24). In this application, the controller objective is to make the converter track current set points efficiently. Thus, the desired energy function of the parallel interleaved converter is expressed as:

= ++     (29)

Here  and  shows the circulating currents set points

The gradient of the desired Hamiltonian function and the new state vector are given by:
=                 (30)
  
X=       (31)
ES control achieves the stabilization of the controlled system around a non zero equilibrium point set by the desired energy function Hd (x). The control variables u of the system can be determined by solving the matching equation:

+                   (32)
If the controlled system operates close to the desired equilibrium point, then the energy function keeps a low value around this point, Thus, Eq. (15) should satisfy:

- +-=0           (33)
Ideally, at the equilibrium point, output currents are perfectly shared between the two converters and the value of circulating currents tends to zero (ic_d = ic_q = 0). In these conditions, the steady state values of the switching functions are equal for the two converters and they are calculated through the solution of (33):

                       (34)
The control action u = is selected through the resolution of the matching Eq. (32). Taking  = = 0, the solution of (28) gives:

           (35)
          (36)
                        (37)

                             (38)
The results given by Eqs. (35)– (38) are referred to as y1, y2, y3 and y4 respectively. Hence, these equations can be written in the form:
           (39)

            (42)
ith, = , 








Fig. 5. Energy shaping control of the grid-connected converter.




The solution of Eqs. (39) and (40) gives the control inputs for the two parallelized converters. The reference switching functions can be easily calculated using the inverse of matrix A:
=             (41)
       (42)
Where, 
The algorithm which allows calculating the reference switching function using ES control is detailed in Fig. 5. The control loop of the DC bus voltage is the same as that used in PI control.

4. Results and discussion
 In this segment, the behavior of the converter with different controllers is given. The converter results with PI control, LQ control and ES control is obtained and with ES control the performance of the converter is achieved better as compared to PI and LQ controls by means of reducing the circulating currents. 

4.1. Converter performance with PI control
Fig. 6 gives the function of the system with PI control.
Fig. 6a portray the currents deliver to the grid and Fig. 6b describes the
Currents flowing through the converter delivered by phases C1 and C2. From Fig. 6b, magnitude of the current in converter 1 is considerably larger than the magnitude of the current in converter 2. Hence, the sharing of the grid currents in the two converters are unequal leads to low frequency circulating currents.  The circulating current of DC component can reach 0.5A (iCC) as exhibited in Fig. 6c which is nearly 30% of the magnitude of the grid current. Consequently, the abandoned circulating currents are larger in magnitude and which can cause the saturation of the coupled inductors. This also raises the switching losses in the power converters. Real and reactive powers delivered to the grid are demonstrated in Fig. 6d. 

4.2. Converter performance with LQ control:
Fig. 7 gives the function of the grid connected converter with the linear quadratic control.
The results are obtained with LQ control is very nearer to the results with PI control. But still some considerable amount of circulating currents are present in the  two converters as shown in Fig. 7c. 

4.3. Converter behavior with ES control
Fig. 8 gives the behavior of the system when ES control is used. The currents which are delivered to the grid are illustrated on Fig. 8a and b describes the currents flowing through the converters delivered by phases C1 and C2. In this case we can be seen that, currents are shared equally between the two converters. Additionally, the DC component of circulating currents for three phases is diminished to zero and only circulating currents which are having high frequency high frequency components flow between the two converters as depicted in Fig. 8c. The DC bus voltage remains stable as represented in Fig. 8d due to the controller corrective action. Fig. 8f shows that active and reactive powers in the grid are efficiently controlled during steady state or during the variation of the active power reference.
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Fig. 6. Converter behavior with PI control. (a) Grid currents. (b) Converterscurrents. (c) Differential mode currents. (d) Grid powers.      Fig. 6. Converter behavior with PI control. (a) Grid currents. (b) Converters
currents. (c) Differential mode currents. (d) Grid powers.
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Fig. 8. System behavior with ES control. (a) Grid currents. (b) Converters
currents. (c) Differential mode currents. (d) DC bus voltage. (e) Voltage between
phases A and B. (f) Grid powers.
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