Decentralized Voltage and Frequency Control in an Autonomous ac Microgrid using Gain Scheduling Tuning Approach
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Abstract— The renewable energy resources provide us with green energy and flexible integration into power grids, but due to their variable nature, they cause significant frequency, voltage and power fluctuation for power system so that a sophisticated control strategy is needed to cope with these challenges. In this paper, the proposed control strategy consists of inner voltage and current controller and outer power loop. In this study, at first, coefficients of conventional PI controllers are obtained by a proposed objective function, and then it is shown that this PI controller with constant parameters doesn’t work properly over wide range of load variation, and the system is likely to be unstable. To obtain better performance, gain scheduling tuning approach is proposed to adjust PI coefficients for resistive, inductive and capacitive loads. This approach is applied to an autonomous three bus ac microgrid using Particle Swarm Optimization.
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I.  Introduction 

The advent of microgrids and Distributed Generations (DG) have improved power system reliability, environmental and economical issues. Nowadays, Renewable Energy Sources (RES) are in focus and many countries have been trying to employ them in their energy system since they are cheap and pollution free. 
DGs are mainly connected to grids through power electronic devices like Voltage Source Inverter (VSI). VSIs convert DC voltage to AC voltage through high frequency switching devices and their response is so fast in comparison to power systems dynamics [1]-[3]. 

In general, microgrids can operate in two different islanded and grid-connected mode. In stand-alone mode, micro-sources regulate frequency and voltage of grids besides providing power for loads. In grid connected mode, microgrids should just exchange power and its voltage and frequency is dictated by main power grid due to the relatively small size of migrogrid [4]-[5]. 

In spite of the numerous advantageous of this new concept, it causes important technical challenges that a proper control methodology should be designed to deal with its important problems. Voltage and frequency regulation, uncertainty in power generation, and DGs protections are some new challenges which RESs have brought with itself. To address these new challenges in microgrids, two centralized and decentralized control method are widely used. In centralized method, all information about loads and sources are gathered by a central unit, and this unit determines control strategy for entire microgrid [6]-[8]. In this strategy, all control actions are defined by a single unit, and communication link is needed to transfer data and control commands. However, its main disadvantages is its high cost [9].

Decentralized control method works base on local measurement and is cheaper and more reliable than central method [10]. In this method, system is regulated by local voltage, current and droop controller [11]-[12]. Droop controller is implemented in microgrids in order to mimic power system behavior in case of load changes that is decrease frequency as demand increases. Droop controller regulates active power by frequency and reactive power by voltage; therefore, P and Q can be adjusted independently so voltage and frequency are determined consequently [13]-[15].

There are some works in this regard. Reference [16] tries to joint thermal comfort optimization and demand response in microgrids equipped with energy storage unites and RESs. Reference [17] presents a stochastic model for day-ahead microgrid management. The model applies probabilistic reconfiguration and unit commitment simultaneously to achieve the optimal set points of the microgird’s units.
Voltage and frequency in microgrids are very susceptible to load changes. On the other hand, power generated by DGs are not reliable so much; therefor, if any factor in regulating microgrid is ignored, it is likely to make the whole system unstable. To fulfill this goal, in this study, by considering main factors, an objective function is proposed and PI coefficients are obtained for a given load. Particle Swarm Optimization (PSO) is applied to find objective function minimum. At first, limits for PI coefficients is determined, and then PSO runs Matlab/Simulink each time to find optimal value. Also, it has been noticed that this obtained parameters for PI controller not only doesn’t regulate system properly for other loads but also sometime makes the system unstable, especially when severe load changes occurs in the grid; therefore, a simple gain scheduling technique is proposed to tune PI parameters in accordance to load changes.
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 The paper is organized as follows; Section II gives the system, inverter and controller modeling, Section III gives a brief description of PSO. Fitness function is presented in Section IV. Simulation result are shown is Section V, and finally section VI concludes the paper.

II. Microgrid modeling

As shown in Fig. 1, microgrids includes a number of loads, DGs, a network and a switch which can connect/disconnect microgrid to/from main grid. Loads can be any form of resistive, capacitive or inductive. Fuel cell, wind turbine, photo-voltaic and any type of green energy can be used as DG sources. 
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To interface DGs to networks, VSI is commonly used. Fig.2 shows inverter structure that connects to the grid by a LC filter and coupling inductor. LC filter acts as a low pass filter to reject high frequency harmonics caused by switching devices [5]. In addition to LC filter, an inverter incorporates power controller, current and voltage controller and DC battery or capacitance banks to feed from. Controllers used in this structure are briefly described in the following. More information can be obtain in [5].

A. Droop Controller

Conventional power systems decreases frequency as demand increases. Here, to emulate conventional power system behavior, droop controller is implemented to decrease frequency/voltage when active/reactive power increases.
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Where P and Q are the inverter active and reactive power outputs, ωn and Vn is nominal frequency and voltage value, and mp and nq are their droop slope [5]. ω* and V* are reference value for system frequency and voltage, respectively.
For simplicity, calculations are done on dq0 rotating coordinate. Park transformation is used to transfer three phase values to a constant value; therefore, it is far easier to work with these constant values [6]. Also, when load is balanced, the last component in dq0 coordinate is equal to zero.
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Power calculations in this coordinate is as follows;
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To reject instantaneous power fluctuations, a low pass filter with the cut-off frequency of ωc is apply to power derived from (3) and (4).

Figure 1.  General Structure of Microgrid
Figure 2.  Inverter Control Structure 
B. Voltage Contoller

Voltage and current controller are applied to improve power quality. Voltage controller is implemented in order that Vod and Voq track V​*od and V​*oq respectively as well as generating current reference for current controller. As shown in Fig. 3, two PI controller and feedback and feed forward terms are used.
C. Current Controller

Fig. 4 shows current controller structure. Inverter voltage reference is generated by this controller. Again, two PI controller and feedback and feed forward terms form this structure.

III. Particle Swarm Optimization
Particle Swarm Optimization (PSO) algorithm was presented by kennedy and Eberhart in 1995[18]. This algorithm is inspired by a group of fish/birds in finding food. PSO is an evolutionary iterative algorithm which search the space to find optimal value. Each particle movement incorporates three terms. First term is random movement, second is movement toward its best experience, and finally, movement toward the best global experience.

In this paper, this algorithm is chosen to find optimum value of fitness function since it is easy to implement. It doesn’t use complex function and its answer is very accurate. Also, previous experience on microgrids [19]-[20] and 
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Voltage controller

microgrid feature inspired the authors to apply this algorithm. More detail about the way PSO works are presented in [19] and we avoid presenting more detail due to the lack of space.

Briefly, PSO is implemented as follows to find optimum values:

1. Specify PSO parameters; number of particles, iteration and inertia constant ω and particle upper and lower limits.

2. Initialization; PSO initialized itself randomly.

3. PSO calls Simulink and provides it with PI coefficients and run it; system states are given to PSO to calculate the objective function
4. Iteration increases and particles move to new locations.
5. PSO calls Simulink and provides Simulink with new PI coefficients.
6. If this iteration result in a better answer, save the answer as the best answer
7. If iteration doesn’t reach its maximum value go to 4.
8. Exit and print the objective function as well as the best PI coefficients.
IV. Fitness Function

Fitness function of error summation for voltage, power, and frequency is proposed to specify PI controller coefficients so that minimize their errors. Generally, there are four error criteria, namely 1) Integral Time Absolute Error (ITAE) 2) Integral Absolute Error (IAE) 3) Integral Square Error (ISE), and 4) Integral Time Squared Error (ITSE).

In this work, based on previous studies [20]-[21], ITAE error criterion is chosen since it is more realistic error index [20].
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 Objective function is as follows:

Figure 4.  Current Controller
	OF=OFP+ OFQ+ OFVd+ OFVq+ OFf
	(8)


The objective function consists of 5 terms. First terms is belong to active power. Active power should be divided between generators equally. The difference results from unequally power sharing among inverters considered as an error and is computed by term OFP. OFQ is for reactive power and its policy is similar to active power. OFVd calculates difference between V*od and Vod. This term is necessary because current and voltage controller is implemented in order that Vod tracks V*od. This error should be minimized so it is considered in objective function. OFVq is the same but Vod should track zero, and finally the last term OFf calculates frequency error from 50Hz.

Another important point that should be taken into account is that any of these 5 terms has its different value. This means a proper weight factor should be defined to regulate all factors simultaneously. After several running and experimental experiences, weight factor of active/reactive power, voltage in d-axis, voltage in q-axis and frequency are specified to be 10-2, 10-3, 10, 1, and 80, respectively. Weight factor for active power and voltage for d-axis are chosen to be bigger than reactive power and voltage in q-axis since they seem to be more important.
V. results

A. Case study
The case study is a three bus microgrid including two loads, a network and three inverters, and is shown in Fig. 5. Microgrid parameters are given in table I. Inverters are equally rated and each 10 KVA. Nominal frequency and voltage (phase) is 50 Hz and 220 V RMS. mp and nq are chosen so that frequency and three phase voltage deviation to be at most 0.5 Hz and 20 V, respectively. In this study, first controller (Droop) is just implemented and secondary controller, which eliminate error caused by Droop controller, is not applied. Moreover, in design of inverter LC filter, capacitor and inductor is chosen to remove high frequency harmonics. Also, to decrease inductor voltage drop in inverter output, it is chosen smaller in comparison to capacitor.
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Figure 6.  Objective Function Value
B. PI controller

The main model is simulated in MATLAB/Simulink and PSO algorithm is coded into MATLAB/Mfile. Each time PSO suggest some coefficients and runs the model in Simulink and data and states are obtained by PSO and PSO evaluates proposed coefficients by fitness function. In this study, PSO population and iteration are chosen to be 10 and 20, respectively. This means PSO calls Simulink 200 times. 

 Two equal load of 3 kW and 2.25 kVar (Cosφ=0.8, total 6kW and 4.5 kVar) are connected to the system at bus1 and 3. PSO successfully found PI coefficient. Two proportional and two integral coefficients are needed for current and voltage controllers. Objective function value and coefficients values are depicted in Fig. 6 and 7, respectively. Fig. 6 shows that objective function is convergent. 

Bus frequencies are depicted in Fig. 8. Frequency in power system doesn’t vary from point to point, and all point has same frequency. Fig. 8 shows that frequency of three bus is fairly equal in transient response and exactly equal in steady state response. Also Fig.9 shows that Vod tracks V*od successfully. 
C. Gain Scheduling Tuning Approach

Load is changed to 6 Kw and 3kVar (each load 3kw and 1.5kVar) and the system is stable with previous PI controllers, but when it change to 3 kW and 6 kVar (it is considered as a 
Figure 7.  [image: image16.emf][image: image17.emf]Iteration Number

0 5 10 15 20

K

p

v

0.5

1

1.5

Iteration Number

0 5 10 15 20

K

i

v

0

50

100

Iteration Number

0 5 10 15 20

K

p

c

250

300

350

Iteration Number

0 5 10 15 20

K

i

c

1000

2000

3000

PI Coefficients

Figure 8.  [image: image18.emf]Buses Frequency
Figure 9.  Vod tracks V*od
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Figure 11.  Nonlinear part of Microgrid

inductive load) the system became unstable. Microgrid’s buses frequency is shown in Fig. 10, which displays system is going to be unstable. This simulation shows that previous PI controller not only cannot regulate system properly, but also makes the system unstable during sever load changes. The simplest method to cope with this challenge is to change PI coefficients in accordance to load changes. Each inverter has a nonlinear part in power calculation to feed back the system. This feedback is multiple of voltage and current and sinφ/cosφ. Since voltage variation is far less than variations of current and sinφ/cosφ, voltage is simply considered as a constant K value. Fig. 11 shows that current feedback is multiplied to sinφ/cosφ in order to calculate reactive/active power. The simplest idea that comes to mind is that to linearized system for resistive, inductive and capacitive loads, where sinφ/cosφ varies significantly. In this study, just three areas, i.e. resistive area, inductive area and capacitive area, are simply considered to be linearized. 
Again, for each area, PSO is applied to find optimum value of PI coefficients. These coefficient are presented in table II. Load are changed according to Fig. 13 and now with the help of Gain Scheduling technique, the system is stable. Fig. 12 shows frequency variations. Now the system is working well and the answer is fairly acceptable. Furthermore, for loads between these areas, a simple linear estimation can be done to find PI parameters. Moreover, for specifying which region system is working in, iod and ioq, which have been already measured to calculate power, can be used to determine the area, and then PI coefficients. For resistive loads, ioq is close to zero, for inductive loads, it is negative and for capacitive loads it is positive. Finally, currents in d, q and zero axis for first load are depicted in Fig. 14.
Figure 12.  Microgrid frequency deviations using Gain Scheduling Tuning method
Figure 13.  Power variations in 3 areas (Inductive, Resistive, and Capacitive, respectively)
Figure 14.  Currents of first load in d,q and zero axis (in aq0 coordinate)
VI. Conclusion

This paper presents a decentralized methodology to control microgrid systems. This method works base on local measurement and local feedback and consists of droop controller as well as voltage and current controller. Each Voltage and current controller has two PI and these PI should be specified properly so that system works healthy. To fulfill the goal, an objective function has been proposed to find the best PI coefficient and this objective function is verified through a simulation. The load has changed severely and it has been seen that a simple PI controller with constant coefficient cannot regulate system properly; therefore, gain scheduling tuning approach has been proposed to address this problem.
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