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Abstract

:

This paper presents a robust nonlinear integrated controller to improve stability of hybrid AC/DC micro-grids under islanding mode. The proposed controller includes two independent controllers where each one is responsible to control one part of the system. First controller will improve the stability of input DC/DC converter. Using this controller, the voltage of DC bus is fully stabilized such that when a large disturbance occurs, its voltage will become constant without any significant dynamic. The necessity of DC bus regulation which has not been considered in previous studies, is imminent as it not only improves voltage stability of the micro-grid but also protects consumers which are directly connected to the DC bus, against voltage variations. Frequency stability of the micro-grid is provided by the second proposed controller which is applied to output DC/AC converter of the micro-grid. Adaptive method is used to make the controllers proposed in this paper, robust. Duty cycle of converters switches are adjusted such that voltage and frequency of the micro-grid are set on the desired value in minimum possible time under transient disturbances and uncertainty of the loads as well as micro-sources characteristics.
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1. Introduction


Recently, environmental and economic issues have attracted attentions, thus the conventional structure of power systems has changed such that many distributed generation (DG) units are connected to electrical distribution networks. This issue reduces concerns but power quality is low because there is no independent controller in these structures, both local load and the utility are affected by low quality of power [1,2]. Thus, micro-grid is introduced as a new concept to resolve inherent constraints of DG systems through appropriate control and management of local DGs and loads.



For a long time, except in special cases, most distribution networks were AC and consumers had to use AC/DC converters to match with the networks. After the deployment of micro-grids, it was observed that most micro-grids are also AC. What should be noted in micro-grids is the existence of inherently DC sources like photo voltaic panels, batteries and fuel cells and a wide range of DC Loads such as household appliances and general appliances like LED lights, computers, TVs, audio and video systems, heaters, ovens, cooking wares, etc. which are all DC [3,4,5]. If these appliances are supplied by an AC source, not only DC/AC and AC/DC converters are required but also power factor controller should be used to provide reactive power of the converters [3,4].



If a DC micro-grid is established, the efficiency of the system can be increased significantly and costs can be reduced by creating a short path for power transmission between DC sources and DC loads using high efficiency converters to prevent unessential DC/AC conversion. In practice, several experimental projects like low voltage DC micro-grid has been tested in Energy Systems Research Center of Italy and Laurence National Laboratories of Berkley and results show 10% energy saving compared to conventional AC systems [1].



DC micro-grid compared to AC micro-grid has other advantages like fewer converters, less loss of distribution system and a higher efficiency. Additionally, unlike grid connected AC micro-grids, where phase and frequency tracking affect controllability and reliability, DC micro-grids do not require such tracking [5].



Since DC micro-grid is more appropriate for integrating DGs, in the case of widespread micro-grid in which different sources should be integrated complementarily to affect environment positively and reduce maintenance interval, employing a single DC micro-grid is not suitable. Therefore, the need for a hybrid AC/DC micro-grid is obvious. The advantages of these are existence both AC and DC networks in terms of simple integrations of renewable resources, higher power conversion efficiency, reducing energy storage capacity and a higher reliability. For instance, China’s Electricity Network Organization has created a hybrid AC/DC micro-grid in Dongfushan Island, in which different DGs and energy reservoirs are integrated. This has increased reliability and efficiency of total power source of the island [1]. In general, the advantages of a hybrid AC/DC micro-grids can be summarized as follows [1,6,7,8,9]:




	(1)

	
Elimination of DC/AC or AC/DC/AC power converters installed on power resources. This reduces power losses significantly.




	(2)

	
Elimination of reactive power compensators, installed in conventional AC networks. This reduces purchase and maintenance costs and decreases lines losses and power electronic equipment losses on the end users.




	(3)

	
Since DC loads do not cause harmonic distortion directly, the power quality on AC side can be enhanced by controlling middle converters.




	(4)

	
As problems of negative and zero sequences current caused by unbalanced loads on AC side can be resolved on DC side, these networks are able to control the asymmetric current to a desirable extent.









A hybrid AC/DC micro-grid includes three main sections: AC micro-grid, DC micro-grid and power electronic interfaces between AC side and input distributed sources. Figure 1a shows general structure of a hybrid AC/DC micro-grid connected to the utility in which DC micro-grid is connected to the AC network through a middle converter. AC sources like wind turbines and small diesel generators and AC loads like conventional lights can be connected to AC micro-grid. On the other hand, DC power resources like photo voltaic panels, fuel cells and batteries can be connected to DC micro-grid through simple DC/DC converters. Moreover, a group of AC loads that operate with variable frequency like adjustable speed induction motors is better to be connected to DC micro-grid in optimal state [7,8,9].



When AC micro-grid operates in island mode, control objectives include controlling frequency and voltage to increase dynamic and transient stabilities. While in island DC micro-grid, DC voltage or current should be controlled exactly so that power sharing among DC sources and DC loads is done perfectly. Finally, the simultaneous operation of AC and DC micro-grids can manage power flux between AC and DC networks correctly such that efficiency is optimized and stability is increased [9,10,11,12,13].



Microgrids utilization requires a proper control schemes in order to control the power sharing as well as improve the small and large signal stabilities. Many researches have been performed on the dynamic stabilizing and power sharing control in microgrids. However, a few efforts have been made on the large signal stability and power flow control among AC and DC microsources in hybrid microgrids, mainly in the autonomous mode.



A proper method for power sharing imitated from conventional droop control of the governor system of the synchronous generators is used in AC microgrids [14,15,16,17]. To create the reference power when multi converters working together a frequency-droop characteristic is defined. Regarding to theory of droop control method the load power sharing is done based on related droop slope of each converter [15]. Same as the above droop method the DC voltage droop approach is used for power flow control of DC microgrids. In this method power flow control is done via a virtual resistor [14,18,19]. Also a supplement method by using adjacent converters is offered to increase accuracy of the power sharing and regulation of system voltage as well as reliability improvement via individual communication infrastructure [20,21,22]. An autonomous power sharing method in multiple converters hybrid microgrids by establishing a superimposed frequency in the dc subgrid is presented in [23].



Real-time control of hybrid microgrids including storage system and pulsed loads is presented in [24]. In this work, the authors present a universal frequency and voltage control strategy for a hybrid AC/DC microgrid be composed of a synchronous generator, solar generation simulator and bidirectional converters.



A robust     H 2  /  H ∞     control scheme for autonomous multidistributed microsources converter based microgrids is presented in [25] which in that voltage and frequency set points of local controllers is specified by power management system as well as hierarchical droop based scheme. Also a robust     H 2  /  H ∞     controller is established for tracking of set point and disturbance cancelation and also raising fault ride through capability and increasing performance in dynamic and transient disturbances as well as supplying nonlinear loads.



A finite time robust control strategy for regulation of voltage and frequency and control of active and reactive powers in autonomous microgrids is presented in [26] which in that the response of the controller is very fast when various inverters are operated in complex conditions. The major advantages of the proposed control scheme are being robust against unmodeled dynamics, parametric uncertainty, loads changing and large variation of work point.



Considering the discussion above, in this paper a hybrid AC/DC micro-grid is controlled such that it can provide the stability of the micro-grid when a large signal disturbance occurs like short circuit in point of common coupling (PCC) and changing operating mode from grid connected mode to islanding mode. For this purpose, an integrated controller is used to control DC and AC parts of the micro-grid as shown in Figure 1b.



According to this figure, each unregulated DC source is connected to the AC network through two cascade converters. Input converter is a Multiphase Boost Converter (MBC) which increases DC voltage amplitude of the micro source and stabilizes output DC voltage using a robust nonlinear controller when variations of the load resistance are not known. Output converter is a DC to AC voltage source converter (VSC) which tunes amplitude, frequency and phase of the output AC voltage such that not only power can be shared in steady state but also the stability of the micro-grid when large disturbances occur is guaranteed. For these purposes, a conventional droop control with a supplementary controller is proposed.



The rest of this paper is organized as follows: Section 2 which is comprised of three subsections presents MBC and input micro sources models, how the proposed nonlinear controller is designed and its stability is proved. In Section 3 which is comprised of three subsections, VSC of the AC section is modeled and the proposed controller is designed and its stability is proved. Performance of the controllers under different disturbances is simulated numerically and the results are given in Section 4. Section 5 and presents concludes and appendix of the paper.




2. Designing a Robust Controller to Improve Performance of the DC Section


2.1. Modeling Input DC Resources


Today, using distributed micro-sources with DC output like fuel cells and photo voltaic panels have attracted attentions due their advantages. Thus, this paper considers these micro-sources as the main power supply for micro-grids. Since the dynamics of the input micro-source affects performance of the converter and its stability, its dynamic should be considered in the general model of the system. Typical electric characteristic of fuel cells and photo voltaic panels are shown in Figure 2a,b [27,28].



As can be seen in Figure 2a, in a fuel cell, there is a remarkable difference between non load and full-load voltages and nonlinear dynamic in operating region is obvious. A general equation is used to represent voltage variations of the cell as follows [27]:


    v  f c   =  E N  − A log  (     i  f c   −  i n     i 0     )  −  [   R m   (   i  f c   −  i n   )      + B log  (  1 −    i  f c   −  i n     i  L i m      )   ]    



(1)







In this equation,     E N     is the open circuit voltage of the cell and     v  f c   ,  i  f c      are its output voltage and current (other variables are described in [14]). According to Figure 2b, electrical characteristic of the photo voltaic panels has nonlinear dynamic and it can be described as follows [28]:


    i  p v   =  i s  −  i 0   (  exp  (    (  V  p v   +  R s   i  p v   )   α  V T     )  − 1  )  −    V  p v   +  R s   i  p v      R  s h       



(2)







In this equation,     v  p v   ,  i  p v      are output voltage and current of panel (other variables are described in [15]). Using (1) and (2) in simulations are not appropriate, thus these equations are approximated as polynomials in the following forms:


    v  f c   =   ∑  k = 0  n    a k   i  f c  k    ⇒  v  f c   = f (  i  f c   )   



(3)






    v  p v   =   ∑  j = 0  m    b j   i  p v  j    ⇒  v  p v   = g (  i  p v   )   



(4)








2.2. Modeling Input DC/DC Converter


Conventional boost converters include an inductor (and capacitor) with a high-power switch. All DC power is converted through these two elements [12]. In these converters, not only power efficiency is low, but also high ripple in voltage and current is created. This ripple affects lifetime and efficiency of the fuel cell. Thus, here multiphase boost converters are used instead of conventional boost converters. By using these converters, generated ripple, size of inductor and power loss of switches can be decreased and reliability can be increased also the possibility to increase energy efficiency can be provided [29,30,31,32,33,34,35,36,37,38].



2.2.1. Nonlinear Model of the three phase DC/DC Boost Converter


Figure 3 shows a simple model of three phase boost converter with parallel arrangement. Inductance and series resistance of the inductors shown in Figure 3, are modeled with     L 1  ,  L 2  ,  L 3     and     r   L 1    ,  r   L 2    ,  r   L 3      . However, for simplicity it is assumed that all of the internal resistances and inductances are equal (    L 1  =  L 2  =  L 3  = L ,     r   L 1    =  r   L 2    =  r   L 3    =  r L    ).



Each phase of the boost converter is controlled by a pulse width modulation (PWM) signal where     u 1  ,  u 2  ,  u 3     are taken from {0,1}. By using Kirchhoff’s current law (KCL) and Kirchhoff’s voltage law (KVL), the following equations can be extracted [39]:


     d  i  L 1     d t   = −  (  1 −  u 1   )     v o   L  −    r L   L   i  L 1   +    v i   L    



(5)






     d  i  L 2     d t   = −  (  1 −  u 2   )     v o   L  −    r L   L   i  L 2   +    v i   L    



(6)






     d  i  L 3     d t   = −  (  1 −  u 3   )     v o   L  −    r L   L   i  L 3   +    v i   L    



(7)






     d  v o    d t   =  1 C   [   i  L 1   ( 1 −  u 1  ) +  i  L 2   ( 1 −  u 2  ) +      i  L 3   ( 1 −  u 3  )  ]  −  1  R C    v o    



(8)








2.2.2. Average Model of the Three-Phase Boost Converter


Although the model presented by (5)–(8) is useful for simulating the power circuit, it is not applicable for designing the controller because it includes some binary control inputs (    u 1  ,  u 2  ,  u 3    ). Generally, average model is used to design controller of such systems. In order to extract this model, first current of inductors and voltage of capacitor are considered as state variables and then by using (5)–(8) for more than one switching period (    T s    ), the average model is obtained as below [40,41,42]:


    x ¯  = < x > =  1   T s       ∫ 0   T s     x  ( t )     d t   










     x ˙  1  = −  (  1 −  D 1   )   1 L   x 4  −    r L   L   x 1  +   f  (   x I   )   L    



(9)






     x ˙  2  = −  (  1 −  D 2   )   1 L   x 4  −    r L   L   x 2  +   f  (   x I   )   L    



(10)






     x ˙  3  = −  (  1 −  D 3   )   1 L   x 4  −    r L   L   x 3  +   f  (   x I   )   L    



(11)






     x ˙  4  =  1 C   x F  −  1  R C    x 4  −  1 C   (   D 1   x 1  +  D 2   x 2  +  D 3   x 3   )    



(12)






    x I  =  x 1  +  x 2  +  x 3    



(13)







In above equations:     x  1 , 2 , 3   =  〈     i  L 1 , 2 , 3    〉    ,      x 4  =  〈     V o   〉    ,      x I  =  〈     i T   〉    =  〈     i  f c    〉  =  〈     i  p v    〉      ,      D j  =  〈     u j   〉      





2.3. Description of the Proposed Controller


The mathematical model proposed by above equations describes a nonlinear multi input-multi output (MIMO) system with parametric and nonparametric uncertainties, because the load resistance and V-I characteristic of micro sources are not deterministic. Control of such systems by using linear control methods might not be efficient [43,44]. Thus, in this section, a nonlinear robust controller that is based on sliding mode is proposed. For a better description, a block diagram of the system and location of the proposed controller using (5)–(8) is presented in Figure 4. This model which is associated to a three phase boost converter is controlled by a sliding mode based robust controller. As can be seen in the figure, in this controller, some feedbacks are taken from current of inductors and samples of input and output voltages are also applied to the controller as inputs. Outputs of this controller are binary signals that are finally applied to switches of the converter using PWM technique.



Adaptive Sliding Mode Controller (ASMC)


Regarding to the above descriptions a controller based on sliding mode method with adaptive tuning module is presented because it is fully robust against uncertainties and provides the ability to estimate parameters in order to achieve control objectives. One of the main uncertainties is variations of the output load resistance. In order to overcome such uncertainty, controller should be more flexible and adaptable. Moreover, the controller should be able to estimate unknown parameters of the controlled system. At the beginning, resistance (  R  ) and conductance (  G  ) of the DC load is defined as follows:


    1 R  = G   



(14)







If estimate of   G   is shown with    G ^   , estimated error (   G ˜   ) can be described as follows:


    G ˜  = G −  G ^    



(15)







The purpose of the controller is to provide a constant output voltage in the condition where system has parametric uncertainty. To achieve this purpose the current (    i T    ) shall track a reference signal called     x  I d     . If in stable condition     i T  =  x  I d      and     v o  =  V  o d     , input power is equal to output power, where     x  I d      is related to     V  o d      through the following equation (index d indicated desirable values of variables):


    x  I d   =    V  o d  2    R ⋅ f  (   x  I d   )      =  d e f      V  o d  2    f  (   x  I d    )    G   



(16)







This equation shows that current reference signal     x  I d      is related to uncertainty, and as this relation is not allowable in adaptive control methods. Here the current (    i T    ) is considered to track estimated reference signal      x ^   I d      which is defined as below:


     x ^   I d   =    V  o d  2    f  (    x ^   I d    )     G ^    



(17)







Because in (17) the reference path depends on the estimate of unknown system parameter (   G ^   ) so for better tracking in the presence of parameter uncertainty, sliding mode controller is used [37]. Since purpose of the controller is to current sharing among different phases, the sliding surface of each phase is defined as follows:


    {     s 1   ( x )  =  x 1  −   x ^   1 d        s 2   ( x )  =  x 2  −   x ^   2 d        s 3   ( x )  =  x 3  −   x ^   3 d         



(18)




where


     x ^   1 d   =   x ^   2 d   =   x ^   3 d   =  1 3    x ^   I d   =  1 3     V  o d  2    f  (    x ^   I d    )     G ^    



(19)







The controller aims to deliver the system states to sliding surface    s =  s ˙  = 0   . When such purpose is satisfied, the system is in sliding mode. To obtain equivalent control energy, the derivative of sliding surface is considered zero.


   s =  s ˙  = 0   



(20)







Using (18)–(20) and (9)–(11), equivalent control energy is obtained as follows:


    {     D   1  e q     = 1 +  1   x 4     (   r L   x 1  − f  (   x I   )  + L   x ^   1 d    )       D   2  e q     = 1 +  1   x 4     (   r L   x 2  − f  (   x I   )  + L   x ^   2 d    )       D   3  e q     = 1 +  1   x 4     (   r L   x 3  − f  (   x I   )  + L   x ^   3 d    )        



(21)







In order to make the system robust against disturbances, a discontinuous term as follows is added to equations:


    {     D 1  =  D   1  e q     +  D  1 N   −  L   x 4     k e   e  41        D 2  =  D   2  e q     +  D  2 N   −  L   x 4     k e   e  42        D 3  =  D   3  e q     +  D  3 N   −  L   x 4     k e   e  43         



(22)




where     k e     is the first design parameter and     D  1 N   ,  D  2 N   ,  D  3 N      are the discontinuous components which calculated as a design parameter as follows:


    {     D  1 N   =  L   x 4      D ^   1 N        D  2 N   =  L   x 4      D ^   2 N        D  3 N   =  L   x 4      D ^   3 N         



(23)







If error between output voltage     x 4     and desired value     x  4 d      is called     e 4    , it can be written as:


    {     e  41   =  x 4  −  x  4 d 1        e  42   =  x 4  −  x  4 d 2        e  43   =  x 4  −  x  4 d 3         



(24)







The desired value of     x  4 d      is specified in the following. In (23),      D ^   1 N   ,   D ^   2 N   ,   D ^   3 N      are additional inputs which are determined in the following.



The purpose of ASMC is changing the system states in order to equal the sliding surface to zero. For this purpose, it should be assured that the system is able to reach    s =  s ˙  = 0    from any initial conditions as well as to remain in    s = 0   . Below Lyapunov function can meet above conditions:


   V =  1 2   s T  s +  1 2   e 4 T   e 2  +  1  2 γ     G ˜  2    



(25)







In which:


    {    s =   [   s 1  ,  s 2  ,  s 3   ]   T        e 4  =   [   e  41   ,  e  42   ,  e  43    ]   T         



(26)







   γ > 0    is adaptive gain. If time derivative of this function (   V ˙   ) is negative definite, design objective which is asymptotic stability is achieved. Thus    V ˙    is obtained using (9)–(11) and (18) as follows:


      V ˙  =    1 L   [   s 1   (  −  (  1 −  D 1   )   x 4   )  +  s 2   (  −  (  1 −  D 2   )   x 4   )      +  s 3   (  −  (  1 −  D 3   )   x 4   )  + 3 f  (   x I   )  − L   x ^   I d    ]  +       3 γ   G ˜    G ^  ˙  −  (   e  41     e ˙   41   +  e  42     e ˙   42   +  e  43     e ˙   43    )      



(27)







Since      G ˜  ˙  = −   G ^  ˙    ,    V ˙    is negative definite. Using (21), (22) and (23), then (27) is obtained as follows:


      V ˙  =    s 1   D  1 N   +  s 2   D  2 N   +  s 3   D  3 N   +  k c   (   e  41  2  +  e  42  2  +  e  43  2   )  −    G ˜    G ^  ˙   γ  +  e  41    (    e ˙   41   −  k e   s 1  +  k c   e  41    )  +       e  42    (    e ˙   42   −  k e   s 2  +  k c   e  42    )  +  e  43    (    e ˙   43   −  k e   s 3  +  k c   e  43    )      



(28)




where     k c  > 0    is the next design parameter. In (28) which has the state vector     (  s ,  e 4  ,  G ˜   )    , closed loop stability of the system can be observed by selecting      D ^  N    ,      e ˙  4     and     G ^  ˙   . Therefor:


    {      D ˙   1 N   = − α ⋅ sgn  (   s 1   )        D ˙   2 N   = − α ⋅ sgn  (   s 2   )        D ˙   3 N   = − α ⋅ sgn  (   s 3   )        



(29)






    {      e ˙   41   −  k e   s 1  +  k c   e  41   +    x 4   C   G ˜  = 0       e ˙   42   −  k e   s 2  +  k c   e  42   +    x 4   C   G ˜  = 0       e ˙   43   −  k e   s 3  +  k c   e  43   +    x 4   C   G ˜  = 0       



(30)






     G ^  γ  +    x 4   C   (   e  41   +  e  42   +  e  43    )  = 0   



(31)







In the above equations,    α > 0    is a design constant. The larger is the coefficient   α  , error becomes zero rapidly, on the other hand, amplitude of the control input increases. Using (31), adaptive control law is obtained as follows:


     G ^  ˙  = −  γ C   x 4   (   e  41   +  e  42   +  e  43    )    



(32)







Using (19) and (32) the time derivative of    x ^    is:


      x ^  ˙   1 d   =    x ^  ˙   2 d   =    x ^  ˙   3 d   = − β  x 4   (   e  41   +  e  42   +  e  43    )    



(33)






   β =  1  3 C      V  o d  2  ⋅ γ   f  (    x ^   I d    )  +    V  o d  2  ⋅  G ^  ⋅ F  (    x ^   I d    )    f  (    x ^   I d    )        



(34)




where


   F  (    x ^   I d    )  =       d f  (   x I   )    d x    |     x I  =   x ^   I d       



(35)







By merging (21), (22), (23) and (29):


    {     D 1  = 1 +  L   x 4     (     r L   L   x 1  − α ⋅ sgn  (   s 1   )  −  k e   (   x 4  −  x  4 d 1    )      −   f  (   x I   )   L  − β  x 4   (   e  41   +  e  42   +  e  43    )   )       D 2  = 1 +  L   x 4     (     r L   L   x 2  − α ⋅ sgn  (   s 2   )  −  k e   (   x 4  −  x  4 d 2    )      −   f  (   x I   )   L  − β  x 4   (   e  41   +  e  42   +  e  43    )   )       D 3  = 1 +  L   x 4     (     r L   L   x 3  − α ⋅ sgn  (   s 3   )  −  k e   (   x 4  −  x  4 d 3    )      −   f  (   x I   )   L  − β  x 4   (   e  41   +  e  42   +  e  43    )   )        



(36)







Dynamic of     x  4 d      using (12), (14), (15), (24) and (30) is described as follows:


    {      x ˙   4 d 1   = −  k e   s 1  +  k c   (   x 4  −  x  4 d 1    )  +    x F   C  −   G ^  C  −  1 C   (   D 1   x 1  +  D 2   x 2  +  D 3   x 3   )        x ˙   4 d 2   = −  k e   s 2  +  k c   (   x 4  −  x  4 d 2    )  +    x F   C  −   G ^  C  −  1 C   (   D 1   x 1  +  D 2   x 2  +  D 3   x 3   )        x ˙   4 d 3   = −  k e   s 3  +  k c   (   x 4  −  x  4 d 3    )  +    x F   C  −   G ^  C  −  1 C   (   D 1   x 1  +  D 2   x 2  +  D 3   x 3   )        



(37)







Figure 5, shows block diagram of the proposed controller for one phase of the boost converter. In which control signal   D   is generated to be applied to the converter's switches. As can be seen from the above equations, control signal of each phase is determined considering the current of that phase which is affected by current of other phases, total current, input and output voltages and the control signal of other phases.






3. Design of a Robust Controller in order to Improve Performance of AC Section


Many researches have been conducted for steady state operation and preserving dynamic stability of AC micro grids. In most studies, droop control method is presented as an effective method [14,15,16,17,18]. In conventional droop control, small signal stability is provided by adjusting frequency and voltage droop coefficients and enhancing power sharing among micro-grids [15,16]. If droop coefficients in island mode are increased, power sharing correctness is enhanced at the expense of reducing accuracy of frequency and voltage regulation. Larger droop coefficients create negative effect on system stability as well as limitations on operational performance. In other words, there is a trade-off among power distribution, power quality, transient response and system stability. However, in many disturbances especially large signal disturbances, the inefficiency of the droop control method is obvious.



3.1. Structure of the Proposed Controller in AC Section


In order to solve the mentioned issues, an inclusive control structure is proposed. Each of the control necessities of AC section of a micro-grid in steady and transient states are presented in this structure. This structure includes power, frequency and angle control loops and benefits from all of the advantages of them concurrently. Invariant frequency utilization and accrued power distributing can be achieved using frequency droop while transient stability is provided by the proposed supplement controller which is a nonlinear controller. Other advantages of proposed control structure will be described later.




3.2. Modeling AC Section of the Micro-Grid


In this paper, a general framework is used to design and establish a controller for both operation modes. To this end, first a model is proposed to improve dynamic of the inertia less converters based on virtual rotor idea by imitating inertia of the rotor and damping coefficient of the synchronous generators. This model which is described completely in [45,46,47] and introduced as a virtual synchronous machine (VISMA), models a power electronic converter the same as Figure 6a, similar to a synchronous generator.



First idea of this model is to imitate back induction voltage law and dynamic of rotor of the synchronous generator with momentum   J   and viscose friction   m  . The advantages of imitating rotor dynamic are improving dynamic response of the converter and creating a proper control structure to exploit all of the operating conditions. In this model, the virtual rotor is a frequency dynamic controller, a role that does not exist in conventional voltage/current controller. Virtual friction (m) damps frequency oscillations. Summary of the modeling based on VISMA using equation of the voltage generated by conventional synchronous generator is as follows [45]:


    e ˜  =  λ F   θ ˙   ​​ S i n  θ ˜    



(38)




where    e ˜    shows a balanced three phase voltage,     λ F     is excitation flux,   θ   and    θ ˙    are virtual angle and angular speed. Frequency dynamic can be presented as follows:


   J  θ ¨  =  T m  −  T e  −  T D  =  T m  −  T e  −  K p   θ ˙    



(39)







In (39),     K p     is damping ratio,     T m     and     T e     are virtual mechanical and electromagnetic torques.     T e     is calculated based on stored energy in magnetic field of the machine (    W  f l d     ) as follows:


    T e  =       ∂  W  f l d     ∂ θ    |     λ F  = c o n s t a n t     



(40)







By defining     W  f l d      in terms of current and flux of the armature and exciter (40) is obtained as follows:


    T e  =  3 2   λ F  i ​  cos δ   



(41)







In addition, active and reactive powers can be described as follows:


   P =  3 2   θ ˙   λ F  i ​  cos δ   



(42)






   Q =  3 2   θ ˙   λ F  i ​  sin δ   



(43)







In this model state variables include current of inductors (  i  ), voltage of capacitor (  v  ), virtual angle and angular speed (  θ   and    θ ˙   ). Also mechanical torque (    T m    ) and excitation flux (    λ F    ) are control inputs.



For proper operation of converter based on this model, a controller is required which can follow proper values of active and reactive powers as well as increase system stability by generating appropriate torque and flux signals.



Same as synchronous generators, in VISMA frequency droop is used to improve power sharing and frequency restoration. In this modeling, the frequency droop is defined as follows:


    K p  = −   Δ P   Δ  θ ˙      



(44)







Similarly, voltage droop can be defined as follows:


    K q  = −   Δ Q   Δ V     



(45)







Considering the above descriptions, the model of AC converters in this paper can be presented as Figure 6b [45].



As can be seen in Figure 6b, this model has a real power control loop and is able to share power variations with other similar converters and same size synchronous generators automatically due to internal frequency droop mechanism. It can also be said that due to absence of mechanical equipment, structure of this loop is very simple.



Frequency droop loop (with gain     K P    ) has a time constant of     T F  =  J   K P      . Thus, if     T F     is selected as a design parameter,   J   can be obtained as follows:


   J =  K p  ⋅  T F    



(46)







Lower loop is related to reactive power control. Error between reference voltage and output voltage is multiplied by the droop coefficient     K q     and is summed up with error between output reactive power (Equation (43)) and its reference value finally the result (    u d    ) is obtained as excitation flux after passing integrator with gain     1 / K    . Voltage droop loop (with gain     K q    ) has a time constant approximately equal to     T V  =  K   θ ˙   K q    =  K    θ ˙  n   K q      . Thus, if     T V     is selected as a design parameter,   K   can be obtained as follows:


   K =  T V    θ ˙  n   K q    



(47)








3.3. Adaptive-Nonlinear Supplement Control


Since the model based on VISMA performs well in steady and dynamic states and resolves operational requirements, but it does not perform well in large signal disturbances such that the system under this model becomes unstable. Thus, in this paper, a supplement nonlinear controller is added to the existing droop controller to guarantee transient stability of the converter (and micro-grid). In fact, when a large disturbance occurs, the proposed nonlinear controller injects an additional signal to the VISMA to stabilize the system by changing amplitude of the virtual flux. In steady state, this controller is in idle phase. Advantages of the proposed controller include:




	
Universal and flexible structure for all of the operation modes and not requiring to change strategy after islanding detection.



	
As compared to other controllers, where delay in islanding detection reduces stability margin, this problem is resolved inherently in the proposed controller.



	
Possibility to create a soft and seamless path from grid connected mode to islanding mode.



	
Frequency droop control loop of this controller is a useful tool for power sharing between micro sources.



	
This controller only uses local signals, thus no communication infrastructure is required.








Figure 7 shows the structure of the supplementary nonlinear controller. According to this figure, it is obvious that the supplement controller adds an extra command (    u  a x     ) to the VISMA model which aims to improve stability.



Finally, it can be said that stable performance of the micro-grid during a harsh transient like unplanned islanding, short circuit and sudden changes in power consumption is satisfied using this controller.



In the proposed controller, power angle (  δ  ), frequency (  ω  ) and virtual torque (    T e    ) are state variables. Frequency dynamic is controlled by frequency droop control and virtual rotor as shown in Figure 7. Accordingly, dynamics of angle and frequency can be described as follows.




   Δ  δ ˙  = Δ ω   



(48)






   Δ  ω ˙  = −  m J  Δ ω +  1 J   (  −  T e  +  T  r e f .    )    



(49)





In (48) and (49),    Δ δ    and    Δ ω    represent frequency and angle deviations from their work point. Dynamic of the torque equation is calculated using the following equation:


    T e  =  3 2    λ ˙  F  i   cos δ +  3 2   λ F   i •    cos δ −  3 2   λ F  i   Δ ω sin δ   



(50)







Derivative of flux is determined using dynamic of the voltage loop of Figure 7. In order to design this controller, following state space model is used:


    {      x ˙  1  =  x 2        x ˙  2  = a  x 2  + b  x 3        x ˙  3  =  u  a x   +  3 2   (   λ f   i •  cos  x 1  −  λ f  i  x 2  sin  x 1   )  + Ψ       



(51)







In this equation,     x 1  = Δ δ   ,     x 2  = Δ ω   ,     x 3  = Δ  T e    ,    a = −  m J  ,    b = −  1 J     and:


    u  a x   =  3  2 K    u d  ​ cos  x 1    



(52)







    u d     is the main input of virtual flux generator or input of the integrator of the reactive power control loop as shown in Figure 7 and     u  a x      is the supplementary signal provided by proposed supplementary nonlinear controller. Term   Ψ   is introduced to consider system uncertainty which can be caused by disturbances, variations in model parameters, inaccurate measurements, etc. This uncertainty is usually estimated by adaptive techniques to be robust against mentioned uncertainties. Purpose of the controller is to minimize error between desired reference value     x  1 r e f      and its real value     x 1    . Error is defined as follows:


    e i  =  x i  −  x  i ​ r e f     



(53)







Below Lyapunov function is defined to design this controller:


    V 1  =  1 2   e 1 2    



(54)







Derivative of this equation is equal to:


     V ˙  1  =  e 1    e ˙  1    



(55)







In order to stabilize state     x 1    , derivative of     V 1     should be negative definite. Thus:


    x  2 r e f   = −  k 1   e 1  ,       k 1  > 0   



(56)







In which:


     V ˙  1  = −  k 1   e 1 2  +  e 1   e 2    



(57)







According to (57) there is no guarantee that      V ˙  1     is negative definite. In next steps,      V ˙  1     becomes negative by proper selection of     x  3 r e f      and     u d    . In order to stabilize frequency dynamic,     x  3 r e f      is selected according to Lyapunov function.




    V 2  =  V 1  +  1 2   e 2 2    



(58)





Derivative of (59) is equal to:


     V ˙  2  =   V ˙  1  +  e 2    e ˙  2    



(59)




where      e ˙  2  =   x ˙  2  −   x ˙   2 r e f     . Using (51) and (56), we have:


     e ˙  2  =  [  1 −  k 1   (  a +  k 1   )   ]   e 1  +  (  a +  k 1   )   e 2  + b  e 3  + b  x  3    r e f     



(60)







Thus      V ˙  2     is simplified as follows:


     V ˙  2  = −  k 1   e 1 2  +  [  b    x  3   r e f   −  (   k 1 2  +  k 1  b − 1  )   e 1  +  (  a +  k 1   )   e 2   ]   e 2  + b    e 2   e 3    



(61)







Now, if


    x  3 r e f   =  c 1   e 1  +  c 2   e 2    



(62)







In which


    {     c 1  = −   1 −  k 1   (  a +  k 1   )   b       c 2  = −    k 1  +  k 2  + a  b        



(63)







Thus:


     V ˙  2  = −  k 1   e 1 2  −  k 2   e 2 2  + a    e 2   e 3    



(64)







In order to guarantee stability of the system, the final Lyapunov function is considered as:


    V 3  =  V 2  +  1 2   e 3 2  +  1 2  γ   ( Ψ −  Ψ ^  )  2    



(65)







In which    Ψ ^    is an estimate of uncertainty function   Ψ   and   γ   is gain of the adaptive rule. Dynamics of     e 3     can be written as follows using associated equations:


     e ˙  3  =   x ˙  3  −   x ˙   3 ​   r e f .   =  u  a x   +  3 2   (   λ f   i •  cos  x 1  −  λ f  i    x 2  sin  x 1   )  + Ψ −   x ˙   3   r e f .     



(66)







Value of     x  3 r e f      can be found as follows using (51), (56) and (62):


    x  3   r e f .   =  c 1    e ˙  1  +  c 2    e ˙  2    



(67)







In which:


     e ˙  2  =   x ˙  2  −   x ˙   2    r e f .   = a  x 2  + b  x 3  +  k 1    e ˙  1  = a  x 2  + b  x 3  +  k 1   x 2    



(68)







Finally,     x  3 r e f      is obtained as follows


     x ˙   3    r e f .   =  A 1   e 1  +  A 2   e 2  + b  c 2   e 3    



(69)






    {     A 1  = b  c 1   c 2  −  k 1   (   c 1  +  k 1   c 2  + a  c 2   )       A 2  =  c 1  + b  c 2 2  + a  c 2  +  k 1   c 2        



(70)







Thus,      V ˙  3     is equal to


       V ˙  3  =   −  k 1   e 1 2  −  k 2   e 2 2  +  [   u  a x   −  3 2   λ f   i •    cos  x 1  −  (   A 1  −  3 2   k 1   λ f  i   sin  x 1   )   e 1           −  (  − b +  A 2  +  3 2   λ f  i   sin  x 1   )   e 2  − b  c 2   e 3  + θ  ]   e 3  − γ  (  Ψ −  Ψ ^   )    Ψ ^  ˙      



(71)







Now, if adaptation rule is selected as:


     Ψ ^  ˙  =  1 γ   e 3    



(72)







Then:


       V ˙  3  =   −  k 1   e 1 2  −  k 2   e 2 2  +  [   u  a x   −  3 2   λ f   i •    cos  x 1  −  (   A 1  −  3 2   k 1   λ f  i   sin  x 1   )   e 1           −  (  − b +  A 2  +  3 2   λ f  i   sin  x 1   )   e 2  − b  c 2   e 3  +  Ψ ^   ]   e 3      



(73)







Accordingly, if control input is selected as follows:


    u  a x   = −  3 2   λ f   i •    cos  x 1  −  (   A 1  −  3 2   k 1   λ f  i   sin  x 1   )   e 1  +  (  − b +  A 2  +  3 2   λ f  i   sin  x 1   )   e 2  −  (  b  c 2  −  k 3   )   e 3  +  Ψ ^    



(74)







By displacing (73) in (74), Lyapunov function is described as below:


     V ˙  3  = −  k 1   e 1 2  −  k 2   e 2 2  −  k 3   e 3 2    



(75)







Therefore, the stability of the system is guaranteed when using control signal in (74). Control parameters of this controller are     [   k 1  ,  k 2  ,  k 3  , γ  ]    . Performance of the system depends on these coefficients and designer has a high degree of freedom to find the best combination of these constants to obtain the maximum trade-off between performance objectives of the system. Realization of proposed controller for AC side of the microgrid is shown in Figure 8.





4. Simulation Results and Evaluation of the Proposed Controller


Different simulations are performed in MATLAB/SIMULINK (MathWorks Inc., Natick, MA, USA) to study dynamic and static performances of the proposed controller topologies. These scenarios include:




	
Unspecified changes in the current taken from DC bus of each micro-sources



	
Changing electrical characteristic of the micro- sources



	
Unplanned islanding



	
Loading in islanding mode



	
Short circuit in PCC








The simulated system shown in Figure 9 has three micro-generators that provide their local load in parallel and supply other common loads in PCC. Parameters of the micro-generators and the related network are given in Table A1. Input voltage of inverters is fully stabilized using the proposed control topology of related boost converter. Input sources are DC and include fuel cell and photo voltaic panel. Dynamic characteristic of these sources are completely considered in the simulations.



4.1. Unspecified Changes in the Current Taken from DC Bus


In this scenario, resistance of the connected load to output of the boost converter varies as steps with different amplitudes and purpose of the controller is to stabilize voltage of DC bus on the reference value. For this purpose, according to Figure 10a, the resistance of the load is changed as steps with different amplitudes. First, the identification section of the proposed controller estimates the load conductance at each moment rapidly according to Figure 10b, such that error of this estimate tends towards zero. Result of this fast estimate at first stage is to change duty cycle of switches according to Figure 10c. Chattering phenomenon which is one of the characteristics of sliding mode controller is seen clearly in this figure.



Figure 11b shows the voltage of the fuel cell while changing the load. According to this figure, due to dynamic of the V-I characteristic of cells, severe variation is observed in generated voltage of the fuel cell. Although voltage of the fuel cell varies significantly, but according to Figure 11a in the presence of the proposed controller, the output voltage of the converter is stabilized on the defined value (480 V). This figure shows the high proficiency of the proposed controller. Figure 11c shows current of different phases as well as current taken from fuel cell. According to this figure, current sharing between different phases is done very well and one-third of the total current has passed through each phase. One of the main advantages of multiphase boost converter which is eliminating ripple of the current taken from the fuel cell can be seen in this figure. This issue is very important as increases the lifetime of the cell.




4.2. Changing Electric Characteristic of the Micro-Source


Since the electric characteristic of micro-sources are uncertain due to changes in environmental conditions, robustness of the proposed converter against this uncertainty should be evaluated. For this purpose, the dynamic characteristic of the cell is varied 10% according to Figure 12a and the previous scenario, changing resistance subsequently, is performed again. In the presence of such uncertainty, although fuel cell as input of the converter has changed as shown in Figure 12b, but in the presence of the proposed controller, the system is able to adjust output voltage as in Figure 12c. Finally, it can be said that this scenario shows high performances as well as high robustness of the proposed controller in the presence of uncertainty in the load and source characteristics which results in a fully stable DC bus in the network and possibility of AC voltage regulation in hybrid micro grid consequently. Similar results and analysis are obtained for input of the photo voltaic panels, but they are not presented in this paper due to limited number of pages.




4.3. Unplanned Islanding


It is assumed that DG units are connected in parallel in a period of time and all of them are connected to the utility. At t = 1 s, islanding occurs and micro-grid is separated from the utility. Islanding is a large disturbance from controller’s point of view. Figure 13, Figure 14 and Figure 15 show variations of power, voltage and frequency during transition from grid connected mode to autonomous mode.



Since in the studied system, it is assumed that one portion of the load power is provided by the utility, output power of DGs increases to provide local load. This scenario is one of the most difficult states which might occur while operating a micro-grid.



Results show a soft transition with minimum overshoot in variables as compared to their steady state, such that average damping time of frequency variations is about 200 ms and maximum undershoot is 0.7 Hz. Voltage of DG units are shown in Figure 14. Based on this figure the damping time and maximum under/overshoot of the DG’s output voltages by using proposed controller are very negligible in compare with conventional droop controller.



Power sharing in the presence of proposed nonlinear controller is shown in Figure 15 which has occurred with softer transitions.




4.4. Loading in Islanding Mode


In this case, it is assumed that micro-grid operates in islanding mode and at t = 1 s, a 125 kW nonlinear load in PCC is connected to it. Simulation results are given in Figure 16, Figure 17 and Figure 18.



According to these results, when applying a nonlinear load, the proposed controller can reconfigure the network and accelerate damping of variables oscillations such that frequency restoration is performed in less than 150 ms and maximum frequency drop is 0.35 Hz.



Based on Figure 17 the damping time and maximum under/overshoot of the DG’s output voltages by using proposed controller are very negligible in compare with conventional controller.



It can also be seen that power sharing between micro-sources in the presence of the proposed controller is very soft while in the presence of conventional drop control, overshoot is observed.




4.5. Short Circuit in PCC


At t = 1 s, a three phase symmetric short circuit fault occurs in PCC, because of which after 250 ms, fault is cleared and islanding mode has occurred. According to the results shown in Figure 19, Figure 20 and Figure 21, it can be seen that while fault is established, frequency drops 1 Hz and when fault is resolved, 1.5 Hz overshoot is created and after 300 ms, frequency is restored very well.



As shown in Figure 20 while fault persists, the voltage in PCC is zero and has the minimum possible value at the output of micro-sources. After clearing fault, when the proposed controller is available, voltage is restored with appropriate overshoot and settling time.



As shown in Figure 21, power distribution during short circuit is better in the presence of the proposed controller as compared to conventional controller. In the presence of the nonlinear controller, power injection to fault point is limited.





5. Conclusions


In this paper, a flexible and efficient integrated controller is proposed to improve the performance of the hybrid micro-grid. First, voltage of the DC link is stabilized well by applying the proposed control strategy to the input boost converter, and then the proposed controller is applied to the output converter to stabilize the voltage and frequency and so satisfy all control and management requirements of the micro-grid in steady state and dynamic state. Due to the nonlinear nature of the proposed controller, large signal stability in the presence of the most severe fault, namely three phase short circuit in PCC is guaranteed. The main reason of efficiency of the proposed controller is to add an extra command to the virtual flux calculator of the output VISMA based model converters. The proposed strategy not only has a high reliability but it also does not require any communication infrastructures which are directly resulted from using local information. Investigating simulation results of the proposed controller shows that stability margin and flexibility of exploiting hybrid micro-grids using this controller is high which increases penetration of these micro-sources in future intelligent networks.
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Appendix A


Parameters of the input and output converters, proposed controllers and general information of the micro-grid employed in simulations are given in Table A1.
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Table A1. System Parameters.






Table A1. System Parameters.





	
Parameters

	
DG1

	
DG2

	
DG3






	
Voltage (V)

	
Local Bus

	
480




	
PCC

	
13,800




	
Power (kW)

	
Rated Power

	
250

	
250

	
400




	
Local Load

	
200

	
125

	
200




	
Common Load

	
Static

	
100




	
Dynamic

	
150




	
Non Linear

	
125




	
Time Constants (S)

	
Voltage Loop

	
0.01

	
0.01

	
0.01




	
Power Loop

	
0.04

	
0.04

	
0.04




	
Gains

	
Frequency Droop (Kp)

	
40

	
40

	
53




	
Voltage Droop (Kq)

	
0.0016

	
0.0016

	
0.0017




	
Virtual Flux Integrator

	
0.045

	
0.045

	
0.045




	
Power Angle Reference (rad)

	
0.2

	
0.2

	
0.3




	
Resistance (Ohm)

	
Out Put Filter

	
0.2

	
0.2

	
0.2




	
Transformer

	
0.25

	
0.25

	
0.25




	
Line

	
1.14

	
0.75

	
1.14




	
Inductance (mH)

	
Out Put Filter

	
3

	
3

	
3




	
Transformer

	
3.25

	
3.25

	
3.25




	
Line

	
5

	
2.65

	
5




	
DC/DC Boost Converter

	
L(   m H   )/R(   m Ω   )/C(   μ F   )

	
2.2/20/1200




	
Switching Frequency (kHz)

	
10




	
Adaption Gains

	
    k e  = 400 /  k c  = 1000 / α = 1200   
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Figure 1. (a) General structure of a hybrid AC/DC micro-grid; (b) Proposed integrated controller. 
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Figure 2. General electrical characteristic of micro sources (a) Characteristic of fuel cell; (b) Characteristic of photo voltaic panel. 
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Figure 3. Power circuit of three phase boost converter with parallel arrangement. 
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Figure 4. Block diagram of three phase boost converter with sliding mode controller (SMC). 
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Figure 5. Realization of proposed sliding mode controller for each phase of boost converter. 
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Figure 6. (a) Power circuit of DC/AC converter; (b) controller model of converter based on VISMA. 
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Figure 7. Location of proposed controller on VISMA model. 
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Figure 8. Realization of proposed controller of AC side. 
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Figure 9. Simulation of micro grid by MATLAB/SIMULINK software (R2014a). 
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Figure 10. (a) Variation of DC load resistance; (b) Estimation of load conductance; (c) Duty cycle of switches created by proposed controller. 
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Figure 11. Responses of DC side of the hybrid micro grid (a) Output voltage; (b) Fuel cell voltage; (c) Phase current of boost converter and fuel cell current. 
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Figure 12. Robustness check of proposed controller (a) Changing of V-I characteristic of fuel cell; (b) Fuel cell voltage regard changing characteristic; (c) Output voltage regard changing characteristic. 
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Figure 13. Frequency response of DG’s during islanding using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 14. Voltage response of DG’s during islanding using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 15. Power sharing of DG’s during islanding using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 16. Frequency response of DG’s in load impact condition using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 17. Voltage response of DG’s in load impact condition using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 18. Power sharing of DG’s in load impact condition using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 19. Frequency response of DG’s in short circuit condition using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 20. Voltage response of DG’s in short circuit condition using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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Figure 21. Power of DG units in short circuit condition using proposed supplementary control compare with conventional droop controller (a) DG1; (b) DG2; and (c) DG3. 
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