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The idea of reducing the transmission losses and encouraging the pollution 
free energy generation has increased the demand for microgrid systems 
throughout the world in the recent years. However, optimal utilization of 
sources along with overcoming the stability related issues in the MG system 
are to be taken care of. To address these issues, the state of art has 
presented various power management strategies and complex control 
techniques. In this regard, this paper aims to propose a novel delta based 
Controller    for power management in the MG system comprising solar, wind 
battery along with DC and AC loads. Further, the proposed controller is also 
responsible for monitoring power stability and regulates DC and AC bus 
voltages in the MG system. This paper also proposes a transformer based 
MLI (TBMLI) whose secondary produces HVs and LVs simultaneously. The 
analysis of the TBMLI has been presented. The proposed δ-Controller has 
been validated for source and load intermittencies in the MATLAB/Simulink 
environment. 
 

Keywords: Transformer based MLI (TBMLI), δ - Delta Controller, MPPT 

 

I. INTRODUCTION 

The demand for clean energy with the increased concern for pollution and decrease in 

fossil fuels has coerced human to switch to renewable sources for meeting the electrical 

energy demand. The world has witnessed a tremendous growth in the employability and 

technological advancements in the field of renewable sources especially in the last decade 

[1]. In a developing country like India, distributed generation (DG) serves a crucial role for 

electricity generation in isolated locations. The DGs in general are set up with a hybrid 

microgrid employing renewable sources especially solar and wind. The battery and diesel 

generator are employed as back up to ensure reliability of the system [2]. The general 

architecture of microgrid with Solar and wind as primary sources and battery as auxiliary 

source employed for Hybrid AC/DC microgrid is depicted in Fig.1. The major equipment 

involved includes the RES with respective converters for voltage regulation at the DC link, 

inverter for DC-AC conversion, filter followed by the loads connected to the PCC and then 

to the utility grid with a transformer. This structure is well established and is in common 

practice. However, the major limitations include high filter requirements and simple power 

management strategy. To address this issue of high filter requirements, conventional H-

bridge inverters are replaced by multilevel inverters. 

Unlike normal conventional inverters, multilevel inverters generate high quality output 

voltage waveform as well as a less distorted input current wave shape. The other features 

include less total harmonic distortion, large power conversion capability, low dv/dt stress 

on switches, lower switching losses, reduced EMI, lower switching losses and smaller 
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common mode voltage. They can also operate at both higher switching frequencies and 

fundamental switching frequency according to the applications [3].  

The major challenge in microgrid is power management among the sources [4]. The 

prime objective of the power management strategy is to regulate the voltage and frequency 

variations and optimal dispatching of power among the available RES in microgrid [5]. The 

control system and the power management strategy developed in [6] focus on the inverter 

side and has no control on the reactive power flow. A control method discussed in [7] for a 

PV-wind-battery system focus on optimizing size and cost of the battery and PV array. 

However, the dynamic power balancing has been ignored. Also, requires huge historical 

data of past 30 years for estimation of power generated by the wind turbine and the PV 

array. The scheme for hybrid PV-battery microgrid discussed in [8] presents a unified 

control and power management strategy. This strategy stably regulates the bus voltages and 

frequency, automatically balances the power flow in the system irrespective of the 

intermittencies on source and load end. An energy management strategy for microgrid in 

[9] employs neural network for optimal power flow among the sources in the microgrid. 

The novel droop control enabled with GPS discussed in [10] ensures autonomous operation 

of the sources. However, the accuracy of GPS may not be ensured. In [11], an adaptive 

dynamic power control strategy for PV array and charging/ discharging of super capacitor 

bank has been presented. However, external resistive dump loads are used to stabilize the 

dc-link when excess power is generated which results in power loss at times. A distributed 

power management strategy (DPMS) for a multi-paralleled bidirectional interlinking 

converters in a hybrid AC/DC microgrid with localized distributed controllers for 

communication exchange has been discussed in [12]. Due to localized controllers, the 

synchronization of the controllers becomes challenging and also requires more number of 

local controllers. This necessitates a simple controller for power management among the 

RES in microgrid. 

Further, the other major challenge in microgrid (MG) is the power quality issue. Power 

quality issue can be defined as “any critical issue observed in current, voltage or frequency 

that results in deterioration of consumers’ equipment” [13]. This issue is a critical concern 

especially due to the presence of power electronic converters associated with RES in 

microgrid [14], [15]. The effective integration of RES and energy storage units has been a 

recommended solution for improving the power quality [16], [17]. However, the inverters 

employed in different applications induce non linearity in the system resulting in distorted 

waveform of the supply voltage which further leads to load failure. Hence, a proper design 

of inverter and power imbalances needs to be taken care of. To address this issue, a 

transformer based MLI (TBMLI) has been presented in [18]. Since the topology employs 

common core transformer, very high short circuit current flows from the source during 

short circuit of any of the winding. 

To summarize, the conventional hybrid DC/AC microgrid suffers from one or the other 

limitations: high filter requirement, adopting more controllers for efficient power 

management and/or employing inverters resulting in power quality issues. In this regard, a 

transformer based MLI has been proposed in this paper to address the power quality issues. 

Further, to reduce the number of controllers, a delta (δ ) based controller is proposed for 

power management in the MG. Moreover, the delta based controller also improves the 

voltage stability of the system. The other major contributions include: 

• Development of multi winding transformer based MLI 

• Providing low voltage and high voltage AC bus simultaneously.  

• Development of δ -based controller for power management among the sources 

used in microgrid 

• Improving the voltage stability using the same δ -based Controller technique 
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• Maintaining state of health of the battery using the same δ  method 

 
Fig.1. General Architecture of microgrid 

II. PROPOSED MICROGRID 

The proposed hybrid microgrid system depicted in fig.2 consist PV, wind, battery as 

energy sources and DC and AC loads and AC grid integrated to the DC bus along with the 

respective converters. The PV array of is interfaced with the DC bus by a boost converter 

which always make the array to operate at MPPT. The wind energy source is interfaced 

with DC bus by a rectifier. A bidirectional converter with effective charge discharge 

algorithm is employed to interface the battery bank. On the other hand, a new transformer 

based multi-level inverter is employed to convert DC to low voltage and High voltage AC 

and connect them to LV and HV AC buses respectively. The HV bus is connected to utility 

grid where as LV bus feeds the local AC loads. The DC loads are connected from the DC 

bus through the respective DC-DC converters. In conventional microgrid systems high 

gain DC-DC converters are used to feed the local DC loads so as to meet the AC bus 

requirements with conventional MLI i.e. DC bus needs to maintain high voltage. In the 

proposed MG system, due to usage of TBMLI which can generate both HV and LV AC 

with low DC, the DC bus voltage can be maintained at lower value when compared to 

conventional MG systems. This aids in using low gain DC-DC converters for feeding DC 

loads, which results in reducing the component count of DC-DC converters there by 

reducing the size, cost and weight of the system which increases efficiency and reliability 

of overall system.  

 
Fig.2. Proposed hybrid microgrid system 

1) PROPOSED MLI 

The proposed TBMLI for single phase is shown in fig.3. The proposed TBMLI 

generates 9 level phase voltages (both HV and LV) using only 8 switches. The TBMLI do 

not require diodes or capacitors for level generation, which reduces the complex 
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modulation strategies used to handle capacitor balancing issues. Since the MLI uses 

transformer no special isolation is required.  

 
Fig.3. Proposed TBMLI 

The proposed TBMLI generate 9 level phase voltage both at HV and LV ends. 

Two three winding transformers used in TBMLI has a primary and two secondary windings 

one for each LV and HV voltage levels. In the proposed topology number of voltage levels 

generated is highly depends on turns ratios of transformer. The turns ratio of transformer-

1and 2 are 1: 3n and 1:n respectively to generate maximum voltage levels. In the proposed 

topology primary winding of transformers are excited from common DC source and 

secondary winding of transformers are connected in series. The equivalent circuit of three 

winding transformer is shown in fig.4 [19], [20]. Where
1 1 2 2 3 3

, &Z Z Zθ θ θ  are the 

equivalent impedances of the three winding respectively given by (1)-(3) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Equivalent circuit
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The switching stagey developed for the proposed TBLMI is illustrated in Table.I  

 

Due to the ease of implementation, the well established multi-carrier PWM technique with 

8 carrier signals as shown in fig.5. has been implemented[21],[22]. 

 

 

 

 

Table.1. Switching stagey for TBMLI 

S.No Level Operating states of the switches 

SH1 SH2 SH3 SH4 SL1 SL2 SL3 SL4 

1 V 1 1 0 0 1 1 0 0 

2 3/4V 1 1 0 0 1 0 1 0 

3 1/2V 1 1 0 0 0 0 1 1 

4 1/4V 1 0 1 0 1 1 0 0 

5 0 1 0 1 0 1 0 1 0 

6 -1/4V 0 1 0 1 0 0 1 1 

7 -1/2V 0 0 1 1 1 1 0 0 

8 -3/4V 0 0 1 1 0 1 0 1 

9 -V 0 0 1 1 0 0 1 1 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Multi-carrier PWM technique 

2) Advantages of proposed TBMLI: 

Besides generation of two different voltage levels, the other salient features of the proposed 

TBMLI include. 

a) Reduced component count and associated issues  

i. It eliminates the clamping diodes, capacitors and isolated sources that are 

employed in conventional MLI topologies this result in eliminating the issues 

related to voltage balancing in capacitors. 

ii. As mentioned earlier the DC bus voltage is low compared to using of conventional 

MLI in the system resulting in employing low rated switches. 

b) Scalability 

i. This can be easily scalable to any voltage level (HV and LV)  

ii. Further the levels can be increased from 9 to 21 by adding a coil and 4 switches  

c) Low cost voltage booster  

i. Due to reduced component count and low rated switches, the cost of the proposed 

TBMLI remains low compared to conventional MLI topologies 
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ii. The proposed topologies produces high voltage levels with low DC input voltage. 

Hence this can be used as a voltage booster. 

III. PROPOSED δ - CONTROLLER 

In any micro-grid optimal utilization of sources is of paramount importance and so is 

the power balancing. In this regard, an effective controller which serves the dual purpose is 

essential. This paper proposes a δ  controller which serves the following objectives:  

a) Effective Power balancing of the MG. 

b) Maintain the state of health of battery. 

c) Regulates DC and AC bus voltages. 

d) Maintain stability of MG under different operating scenarios.  

The block of the proposed δ controller is shown in fig.6. The proposed δ  controller 

achieves the above mentioned objectives by changing the reference sine wave. The novelty 

of the controller lies in varying the reference sine wave both in magnitude and phase. It is 

well known fact that, the magnitude change varies the width of the inverter switching 

pulses there by regulating the AC bus voltages. The change in δ results in phase shift of the 

reference sine wave there by regulating the power flows in the system. Power balance 

eluviations of MG are given by (5)-(7).    
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Where 
1 1 2 2 3 3

, &Z Z Zθ θ θ  are leakage impedances of thee windings respectively 

Where ' '

1 1 2 2 3 3
, &V V Vδ δ δ are phase voltages of three windings respectively 

 

Fig.6. Proposed δ -Controller 

 

The value of δ depends on the health of the battery, power generation and load demand. If 

the generation is exceeds the load demand the gets updated so as to charge the battery and 

pump reaming power to the grid. The charging of battery is given highest priority. If in case 

demand is more than generation, the δ modified in such way that power is pumped from 

the grid to meet the load demand but not to charge the battery. The detailed flow charts for 

different cases are illustrated in fig.7(a, b & c). Modulated reference signal generated to 

regulate or stabilize the MG are given by (10)-(12).  

( )sin( )
Rref ref refV V V wt δ= ± ∆ ±                (10) 
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( )sin( 120)
Yref ref refV V V wt δ= ± ∆ ± −     (11) 

( )sin( 120)
Bref ref refV V V wt δ= ± ∆ ± +     (12) 

 
       (a)      (b) 

 

 
     (c) 

Fig.7. Power flows Algorithms for the MG system a) SOC < 20, b) SOC > 90, c) 20 < SOC 

< 90 

 

IV. RESULTS AND ANALYSIS  

In this paper a 25kW PV system, 25kW wind power capacity and C10, 1020Ah 

storage is considered to analyze the performance of δ controller for building based hybrid 

MG. The proposed microgrid consist of three buses DC bus (bus voltage VDC=150V), LV 

AC bus (bus voltage VLVAC=415V) and HV AC bus (bus voltage VHVAC=11kV). These bus 

voltages are maintained constant irrespective of system parameter byδ -Controller and 

battery controller. In order verify proposed δ -Controller different case studies are carried 

out in simulation MATLAB/Simulink environment. Three case studies are performed to 

analyze dynamic behavior of the MG with small and gradual variation of demand and 

generation. To know the transient behavior of the proposed δ -Controller, three different 

fault case studies are performed on the MG.   

1) Dynamic stability analysis of proposed system 

Case-I (20<SOC<100): In this case battery is fully available for power balancing in the 

MG irrespective of generation and demand variation. Depending on the amount of 

generation and load the power angle δ  is continuously updated to balance the power in the 

MG. The power flow in the MG is as shown in Fig.8. At t=4sec, total power generation 

(Pg) is 26kW (Pwind=15kW and Ppv=11kW) and total load demand (i.e. Pd=Pac+Pdc) at the 

same instant is 10kW. The difference of power is 16kW, charge the battery with maximum 

power of 15kW and remaining 1kW is delivered to grid. To verify the viability of the δ -

Controller, the power has been increased from 10kW to 20kW at t=15 sec. At the same 

instant, the wind velocity is decreased thereby decreasing the generation of wind. The total 

generation is set in such a way that it equals to the demand. So at this instant no power is 

delivered or absorbed by battery and grid. Further at t= 16 sec, the generated power is 
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further reduced to 11kW and demand to 15kW. The δ -Controller varies the value of delta 

so as to meet the demand through battery and grid remains ideal. 

 

 

 

 

 

 

 

 

 

 

Fig.8. Power flows in MG for 20<SOC<90 

 

Case-II (SOC > 90): As the battery is charged, the SOC will keep increasing. When the 

battery SOC is greater than 90%, the δ -Controller will stop charging the battery and send 

the surplus power to the grid. Whenever the demand increases, the energy stored in the 

battery will be released to compensate the demand by the δ -Controller. Power flow in the 

MG with battery SOC > 90 % is illustrated in fig.9.  At t = 6sec, a DC load of Pdc=5kW is 

added to the DC bus (total DC load=10kW). The battery quickly responds to change in 

demand and latter on power delivered to the grid is smoothly decreased from 18kW to 

13kW and battery power delivered is returned to study state by the δ -Controller. At t= 

16sec, a AC load of Pac=5kW is switched off and the excess power due to loss of demand 

is quickly absorbed by the battery and then the δ  gets updated to hand over power 

absorbed by the battery to grid.      

 

 

 

 

 

 

 

 

 

 

Fig.9. Power flows in MG for SOC > 90 

 

Case-III (SOC < 20): In this case, the battery SOC is considered to be less than 20% which 

is the lower limit and hence the δ -controller stops releasing the power from battery for its 

protection. The PV array, wind and battery supplies power is supplying power to the DC 

and AC loads. At t= 2 sec, the battery SOC comes to the lower limit and power delivered 

by the battery slowly becomes zero. As power delivered by the battery comes to zero, in 

order to maintain power balance in the MG power delivered by the grid (Pgrid) 

correspondingly increases. Total power generation (Pg=Pwind+Ppv) is greater than total 

demand (Pd=Pac+Pdc) for time t=3.7 sec to 7.9 sec. This excess power charge the battery as 

shown in fig.10. Pg is less than Pd for t > 8sec, δ -controller diverts the excess power to 

charge the battery. At t= 8 sec, Pg<Pd and stored energy in the battery will fill the gap 

between demand and generation (i.e. Pbattery=8kW, Pg=7kW and Pd=15kW).         
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Fig.10. Power flows in MG for 20>SOC 

 

2) Transient stability analysis of proposed system 

Case-1(DC bus fault):  At t= 10sec, 2cycles DC bus fault is considered with high fault 

current as shown in Fig.11(a) and fault resistance of 0.1 ohm. In the MG battery is having 

low inertia, so it is more sensitive to parameter variation. In the Fig.11 (b) an under damped 

power oscillations are produced in battery power and grid power. Battery power exhibit 

more power oscillation than other sources and it takes 0.3 sec to stabilize. The δ -controller 

acts immediately after the fault and stabilize the DC bus voltage within a less time as 

depicted in Fig.11(c).  

a     b 
 

 

 

 

 

 

 

 

 

 

 

                                                                 c  

Fig.11. a) DC Fault current, b) Power oscillations in MG, c) DC bus voltage  

 

Case-2(Fault on AC load bus): A 2 cycles three phase short circuit fault occurred on LV 

AC bus at time t= 10 sec with fault resistance of 0.1 ohms. As soon as the fault occurs, the 

δ -Controller varies the value of δ  so as to stabilize the system. The LV bus power 

stabilizes within 0.07 sec. However, due to low time constant of the battery, it takes 0.25 

sec to stabilize. The power flow dynamics of MG is shown in Fig.12(a). The LV bus 
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voltage current profile is depicted in Fig.12(b). It can be observed that, due three phase 

short circuit fault on LV bus, bus voltage is interrupted for 2 cycles and it is settle down 

within 0.06 sec. The DC bus voltage undergoes an under damped oscillations due to the 

fault on LV AC bus. The δ -Controller supports to battery controller and stabilizes the DC 

bus voltage with in the 0.4 sec as shown in Fig.12(c).   

 

                        

                     (a)                    (b)    

 

 

 

 

 

 

 

 

 

 

 

                                                               (c) 

Fig.12. a) Power flows in the MG, b) 400V AC bus voltage and fault current, c) DC bus 

voltage  

 

Case-3 (Battery converter fault): The battery converter open circuit fault on a switch, 

while the battery is charging with maximum capacity (i.e. Pbattery=15kW) is considered. The 

main objective of battery charge controller is maintain DC bus voltage constant irrespective 

of generation and demand variations and the voltage profile of DC bus. To check the 

viability of proposed controller under this condition, the switch is open circuited at t=5sec 

when the battery is charging at maximum capacity as mentioned earlier. Generally, this 

scenario results in high voltage rise in DC bus voltage due to MPPT controllers. However, 

the proposed controller limits this rise to 12% as depicted in fig.13(a). Power angle 

variation and power flows with loss of battery load and with variation of generation and 

demand are shown in fig.13(b). and fig.13(c). respectively. Just before the fault, total power 

generation=26kW, total demand=10kW, battery charging power=15kW and power 

delivered to grid=1kW. After fault battery power demand is lost and it makes power 

imbalance in the MG. Delta controller updates the power angle delta ( i.e. 2.5o to 15o) to 

bring back the power balance in the MG.     
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Fig.13. a) DC bus voltage, b) Power angle delta profile, c) Power flows in the MG 

 

3) Proposed MLI  

The proposed transformer based MLI excited from 150V DC bus generates 9 levels (17 

levels in line to line) in LV and HV phases. Simulation results of Phase voltage and line 

voltage of proposed TBMLI are depicted in fig.14 (a). As observed from Fig. 14 (b) and 14 

(c) the THD of the voltage with and without filters are 6.44% and 1.2% respectively.   

 

 

 

 

 

                   (a)                (b) 
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                                                       (c)    

Fig.14. : (a) Phase voltage and line voltage of TBMLI, ( b) THD of 400 AC Voltage 

without filter  (c) THD of 11kV AC voltage with filter. 

 

V. CONCLUSIONS 

In this paper a building based MG structure with solar and wind as main sources and 

battery as auxiliary source has been proposed. A conventional inverter/MLI has been 

replaced by TLBMLI to reduce the component count and issues related to voltage balancing 

and stress in MLI’s. The proposed unified delta controller was observed to satisfy the 

following objectives. 

i. Efficient power management in MG system. 

ii. Effective battery management to maintain state of charge of the battery. 

iii. Improved MG system stability. 

iv. Regulated voltage across DC and AC buses with and without battery 

Further, exhaustive investigations carried out validated the effectiveness of the 

proposed MG system and delta controller for a 50 kW (25 kW solar, 25 kW wind and 1020 

Ah battery) MG system under various operating scenarios considering both source and load 

intermittencies.  
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