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Abstract 

Title:  An Efficient Low Voltage DC Microgrid with Power Array Conversion for 

Commercial Buildings 

Author: Zhiqing Wu 

Advisor: Troy Nguyen, Ph.D. 

PV solar energy is becoming increasingly more prevalent in electricity generation 

for residential and commercial buildings. Since PV solar directly supplies DC power, 

a DC microgrid is an ideal platform for PV energy resource in building applications. 

Existing DC power converters typically have low power conversion efficiency at 

light and heavy load conditions. Much research has been done on efficiency 

improvement of DC converters, but material, technology, and manufacturing 

processes all impose limitations on efficiency gain. This paper addresses the 

efficiency improvement of a DC microgrid with a power array conversion (PAC) for 

a commercial building application. The PAC configuration utilizes an array with 

three equal and parallel converters instead of a single larger converter to cover a wide 
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range of load conditions. As power conversion is a large part of power loss in DC 

microgrids, especially for step-up conversion, the proposed PAC is developed to 

improve the conversion efficiency. Analysis results show that the proposed DC 

microgrid can improve the conversion efficiency up to 16.5% over the existing 

centralized single converter configuration. The proposed DC microgrid with PAC 

also generates 6.95% more power than the centralized single converter method. A 

review of the converter hardware costs indicates that the PAC approach offers 

savings on the initial purchase of a converter. Furthermore, an array with three 

converters can improve the system reliability since it offers a level of redundancy 

where one or two converters can continue to operate, albeit at a lower power output, 

when other converters in the array are out of service.  
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1. Introduction 

1.1 Background 

Thomas Edison’s first power plant was built in 1882, its name was the Manhattan 

Pearl Street Station, which was definitely a prototype of the microgrid since no 

centralized utility grid was yet built. Fifty eight (58) DC (Direct Current) microgrids 

were installed by Edison’s firm by 1886. 

At that time, there was a conflict between AC (Alternating Current) and DC 

electricity, where Thomas Edison and GE were on one side, pushing for the power 

transmission and distribution system to be based on DC, and Nikola Tesla and 

Westinghouse putting all their effort into promoting AC. AC is easier to boost to a 

higher voltage for long distance transmission. Due to the technology and cost at that 

time, it is hard to boost the DC voltage for long distance. However AC is easy to 

boost its voltage with coils, and the coils are cheap to manufactory. AC has been the 

power platform for transmission and standard all over the world since that time.  
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AC has been perfectly adequate for the conditions of our daily life during the 20th 

century, and it is still dominant and will be for a long time. However, the limitations 

of AC has been seen for the needs of the 21st century. AC is much easier (and 

therefore cheaper) to step up and down in voltage than DC, and can typically be done 

more efficiently (at this point) than the much more expensive and complex DC step-

up/step-down systems.  That is why AC is used for the main power transmission at a 

national level. Now, the story is that although Edison lost the battle, his direct current 

is making a comeback. AC has one downside compared with DC: inductive and 

capacitive losses. The larger the inductance and capacitance of a piece of wire is, the 

more difficult it is to keep trying to change the direction of the flow of electrons, 

which AC is doing 50 or 60 times a second.  DC, on the other hand, has the current 

flowing in one direction all the time, and so it is not impeded by this inductance, and 

has negligible capacitive losses. Today, there isn’t a question of AC vs. DC, but of 

AC and DC. The revolution of renewable energy brings more and more opportunity 

for direct current technology. DC is becoming the key technology, which allows 

power to be delivered over a very long distance, and DC power is the only type of 

power, which generates from a solar cell.    
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1.2 Introduction to LVDC (Low Voltage Direct Current) 

Microgrid for Commercial Buildings 

The International Electrotechnical Commission defines the low voltage supply 

system as having voltages in the range of 50–1000 VAC or 120–1500 VDC. For a 

DC microgrid, this is ideal for the building power transmission and usage, because 

120-1500 VDC covers different consumption levels of loads.  For example, 120VDC 

Electrical stove, 380VDC Electrical Vehicle, 400VDC Data center and 1500VDC 

Commercial HVAC system.  

Presently, LVDC electrical power systems are used widely in different applications, 

such as computer, telecommunication, automotive, marine and aerospace systems [1]. 

LVDC systems increase the efficiency of the energy distribution systems by 

decreasing the loss of conversion units[2]. For an AC microgrid, it needs double 

conversion of AC/DC and DC/AC for DC loads; however, a DC microgrid only 

needs to convert the voltage in order to match the load requirement. 

Potential advantages of DC microgrid over AC microgrid include: 

a. Power transmission loss is saved by bypassing the inductive and capacitive 

losses.  

https://en.wikipedia.org/wiki/International_Electrotechnical_Commission
https://en.wikipedia.org/wiki/Alternating_current
https://en.wikipedia.org/wiki/Direct_current
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b. Fluctuation of generated power of distributed generators and load power can be 

compensated in the DC line by using energy storage devices.  

c. Loads are not affected by voltage sag, voltage swell, three-phase voltage 

unbalance, and voltage harmonics.  

d. Power quality is not affected by load inrush current and single phase loads.  

e. Higher efficiency than that of an AC microgrid is expected. 

 Buildings are an ideal platform for an LVDC microgrid, because buildings consume 

about 41% of total energy for commercial in the US: 

a. A building is a good candidate for energy efficiency improvement. Buildings 

use a lot of DC loads such as computers, TVs etc., and the high consumption 

loads, such as the compressors in HVAC (heating, ventilation, and air 

conditioning), have been built to use DC power. 

b. Local power generation is becoming more and more popular using renewable 

energy sources. Solar PV (photovoltaic) is one of the most popular power source 

to support the DC grid due to its easy installation on the roof and decreasing 

capital cost.  
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c. DC power distribution/control/management plays a big role in energy efficiency 

for buildings. DC power distribution/control/management relies on a set of 

sensors and new monitoring technologies collecting the data and control the 

distribution of power flow. 

1.3 Research Objective 

DC microgrid is a kind of new developing power generating/delivery mode for 

buildings. The objectives of this research are as follows 

a. Improve the energy conversion efficiency of existing AC power distribution 

systems. Some research has been done on LVDC, as in the current research[2]. 

The study pointed out the improvements provided by using low voltage DC 

systems, which takes place of the current AC power systems.  

b. The efficiency of the LVDC systems is very important to the whole power 

system, several power conversion technologies, such as the centralized 

conversion system and Input-Series-Output-Parallel Connected conversion 

system, were discussed in the paper[2], but a more in-depth analysis should be 

added to the list of possible topology/configuration which can achieve the 

optimization of the power efficiency. This paper will  provide a solution as to 

how to optimize the efficiency for the LVDC system in commercial buildings. 
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DC-based power units (sources, loads, storage) through a DC power system, 

avoid a waste of energy for unnecessary DC-AC and AC-DC double conversions. 

c. This paper will address the needs for future DC loads such as electric vehicles 

and storage batteries. LVDC is easy to pair with DC loads, and DC loads 

represent 50% of the whole commercial building consumption. The massive 

power units can be converted into in DC power as well, such as HVAC systems. 

The DC compressor is becoming increasingly more and more affordable and 

reliable than the AC unit.  

In the future, the integration of EVs (electrical vehicles) into the power system will 

be a potential DC load for the building. On the other hand, the EV is also a perfect 

power storage system, when the building suffers a shortage of power. The increasing 

usage of EVs can be a potential energy storage system for the DC microgrid. 

1.4 Research Questions. 

In current approach, DC microgrid can improve the energy conversion efficiency to 

85% - 92%[3], while an AC system is generally 70%-75%[4] efficient. For a DC 

microgrid, the 8%-15% loss is from the power conversion and power distribution, 

but 80% of the loss is from power conversion.  
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Today‘s best DC-DC converters that transform from high voltage level to low 

voltage have power conversion efficiency in the range of 87%-95%(not including 

distribution loss)[5]. 

However, if the efficiency of energy depends on better DC-DC converters, it will be 

challenging, because the limitation is due to the material of the converters, which 

becomes increasingly difficult. This research uses the array control strategy to 

overcome this limitation.   

1.5 Research Design 

The test platform for the proposed DC microgrid is based on a 2200 square feet 

commercial office, which consumes electricity in a range of 8kWh- 18kWh/Per day. 

A diagram of the office layout is shown in Figure 1. The platform is used to simulate 

the proposed DC microgrid, and provides a medium for testing the DC microgrid’ 

performance. 
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Figure 1. Test Platform of 2200 Square Feet Office[6] 

The test platform is powered by seven 880W solar panels[6], which generate 6180W 

of maximum power from solar. The proposed DC microgrid works on this platform 

and connects to the utility grid. The energy storage system (ESS) offers 17.6kWh for 

energy back up. The primary load is a 3.5-ton HVAC system with maximum power 

consumption of 4.5 kW. Electrical Vehicles are additional DC loads in the building.  

The platform can be a load or a battery storage system for the microgrid. In this 

platform, a Tesla P90 is used. It has a 90kWh battery, and it has more than five times 

the capacity of the local energy storage. The power consumption of the main loads 



9 

 

will be addressed in Table 1. The consumption of the loads of the simulation is based 

on these loads listed in Table1. 

Table 1. Loads of the Test Platform 

Commercial Office Building Electrical Load List (2200 Sq.ft) 

No

. 

Location Item 

Qty

. 

Maximum Rated 

Power 

1 

Supervisor 

Workstation 

(100 Sq.ft) 

Computer 1 80W 

2 

Supervisor 

Workstation 

(100 Sq.ft) 

Media Center 1 65W 

3 

Supervisor 

Workstation 

(100 Sq.ft) 

Lighting 1 35W 

4 

Supervisor 

Workstation 

(100 Sq.ft) 

Coffee Machine 1 1200W 
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5 

Supervisor 

Workstation 

(100 Sq.ft) 

Cooler 1 200W 

6 

Supervisor 

Workstation 

(100 Sq.ft) 

Display 1 30W 

7 

Small Office 

(120 Sq.ft) 

Computer 4 320W 

8 

Small Office 

(120 Sq.ft) 

Lighting 4 180W 

9 Work Cell（25 Sq.ft) Computer 8 640W 

10 Work Cell（25 Sq.ft) Lighting 1 160W 

11 Work Cell（25 Sq.ft) Media Center 1 65W 

12 Work Cell（25 Sq.ft) Coffee Machine 1 1200W 

13 Work Cell（25 Sq.ft) Fridge 1 1600W 

14 Work Cell（25 Sq.ft) 
Microwave 

Oven 

1 1500W 

15 Front Desk Computer 1 80W 

16 Front Desk Lighting 1 25W 
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17 Walking Tunnel Display 4 120W 

18 Walking Tunnel Lighting 1 200W 

19 Restroom(40 Sq.ft) Dryer 2 2000W 

20 Restroom(40 Sq.ft) Lighting 2 70W 

21 

Director's Office 

(225 Sq.ft) 

Computer 1 80W 

 

1.6 Research Statement 

In a DC microgrid, the power conversion loss takes 75%-85% of the total system 

loss. Some current research is working on conversion loss improvement, and most 

researchers focus on the efficiency improvement of DC-DC converters[5]. Many 

improvements of DC-DC converters are from the converter material and inner 

structure optimization. 

However, the DC-DC converter has its limitation, which is the manufacturing 

process of the material. For the best DC-DC step-down power converter, its 

efficiency is 87%-95%; for the step-up converter, the efficiency is lower than that of 

the step-down converter. 
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Moreover, the proposed approach is to develop a DC microgrid with an optimal array 

control strategy to decrease the conversion loss due to the operating dynamic and 

material limitation of DC power converters. 
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2. Literature Review 

A considerable number of relevant research and publications is available on the topic 

of an efficient DC microgrid for commercial buildings. The publications provide the 

current approach on DC microgrid application and efficiency improvement. This 

chapter provides a comprehensive survey of findings and known results, which are 

relevant to the topic proposed in this research. This literature survey has been 

developed by addressing different factors and applications which can have an effect 

on efficient DC microgrids for commercial buildings. In addition to reviewing the 

relevant research, an attempt is made to provide some insight into previously 

published results. 

The DC microgrid is a new area in the power system industry.  Many approaches 

have been developed in recent years, such as communication standard, power 

conversion technologies, as well as the high voltage direct current transmission 

(HVDC[7]). The efficiency of the DC microgrid system has been improved by using 

more efficient converters.  

However, while it can be seen that the loss of converter efficiency can be decreased, 

the loss cannot be avoided. The best converter can provide 98.3% efficiency. 
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However, it still shows a massive efficiency drop in light load condition (under 35% 

of maximum load) and high load condition.  

The improvement of the efficiency for the converter is more and more difficult due 

to the limitation of manufactory structure design loss and material loss issues. Better 

efficiency also relies on better communication standards, which gives a useful 

method for better control offering the optimal control interface by IEC 61850 for the 

data exchange, IEC 61850 being one of the primary communication standards used 

in the power industry. 

2.1 DC Microgrid Characteristics 

2.1.1 Safety and protection  

The safety and protection of DC microgrid is provided by the high/low level of 

voltage: 

Low voltage: The voltage of low power DC devices and lighting are set at 24 V 

according to the Emerge Alliance standard[8], and each circuit, which operates 24V 

DC devices and qualifies as Class 2, is limited to 100 VA. A class 2 DC microgrid 

operating on 24V is considered entirely safe from fire sparks or electrical shocks. A 

higher voltage, 48V, has been used for many years as the low voltage DC voltage 
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systems, such as for a telecom system, an airline navigation system, or a home 

security system. There are no unresolved issues regarding safety and protection for 

both power transmission and power distribution at this level of voltage. 

High voltage: 380 V is a common voltage for high power DC systems[9, 10]. At this 

level of voltage, the power system has less transmission loss and more ability to 

support larger loads. Most of the applications on this voltage are electrical vehicles 

and data centers[8]. More and more companies supply DC power distribution 

hardware including a switching system, circuit breakers, and a conversion system, 

which have rated currents range from 15A to 2500A. There is not a significant 

advantage for high voltage level of DC power system’s safety and protection, which 

compares to the AC microgrid system’s high voltage level safety and protection.  

2.1.2 Reliability 

For a DC microgrid, DC distributed generators are usually small capacity generators, 

which are easy to set close to the loads. Moreover, it decreases the need for long 

distance power transmission. DC current has no magnetic field during transmission 

and power distribution as compared to AC current in a transmission line, which 

cooperates with the ground and constitutes a loop, thus causing a magnetic field[11]. 

This magnetic field causes the AC power transmission loss as well as the damage or 

noise for power equipment, such as data center. In a research by Lawrence Berkeley 
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National Laboratory, University of California in 2008[9], compared to the AC 

powered data center, the author mentioned several orders of magnitude increases in 

reliability of data center based on DC power.  

The other reason for the better reliability on DC microgrids is that DC microgrids 

require fewer components than AC microgrids. For example[12], for the solar PV AC 

microgrids, power from the solar PV system is DC, and it needs a process of DC-AC 

rectification to transfer the power from DC to AC scale. DC loads become more and 

more common, such as in computer, television, and energy storage system. These 

DC loads need DC power to operate; the double conversion is widespread in AC 

solar power systems, and power in AC microgrids need to be transferred to DC again 

in order to meet the requirements of DC loads.  

These double processes between AC-DC and DC-AC are inevitable in an AC 

microgrid system. However, in a DC microgrid system, DC-DC conversion is used 

instead of double processes, which decreases the risk of failure from the power 

components.  

2.1.3 Integration  

Most home electronics use DC as their preferred power source[13], so AC/DC 

integration is a difficult problem for the DC microgrid system. Power integration 
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includes DC microgrid with the other power units or utility grid such as the second 

DC/AC microgrid, AC utility grids, and local power units. Power integration needs 

a lot of steps for power conversion and inversion, and these steps will cause a lot of 

loss.   

DC loads have to use an inefficient and inexpensive rectifier to deliver the DC 

power[14]. An AC-DC hybrid distribution system is researched by using integration 

technology[3].  Below are two control models, which are used in power integration 

with an AC utility to achieve a significant saving of power loss. 

User Control mode is the control algorithm following the user’s wishes to choose 

how to integrate different power sources and manage the best solution under the 

user’s wishes. As the Figure 2 below illustrates, 𝑃𝑔 represents Power generated from 

solar PV, 𝐿𝑑𝑐 is Household DC load demand, 𝐿𝑎𝑐 Household AC load demand, 𝑑𝑎𝑐 

Household demand power for DC, 𝑑𝑑𝑐  Household demand power for AC, 𝐷𝑎𝑐  = 

∑𝑑𝑎𝑐 Total demand power for AC, 𝐷𝑑𝑐 = ∑𝑑𝑑𝑐 Total demand power for DC, 𝑃𝑚𝑖𝑛 

Minimum power limit for the network, 𝑃𝑚𝑎𝑥 Maximum power limit for the network, 

𝑃𝑎𝑐 Power provided to the network at that time, 𝑃𝑑𝑐 Power provided to the batteries 

from the AC network, η Efficiency of converters, and SOC State of charge of battery. 
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Figure 2. Control Algorithm for User Control
[14]

 

In this control mode, the diagram compares the power from the PV system with the 

combined load or DC load in the whole system. If the power is enough for the 

combined load, and the SOC of battery is above 95%, the system will feed back 

power to the grid. If the power is just enough for the DC loads, the system powers 
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the DC loads, and the AC loads are fed by the AC grid power. As long as the SOC 

of the storage is less than 40%, the power system will be powered by the AC grid.  

The Network control mode, is similar to the user control mode, but the algorithm 

of integration of DC sources, AC utility, energy storage system and load balance are 

totally controlled by the network setting; the network control chooses the best power 

integration solution according to the real-time data, as Figure 3 below. 

 

Figure 3. Control Algorithm for Network Operator
[14]
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From Figure 3, it can be seen that the network control gives the better balance on the 

power distribution for the DC and AC power generation and consumption as well as 

the SOC management.  

2.2 DC Microgrid Design Methodology:  

There are several benefits from the improvement of efficiency of a power system, 

including: 

a. The lower capital cost for the same power consumption by using smaller size 

generator transmission line and energy storage system. 

b. A decrease in the emissions from the power generation. 

c. A moderating energy prices 

d. The improvement of energy security 

A DC microgrid is still a new element of the power system. DC power offers better 

efficiency than an AC system, and many commercial data centers have considered 

switching to DC power system which can be up to 20% more efficient than using AC 

power[9].  
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2.2.1 DC-DC Converters 

The DC-DC converter is the critical element of a DC microgrid system. However, 

DC power should step down or up to match the voltage for the grid, so power from 

loads and power sources must go through the DC-DC converter. The efficiency of a 

DC-DC converter accounts for 90% of the total efficiency of a DC microgrid.  

In the case of small power electronics[5], the efficiency of a DC-DC converter must 

be greater than 80% at high current load and greater than 40% at low current load 

and the vast difference of efficiency for DC-DC converter can be seen when the load 

change occurs. Moreover, the paper made the comparison on a DC-DC converter 

between low current load and high current load.  

The current approach for DC-DC converters[15] gives an idea of the elements of loss 

in the DC-DC converter. The total power loss can be described as below: 

𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛(𝐼𝑙) + 𝑓𝑠𝑤𝑖𝑡𝑐ℎ𝑊𝑠𝑤𝑖𝑡𝑐ℎ + 𝑃𝑓𝑖𝑒𝑥𝑑    (2.1) 

𝑃𝑙𝑜𝑠𝑠 is total power loss of the converter. 

𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the converter conduction loss.  

𝐼𝑙 is the load current. 

𝑓𝑠𝑤𝑖𝑡𝑐ℎ is the switching frequency of the converter. 

𝑊𝑠𝑤𝑖𝑡𝑐ℎ is the energy lost during the transistor switch on/off. 

𝑃𝑓𝑖𝑥𝑒𝑑 is the fixed loss of  the converter. 

 



22 

 

A conventional fixed-frequency model and a switching frequency model are 

described for DC-DC converters[5]. Figure 4(a) shows a fixed-frequency converter, 

in which the loss of switching 𝑃𝑠𝑤 is fixed. 

 

(a) The Conventional Fixed-frequency Model; (b) The Switching Frequency Model 

Figure 4 Converter Power Losses with Load 

The approach shows that efficiency is improved by reducing the switching frequency 

as the load decreases as shown in Figure 4(b). With this approach, the fixed losses 

are reduced by up to two orders of magnitude[16, 17]. 

Also, in current approach of the DC converter[18], the paper shows that conversion 

loss saving is up to 10% by using the DC power distribution system when compared 
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to the current approach where an inverter is used in AC microgrid. Moreover, the 

paper provides a comparison between a Silicon Carbide (SiC) converter and a 

Gallium Nitride (GaN) converter.  

A GaN converter has superior electrical conductivity and breakdown field, so it gives 

much lower on-state resistance than the SiC converter.  

The main performance points of the DC-DC converter are the minimum inductor 

value and the corresponding capacitor value; the minimum inductor value maintain 

continuous current conduction and the corresponding capacitor value provides the 

desired output ripple. The expressions to calculate these two values are as below: 

𝑳𝒎𝒊𝒏 =
𝑫(𝟏−𝑫)𝟐(𝑽𝟎)

𝟐𝑰𝟎𝒇𝒔
       (2.2.1) 

𝑪 =
𝑫

𝒇𝒔𝑹(∆𝑽𝟎/𝑽𝟎)
               (2.2.2) 

Where D is the duty ratio, which is equal to (V0-Vin)/V0[19]; 𝐼0 represents the current 

on the output side; 𝑓𝑠  is the switching frequency for the control gate; R is the 

resistance of the load; ∆𝑉0 is the output ripple.  

The results show the GaN converter has up to 4% energy saving compared with the 

silicon power converter in a smart DC power distribution system[20]. GaN converter 

performs better results with a power density of 30W/𝑖𝑛3 and a peak efficiency of 
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98.3% in a wide input/output voltage range. Experimental data were presented for a 

1kW, 400V-to-12V DC-DC prototype converter switching at 100 kHz. Figure 5 

shows the performance curve of a 1 KW GaN DC-DC converter[20].  

 

Figure 5. Performance Curve for 1kW GaN DC-DC Converter 

The best efficiency point is reached at 172.73 W, which is 17% of the load capacity; 

if the load is below 10% of load capacity, the efficiency could have a drop to 84.5%. 

Even it a high load capacity, which is over 80%, the efficiency has a 4% drop, but in 

this case, it is the best converter that was researched in 2017. For the best Si 



25 

 

MOSFET DC-DC converter currently reaches a 96.5% of the best efficiency as 

shown in Figure 6[20].   

 

Figure 6. Performance Curve for 1kW Si MOSFET DC-DC Converter 

The converters show in Figure 4, are all step-down converters; for the step up 

converters, which boost the voltage to a higher level, the efficiency is much lower 

than for the step-down converters. 
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2.3 DC Microgrid Applications 

In this section, DC microgrid applications of electrical ships and commercial 

buildings are described. A DC microgird supports an integrated power system (IPS), 

which offers power to all shipboard loads; a DC microgird supports a grid connected 

to a solar system for a commercial building. 

2.3.1 DC Microgrid for Commercial Building 

A DC microgrid helps to improve buildings’ resiliency to utility power loss. A DC 

microgrid for buildings usually comes with its own energy storage system[21], so 

backup and emergency power functions can be added on very easily[22].  

In North America, the largest DC microgrid for a commercial building is the Honda 

Distribution Center, as Figure 7. The building has a 2-MW solar array at its campus 

in Torrance, CA, which makes it the largest commercial-scale, DC microgrid in 

North America. The energy storage system for this commercial building has a 

546kWh capacity with a lithium battery, which provides backup power during grid 

outage and balances the energy distribution for the DC microgrid. 
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Figure 7. American Honda’s Torrance
[23]

 

The Honda Distribution Center can use 100% on-site solar power, the solar panels 

on the top of campus generate about 3000MWh every year, which is allowing this 

building to meet California’s 2030 Zero Net Energy Commercial Building goal. 

2.4 Monitoring System for Microgrid 

The monitoring system is the interface between the executive components and the 

control system; the control system gets the data from the monitoring systems, and 

the monitoring system collects the data from different components. 
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There are a lot of electrical companies in this area, such as ABB, Schneider, Fluke, 

GE, Onset and etc. PowerLogic PM8000 from Schneider is one of the most popular 

power monitoring system in the market, and Table 3 shows the main specification 

for PM8240 

Table 2. Schneider PowerLogic PM8240 Series Specification
[24]

 

Schneider PM8240 

Rated Supply Voltage 

90-415 V AC +/-10% (45-65Hz) 

110-415 V AC +/-10% 

Network Frequency 

50 Hz 

60 Hz 

Rated Current 

1 Amp 

5 Amp 

10 Amp 

Pole Description 

1P+N 

3P 

3P+N 

Power Consumption in VA 18 VA at 415 V AC 

Measurement Current 50-10000 mA 
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Analogue Input Type 

Current (Impedance 0.3 mOhm) 

Voltage (Impedance 5 MOhm) 

Measurement Voltage 

57-400 V AC 42-69 Hz 

100-690 V AC 42-69 Hz 

Number of Inputs 

3 DI 30 V AC 

3 DI 60 V AC 

Measurement Accuracy 

Normal Mode +/-0.2 active energy 

Normal Mode +/-0.1 voltage 

Normal Mode +/-0.1 current 

The PowerLogic PM8000 series meters are compact, cost-effective multifunction 

power meters that will help the AC and DC microgrids ensure the reliability and 

efficiency of the power-critical facility. It reveals and understands complex power 

quality conditions, measuring, understanding, and acting on insightful data gathered 

from the entire power system. Designed for key metering points throughout the 

energy infrastructure, the PowerLogic PM8000 series meter has the versatility to 

perform nearly any monitor and logical control. 

For an ideal power monitoring system, the system should have the ability to track 

energy consumption and allocate costs. It should help to achieve energy conservation 

goals. It should monitor electrical equipment and key assets. It should improve 
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response to power related issues. It should understand power factors; harmonics, and 

voltage disturbances. It also should detect faults in the power system and diagnose 

fundamental electrical problems. 

2.4.1 Communications standards 

The main elements in the microgrid monitoring system are the communication 

standard, which is the bridge to transfer the data from transmit side to the receive 

side, and the communication protocol. This protocol exchanges information for 

control, status information, and measurements value data, which were used for 

current power distribution control, such as UCA 3.0, PROFIBUS protocols, DNP 

(Distributed Network Protocol), Modbus [19].  

IEC 61850 is one of the primary communication standards used in the power 

industry[25];  IEC 61950 exchanges data[26] by data model and service model. In [25], 

a DC microgrid gateway is described based on the IEC 61850; it converts the 

message, which received from controller measured values and status information to 

the data model of IEC 61850 and sent them to the monitoring system in the DC 

microgrid by 100 Mbps Ethernet interface. Moreover, the measured data from each 

controller by CAN (Control Area Network: ISO 19878) communication link is 

converted into IEC 61850 data format, so that the gateway can take a role of master 

in CAN communication as well as a role of slave in 61850 communication. 
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CAN communication[25] is based on serial, a 150 (with error 50) delay time on a case 

of single report message, which delay measurement tools is used by an oscilloscope 

and date update period is 1 second, will occurred, because the data is reported by 

serial and  read one by one due to the CAN communication different IEC 61850. 

IEC 61850 is the only communication standard that overcomes the problem of 

interoperability between the manufacturers in the utility industry. 

2.5 DC Loads 

For commercial building loads, AC loads are very common. However, several AC 

loads are based on DC, including computer. Computers use an inner converter to 

meet the AC requirements, and show a great opportunity for the development of DC 

loads in a DC microgrid.  

2.5.1 Present DC Loads 

DC loads are becoming more and more popular in the power system, with home 

electronics such as computers, televisions, audio systems and home security systems. 

However, these DC loads all connect to an AC utility grid with a rectifier, which 

transforms from the AC scale to the DC scale. With the increasing power demand by 

modern technology, the world is now facing serious energy gap, and the techniques 
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of energy conservation help to slow down the pressure of increasing power 

demand[27]. 

DC loads, such as LED lights, have become increasingly more popular, and LED 

lights also have the benefits of an effect on electricity demand curves. A recent 

research paper[28], gives an idea of how LED impacts power generation. In this case, 

lighting load occupies 19.6% of the total demand of Pakistan[28]. 

In Table 4, if the existing lighting equipment is replaced by LED lights as quantified 

from Table 4, a large power plant is saved, and the lighting load power per month 

can be saved up to 62%, which is a significant reduction of 2522MW; this number is 

also equivalent to 10.8% of the total power demand of Pakistan 

Table 3. Lamp Wise Lighting Load (in MW) of Pakistan[28] 

                                                    

Domesti

c 

Commercia

l 

Industria

l 

Agricultura

l 

Public 

Lightin

g 

Bulk 

Suppl

y 

Total 

CFL 623.3  266.3  86.3  134.6   46.1  

1156.

7  

ECFL 214.9  28.0  59.3  19.2   13.7  335.2  

MCF 752.3  210.3  242.8  96.2  5.3  63.1  1370.
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CFL = Compact Fluorescent Lamp 

ECFL = Electronic blast Compact Fluorescent Lamp 

MCFL = Magnetic blast Compact Fluorescent lamp 

IL = Incandescent Lamp 

MH = Metal Halide 

LED = Light Emitting Diode 

A DC load not only has the benefits in energy saving, but also on the side of power 

efficiency in an LVDC system. In another’s research[4], analysis of energy efficiency 

for AC and DC distribution systems is performed. Moreover, in the result of this 

research, the efficiency is described as a ratio of input power to output power. The 

results are as shown below in Table 5. 

L 0  

IL 343.9  140.2  5.4  76.9   17.1  583.5  

MH 129.0  49.1  107.9  19.2  13.3  23.9  342.4  

LED 21.5  7.0  10.8  0.0   3.4  42.7  

Other

s 

64.5  7.0  27.0  38.5  115.9  3.4 256.2  

Total 2149.4  700.9  539.5  384.7  133.2  170.7  

4078.

3  
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Table 4. Results for Tow Load Type[4] 

Load Component  Factor(Location) Value Efficiency 

AC 

Load 

Diode Rectifier 

Voltage 220V 

75.08% Current 0.0953A 

Power 20.97W 

DC/DC Converter 

Voltage 178.91V 

91.45% Current 0.088A 

Power% 15.744W 

Total Efficiency 68.67% 

DC 

Load 

DC/DC Converter 

Voltage 380V 

90.44% Current 0.045A 

Power 15.465W 

Total Efficiency 90.44% 

In Table 5, for a case of AC load, because the power delivery needs two power 

conversion stages, the efficiency is calculated for each component. The results show 

the total efficiency is 68.67%, which is caused by the two power conversions being 

multiplied together. On the side of the DC load, the efficiency is entirely according 

to the buck converter, and that is shown as 90.44%. The results show that a DC load 

is more efficient than an AC load in an LVDC system; the reason is that there are 
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fewer stages than in the AC load. The research also concludes that the AC loads 

should be replaced with DC loads to improve efficiency, but acknowledges that 

additional research and an in-depth study are needed. 

2.5.2 DC Loads for the Future 

LED light ballasts operating on higher DC voltage (380V) with fewer parts will be 

much more reliable than their current AC counterparts. AC ballasts need to be 

converted to DC power, while DC ballasts can be used directly in a DC microgrid. 

HVAC system and pumping systems have been an essential application of DC power 

for buildings. As the efficiency of lighting systems improves, the HVAC system is 

the most significant portion of the electric bills. Variable Frequency Drives are 

widely used in the vent system and compressor of HVACs for efficiency gains, but 

most of the loads with variable frequency drives are double conversion (AC-to-DC-

to-AC) devices. They can be used directly from DC sources.  

The Electrical Vehicle could be a critical part of the future DC load. An electric 

vehicle, known as an EV, uses electric motors or traction motors for the propulsion 

system. It may be self-contained with a battery to power the motor itself[29]. Most 

EVs use a lithium polymer battery, and it is charged using the DC power, such as in 

Tesla Model S P90[30], as the Table 6 below; which shows the EVs on the market. 

https://en.wikipedia.org/wiki/Electric_motor
https://en.wikipedia.org/wiki/Traction_motor
https://en.wikipedia.org/wiki/Electric_vehicle_battery
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Table 5. Electrical Vehicles on the Market 

2018 Electric Vehicle 

Car Model Battery Size Range(Miles) 

Smart Electrive Drive 17.6 kWh Lithium-ion 58 

FIAT 500e 24 kWh Lithium-ion 84 

Mercedes B-Class Electric Drive 28 kWh Lithium-ion 87 

Honda Clarity Electric 25 kWh Lithium-ion 89 

Kia Soul EV 30 kWh Lithium-ion 111 

BMW i3 33 kWh Lithium-ion 114 

Ford Focus Electric 33.5 kWh Lithium-ion 115 

Hyundai loniq Elctric 28 kWh Lithium-ion 124 

Volkswagen e-Golf 35.8 kWh Lithium-ion 125 

Nissan Leaf 40 kWh Lithium-ion 151 

Tesla Model 3 75 kWh Lithium-ion 220 

Tesla Model X 90-100 kWh Lithium-ion 237 

Chevrolet Bolt 60 kWh Lithium-ion 238 

Tesla Model S 75-100 kWh Lithium-ion 315 

The EV will be more and more popular in people’s lives; however, the EV is not only 

a new DC load for buildings but also a new backup power source for buildings. The 
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latest edition of Popular Mechanics said that the Nissan Leaf has the ability to send 

its stored electricity back into a home. Having the car be a power source for home 

presents some problems on various levels: 

a. If a car has very little power because people just arrived home, it is useless. 

b. The battery is being used more, which could result in a shorter life. 

c. The hardware to supply power is different from that to accept it. 

d. People are basically using EV supplied power to power the house. 

e. If the power goes out when people are not at home, and the system has no backup, 

the system will be drained. 

However, with the developing of new technologies, this new DC load has a very 

bright future to become a new power element in the application of buildings. 

2.6 Commercial Building 

Commercial buildings[31] are buildings that are used for commercial purposes and 

include office buildings, warehouses, and retail buildings (e.g. convenience stores, 

'big box' stores, and shopping malls). In urban locations, a commercial building 

may combine functions, such as offices on levels 2-10[32], with retail on floor 1. 

https://en.wikipedia.org/wiki/Building
https://en.wikipedia.org/wiki/Commerce
https://en.wikipedia.org/wiki/Office_building
https://en.wikipedia.org/wiki/Warehouse
https://en.wikipedia.org/wiki/Retail
https://en.wikipedia.org/wiki/Convenience_store
https://en.wikipedia.org/wiki/Big_box
https://en.wikipedia.org/wiki/Shopping_mall
https://en.wikipedia.org/wiki/Mixed-use_development
https://en.wikipedia.org/wiki/Office


38 

 

When space allocated to multiple functions is significant[33], these buildings can be 

called multi-use[34]. There are five main types[35] of building construction: fire 

resistive[36], non-combustible[37], ordinary[38], heavy timber, and wood 

frame/combustible[39].  Complex applications for commercial buildings also provide 

a challenge for the power grid of a commercial building. Different types of 

commercial buildings require different power needs[40]. Environmental factors also 

have a significant impact on power consumption[41, 42]. 

2.6.1 Power Distribution in Small Commercial Building 

For traditional small microgrid commercial buildings as shown in Figure 8, there is 

an elementary power distribution system. The utility will own the transformer, which 

will sit on a pad outside the building or will be attached to a utility pole. The 

transformer reduces the voltage from 13.8kV down to 120/240 or 120/208 volts and 

then passes the electricity to a meter, which is owned by the utility and keeps a record 

of power consumption. 
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Figure 8. Traditional Small Microgrid for Commercial Building[40] 

After leaving the meter, the power is transmitted into the building at which point all 

wiring, panels, and devices are the property of the building owner. Wires transfer the 

electricity from the meter to a panel board, which is generally located in the basement 

or garage of a house. In commercial buildings, the panel may be located in a utility 

closet. The panel board will include the main service breaker and a series of circuit 

breakers, which control the flow of power to various circuits in the building. Each 

branch circuit will serve a device (some appliances require heavy loads) or some 

devices like convenience outlets or lights. 

For the renewable power source in a traditional microgrid, the solar panel generates 

the power to the AC grid through a converter, and the renewable source reduces the 
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power consumption from the utility grid. The residual power from the solar panel 

can be fed back to the utility grid, and energy storage is not a required for the 

traditional microgrid.  

2.6.2 DC Microgrid Power Distribution in Small Commercial Building. 

A DC microgrid for small commercial buildings, as shown in Figure 9, has an 

advanced power distribution system. The utility will own the converter, which will 

sit on a pad outside the building or will be attached to a utility pole. The converter 

converts the AC voltage to DC voltage and then passes the electricity to a meter, 

which is owned by the utility and keeps a record of power consumption. The 

converter also transforms the high voltage (13.8 kV) to low voltage (380V/24V). A 

double-voltage DC bus is used here to support high and low demand loads. 

Before the power line goes to the building, the DC microgrid has more components 

than the traditional grid for a commercial building, such as an energy storage system. 

The energy system is an integral part of the DC microgrid, and the energy system not 

only stores residual energy from the solar panel but also balances the power 

distribution on the DC bus. 



41 

 

 

Figure 9. Small DC Microgrid for Commercial Building
[40]

 

After leaving the meter, the power is transmitted into the building at which point all 

wiring, panels, and devices are the property of the building owner. Both DC voltage 

stages are collected by a panel board, which is here located in a utility closet, and 

which separates the two power voltage stages to the inside of the commercial 

building. The panel board will also include the main service breaker and a series of 

circuit breakers, which control the flow of power to various circuits in the building, 

which is the same as in the traditional microgrid. There are two main branches of the 

panel board, the high voltage branch circuit which will serve a device (some 
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appliances require heavy loads), and a low voltage branch which will serve some 

devices like computers or lights,  

2.7 DC Microgrid Standards 

In recent years, DC microgrid standards have been developing, for example, the 

standard P2030; the title of the Institute of Electrical and Electronics Engineers 

(IEEE) P2030 standard is Guide for Smart Grid Interoperability of Energy 

Technology and Information Technology Operation with the Electric Power System 

(EPS). The purpose of this standard is to meet the requirements of the electrical 

power industry to offer safe and economical access to electricity where a centralized 

electric power system does not exist. P2030 provides two-way power flow with 

communication and control[43]. 

From the above description, it can be seen that IEEE 2030 is the standard for a smart 

grid. The P2030 standard provides guidelines for understanding and defining smart 

grid interoperability of the electric power system with end-use applications and loads. 

Integration of energy technology and information and communications technology 

is necessary to achieve seamless operation for electric generation, delivery, and end-

use benefits to permit two-way power flow with communication and control. 

Interconnection and intra-facing frameworks and strategies with design definitions 
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are addressed in this standard, providing guidance in expanding the current 

knowledge base. This expanded knowledge base is needed as a critical element in 

grid architectural designs and operation to promote a more reliable and flexible 

electric power system. 

The (IEEE) has written a standard that addresses all grid-connected distributed 

generation including renewable energy systems. IEEE 1547-2003 provides technical 

requirements and tests for grid-connected operation. See the IEEE Standards 

Coordinating Committee on fuel cells, photovoltaics, dispersed generation, and 

energy storage for more information. 

The IEEE 1547 publication establishes criteria and requirements for interconnection 

of distributed resources (DR) with electric power systems. The IEEE 1547 series of 

standards and the P2030 standards development recognize the dynamic nature of the 

interconnection with the grid and all of its parts. 

Underwriters Laboratories (UL) has developed UL 1741 to certify inverters, 

converters, charge controllers, and output controllers for power-producing stand-

alone and grid-connected renewable energy systems. UL 1741 verifies that inverters 

comply with IEEE 1547 for grid-connected applications. 
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Although states and power providers are not federally mandated to adopt these codes 

and standards, some utility commissions and legislatures now require regulations for 

distributed generation systems to be based on the IEEE, UL, and NEC standards. 

2.8 Energy Source for DC Microgrid 

As currently, the most common DC power source is a solar panel, but fuel cells and 

micro wind turbines are becoming more and more popular as energy sources.  

2.8.1 PV Solar Cell 

Solar cells are described as being photovoltaic, an electrical device that converts the 

energy of natural light or artificial light directly into electricity by the photovoltaic 

effect, and can be described as a physical and chemical phenomenon[44].  

There are two most common types of solar cells. 

Monocrystalline silicon 

Monocrystalline silicon[45] (mono-Si) solar cells are more efficient and more 

expensive than most other types of cells. Monocrystalline silicon is generally created 

by one of several methods that involve melting high-purity, semiconductor-grade 

silicon (only a few parts per million of impurities) and the use of seed to initiate the 

formation of a continuous single crystal. This process is normally performed in an 

https://en.wikipedia.org/wiki/Photovoltaics
https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Electricity
https://en.wikipedia.org/wiki/Photovoltaic_effect
https://en.wikipedia.org/wiki/Photovoltaic_effect
https://en.wikipedia.org/wiki/Physics
https://en.wikipedia.org/wiki/Chemical_substance
https://en.wikipedia.org/wiki/Monocrystalline_silicon
https://en.wikipedia.org/wiki/Seed_crystal
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inert atmosphere, such as argon, and in an inert crucible, such as quartz, to avoid 

impurities that would affect the crystal uniformity [48]. 

Polycrystalline silicon 

Polycrystalline silicon[46], also called polysilicon or poly-Si, this type solar cell is a 

high purity, the polycrystalline form of silicon, used as a raw material by the 

solar photovoltaic and electronics industry. The photovoltaic industry also produces 

upgraded metallurgical-grade silicon (UMG-Si), using metallurgical instead of 

chemical purification processes[47]. 

Table 7, shows a comparison of 5 different types of solar modules[48]. Polycrystalline 

and Monocrystalline attracts the most popular customers all over the world. 

Monocrystalline has the best efficiency, and it is 10%-15% more costly than the 

Polycrystalline, and Monocrystalline costs less area for installation. Monocrystalline 

is the best seller for the first solar installation because it gets the best performance 

and cost rates. 

 

 

 

https://en.wikipedia.org/wiki/Argon
https://en.wikipedia.org/wiki/Quartz
https://en.wikipedia.org/wiki/Polycrystalline
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Photovoltaic
https://en.wikipedia.org/wiki/Electronics_industry
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Table 6. Solar Cell Specification Comparison[45] 
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2.8.2 Fuel Cell 

Fuel cells are different from batteries in requiring a continuous source of fuel and 

oxygen (usually from air) to sustain the chemical reaction, whereas in a battery the 

chemical energy comes from chemicals already present in the battery. Fuel cells can 

produce electricity continuously for as long as fuel and oxygen are supplied[49] in a 

DC microgrid. 

The energy efficiency of a system or device that converts energy is measured by the 

ratio of the amount of useful energy put out by the system ("output energy") to the 

total amount of energy that is put in ("input energy") or by useful output energy as a 

percentage of the total input energy. In the case of fuel cells, the useful output energy 

is measured in electrical energy produced by the system. Input energy is the energy 

stored in the fuel. According to the U.S. Department of Energy, fuel cells are 

generally between 40–60% energy efficiency[50].  

There are many types of fuel cells. However, they all consist of an anode, a cathode, 

and an electrolyte that allows positively charged hydrogen ions (protons) to move 

between the two sides of the fuel cell.  

https://en.wikipedia.org/wiki/Battery_(electricity)
https://en.wikipedia.org/wiki/Electrical_energy
https://en.wikipedia.org/wiki/Anode
https://en.wikipedia.org/wiki/Cathode
https://en.wikipedia.org/wiki/Electrolyte
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A fuel cell usually has better efficiency than a traditional power source. A diesel 

engine generally has 45% system efficiency for generating power in a microgrid, and 

is the prevalent power source in microgrid. However, a fuel cell has up to 60% 

efficiency, which is much more efficient than the traditional diesel engine. 

2.8.3 Types of PV Solar Conversion 

For a small to medium DC microgrid system, the most common conversion system 

is a centralized conversion system[51, 52]. The following shows different 

configurations of a power conversion system where the input is the low-voltage 

power coming from a PV solar array. In Figure 10, solar power comes through the 

junction box and connects directly to the main converters for both a high voltage bus 

(380 VDC) and a low voltage bus (48 VDC). 
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  Figure 10. Centralized Conversion System 

Figure 11 shows a more advanced power conversion system for DC microgrids. It is 

called a Input-Series-Output-Parallel Connected conversion system[53]. Two series 

are shown in this figure, but the number of series converters can vary based on the 

number of solar PV inputs. In this configuration, the input power is divided by the 

series connected converters, and the output is paralleled to a junction box.  
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Figure 11. Input-Series-Output-Parallel Connected Conversion System 

The series connected conversion module divides both total input voltage and energy 

from the solar panels so that the device rating can be reduced. Each series converter 

handles a set of solar panels, which improves the reliability of system as well as 

reducing the light-load ratio of the system. In this case, both the system balance and 

efficiency can be improved. And the efficiency flow diagram is shown in Figure 12.  
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DC/DC Converter 
Efficiency ηc

(1-Q)·PinPin (1-Q)·Pin×ηc [Q+(1-Q)·ηc]×Pin

Q·Pin

 

Figure 12 Input-Series-Output-Parallel Connected Conversion Efficiency Flow Diagram[54] 

The input-series-output-parallel connected converter efficiency is expressed as 

follows: 

𝜂𝑛𝑒𝑤=𝑄+(1−𝑄)×𝜂𝑐
    (2.8.1) 

Q =
𝑃𝑠−𝑃𝐶

𝑃𝑆
   (2.8.2) 

where, 𝜂𝑛𝑒𝑤 is the efficiency of input-series-output-parallel connected converter, 𝑃𝑠: 

is the total system power, 𝑃𝑐: The DC/DC converter power, 𝜂𝑐: The efficiency of 

input-series-output-parallel connected converter, and Q is the ratio of direct power 

over total power[54]. The efficiency shows an improvement on the light load condition, 

and at light load condition, part of the solar panels in the DC microgrid don’t have 

the full voltage and current which input to the relative converter. This situation 

happens in a shadow, resulting from a cloud or dawn. This input-series-output-

parallel connected conversion system is suitable for a large size DC microgrid, 
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because the small microgrid usually has a very small solar farm, and the condition of 

the solar farm usually is the same. However, a large solar farm experiences different 

conditions in different areas, and the conversion system usually corrects this situation 

on the light load condition for a large solar farm. The converters, which support the 

solar panels in during good conditions, have better efficiency performance since the 

solar panels do not account for system performance under poor conditions. 

 

2.9 Energy Storage for DC Microgrid 

Energy comes in multiple forms including radiation, chemical, gravitational 

potential, electrical potential, electricity, elevated temperature, latent 

heat and kinetic. Energy storage involves converting energy from forms that are 

difficult to store to more conveniently or economically storable forms[55]. 

2.9.1 Battery 

A battery is the main storage system in a DC mcirogrid. Most of the residual energy 

from a DC microgrid has three options: consumption, feedback and storage. As it 

happens, the battery is the most popular system for storing. A battery is a device 

consisting of one or more electrochemical cells with external connections provided 

to electrical power devices such as flashlights, smartphones, and electric 

https://en.wikipedia.org/wiki/Electrochemical_cell
https://en.wikipedia.org/wiki/Flashlight
https://en.wikipedia.org/wiki/Smartphone
https://en.wikipedia.org/wiki/Electric_car
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cars[56]. When a battery is supplying electric power, its positive terminal is 

the cathode, and its negative terminal is the anode[57].  

The energy storage system in a DC microgrid is mainly supported by a lead-acid 

battery or a lithium-ion battery. 

2.9.1.1 Lead-acid Battery: 

The lead–acid battery was invented in 1859 by French physicist Gaston Planté[58]. It 

is the oldest type of rechargeable battery. Most of the world's lead-acid batteries are 

automobile starting, lighting and ignition (SLI) batteries, with an estimated 320 

million units shipped in 1999[59]. In 1992 about 3 million tons of lead were used in 

the manufacture of batteries. 

In the current microgrid system, the lead-acid battery is the main storage medim in 

energy storage. Despite having a meager energy-to-weight ratio and a low energy-

to-volume ratio, its ability to supply high surge currents means that the cells have a 

relatively sizeable power-to-weight ratio. These features, along with their low cost, 

make them attractive for use in DC microgrid to provide the high current required 

by variable loads. 

The characteristics of a lead-acid battery prove it a good choice for the DC microgrid, 

and it typically has chemical efficiencies of 85% and energy efficiencies in the order 

https://en.wikipedia.org/wiki/Electric_car
https://en.wikipedia.org/wiki/Electric_power
https://en.wikipedia.org/wiki/Cathode
https://en.wikipedia.org/wiki/Anode
https://en.wikipedia.org/wiki/Gaston_Plant%C3%A9
https://en.wikipedia.org/wiki/Rechargeable_battery
https://en.wikipedia.org/wiki/Car_battery
https://en.wikipedia.org/wiki/Surge_current
https://en.wikipedia.org/wiki/Power-to-weight_ratio
https://en.wikipedia.org/wiki/Automobile_self_starter
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of 70%. For an energy storage system in a DC microgrid, the most critical element 

is the lifetime. As shown in Figure 13, the lead-acid battery’s lifetime cycles does 

not rely only on the depth of discharge, but also on the temperature. 

 

Figure 12. Lead-acid Battery Lifetime Cycles vs. Depth of Discharge[59] 

The lower the environmental temperature is, the short the lifetime of a battery will 

be. Especially in some cold areas, an annual average temperature of under 10ºC may 

decrease the lifetime to one half, when compared to the same battery in a hot area. 

For a microgrid, most of the energy storage systems are installed without an HVAC 

system, where the outdoor temperature will have a significant impact on the lifetime 

of the battery. 
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2.9.1.2 Lithium-ion Battery 

Lithium-ion batteries are common rechargeable batteries for portable electronics, 

with high energy density, a tiny memory effect[60] and low self-discharge. LIBs are 

also growing in popularity for some military applicants, battery electric 

vehicle and aerospace applications[61].  

Moreover, the most growth of LIBs is in renewable energy, so that energy storage 

system with LIBs are becoming more and more popular due to the performance of 

lithium-ion batteries. The much higher energy density is one of the chief advantages 

of a lithium-ion battery or cell.  

Batteries with a lithium iron phosphate positive and graphite negative electrodes 

have a nominal open-circuit voltage of 3.2 V, and a typical charging voltage of 3.6 V. 

Lithium nickel manganese cobalt (NMC) oxide positives with graphite negatives 

have a 3.7 V nominal voltage with a 4.2 V maximum while charging. The charging 

procedure is performed at constant voltage with current-limiting circuitry (i.e., 

charging with constant current until a voltage of 4.2 V is reached in the cell and 

continuing with a constant voltage applied until the current drops close to zero). 

Typically, the charge is terminated at 3% of the initial charge current.  

https://en.wikipedia.org/wiki/Portable_electronics
https://en.wikipedia.org/wiki/Energy_density
https://en.wikipedia.org/wiki/Memory_effect
https://en.wikipedia.org/wiki/Self-discharge
https://en.wikipedia.org/wiki/Battery_electric_vehicle
https://en.wikipedia.org/wiki/Battery_electric_vehicle
https://en.wikipedia.org/wiki/Aerospace
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In the past, lithium-ion batteries could not be fast-charged and needed at least two 

hours to charge fully. Current-generation cells can be fully charged in 45 minutes or 

less. In 2015 researchers demonstrated a small 600 mAh capacity battery charged to 

68 percent capacity in two minutes and a 3,000 mAh battery charged to 48 percent 

capacity in five minutes. The latter battery has an energy density of 620 W·h/L. The 

device employed heteroatoms bonded to graphite molecules in the anode[62].  

2.9.2 Supercapacitor 

Supercapacitors are used in applications requiring many rapid charge/discharge 

cycles rather than long-term compact energy storage, and they are becoming more 

and more popular in DC microgrid applications, where they are used for short-term 

energy storage or power balancing[63].  

Supercapacitors have many advantages. For instance, they maintain a long cycle 

lifetime—they can be cycled 1000000 times with minimal change in performance. A 

supercapacitor’s lifetime spans 10 to 20 years, and the capacity might reduce from 

100% to 80% after 10 or so years. Thanks to their low equivalent series resistance 

(ESR), supercapacitors provide high power density and high load currents to achieve 

an almost instant charge in seconds. Temperature performance is also strong, 

delivering energy at temperatures as low as –40°C. 
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3. DC Microgrid Design and Analysis Methods 

This dissertation proposes a different topology, called power array conversion (PAC), 

for DC-DC power conversion in an LVDC microgrid where a commercial building 

is used as a test platform. The objective is to minimize unnecessary DC-AC and AC-

DC conversions while increasing the power conversion efficiency in the LVDC 

microgrid. Buildings in the U.S. consume about 41% of total prime energy and 

therefore are ideal platforms for LVDC microgrid applications. The current power 

conversion approach in DC microgrids improves the energy efficiency to between 

85%-95%, as compared to 70%-75% for AC conversion systems. For DC Microgrids, 

8%-15% loss is from power distribution, but up to 80% of the loss is from power 

conversion[17]. As part of the DC-DC power conversion investigation, this paper also 

proposes an improved power distribution architecture for an LVDC microgrid which 

consists of a 380V DC bus for high power loads and a 48V DC bus for low-power 

loads. The system has a 6.6kW solar generating capacity and a 17.6kWh energy 

storage system for power backup. 

3.1 Power System Architecture 

The building microgrid architecture is illustrated in Figure 14, consisting of the 

power generation, distribution, conversion, as well as the building loads and energy 
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storage. As indicated in Figure 14, there are two converter arrays in this system, each 

array comes with 3 converters. 

Highly Efficient Low Voltage DC Microgrid with Optimal Array Control Strategy for Commercial Buildings
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Figure 13. Microgrid System Architecture 

The first array group has two arrays which convert power from the solar panels and 

convert 380V to 48V; the second array group also has two arrays which convert 

power from the utility and feedback power to the utility. Figure 14 also shows the 

various building loads which are assumed to be very stable[64] during the time frame 

under consideration. The energy storage system is used to store excess energy from 

solar generation, and its capacity is designed to support the loads without any other 

resource for at least one day. 
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3.1.1 Utility Grid 

The system is connected to a utility grid, which is the prevalent power source for 

office buildings. The utility grid is both a power source and a power feedback 

element in the DC microgrid. In the United States and Canada, national standards 

specify that the nominal voltage at the source should be 120 V and allow a range of 

114 V to 126 V (RMS) (−5% to +5%). Historically 110 V, 115 V, and 117 V have 

been used at different times and places in North America. 

3.1.2 Energy Storage System 

An energy storage system is a backup system in the DC microgrid, and it has a 

function of balancing the power distribution. In the proposed system, a 17.6kWh 

lithium-ion battery group is used, caused this energy storage system can covers 75% 

of maximum daily consumption. This energy system works under the following 

condition: 

a. In DC microgrid, when the power generating has failed to meet the requirement 

from the loads, the energy storage system will kick in and make up the power 

shortage. 

b. The DC microgrid could generate more power than the load needs according to 

the weather conditions, and the system has two ways to arrange this extra energy, 



60 

 

the first way is to feed back to the AC grid, the second way is to store it in the 

energy storage system. 

c. The energy storage system is an essential element in the microgrid; the energy 

storage system is a kind of regulator for the system’s voltage or current.  

3.1.3 PV Solar Panel 

PV Solar Panels in this proposed DC microgrid are one of the power sources for the 

microgrid. There are 7 880W PV Solar Panels for the proposed DC microgrid. The 

group of 7 PV Solar Panels has a maximum power generating of 6180 W. 

In this case, the experiment shows the solar power generating for one day has a 

maximum of 42.23 kWh, and it has a minimum power generating of 6.75 kWh a day. 

The data in this case was collected during May 08, 2017- Feb. 02, 2018 by FPL for 

Nuwill Energy LLC. in Melbourne, Florida.  

3.1.4 DC Buses 

DC buses in this proposed DC microgrid are used to transfer, receive, and distribute 

the power from the power sources, loads and power conversion modules. There are 

two voltages of DC buses in this system; the 380V DC bus is used to support a high 

demand load, and the 48V DC bus is used to support a low demand load. The 380V 
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DC bus is designed with a 6600W power capacity, which is 10% more than the 

6000W rated power, and the 48V DC bus is designed with 2400W, which a 20% over 

the total capacity is designed to meet the maximum low voltage load (2000W).  

3.1.5 Loads in DC Microgrid 

In a DC microgrid, there are a lot of types of loads, but it is different from an AC 

microgrid. In this proposed DC microgrid, the high demand loads are the media 

center, the fridge, the microwave, the stove, and the HVAC, and the low demand 

loads are LED lights, computers and media communication tools. 

3.2 Power Array Conversion for DC Microgrid 

Power array conversion is a scheme employing multiple converters in one conversion 

module instead of the traditional single conversion and inversion processes in power 

systems. An array conversion module uses switching functions in its architecture to 

improve conversion efficiency for both power conversion and inversion in a DC 

microgrid. 

The following section describes the details of an array conversion architecture and 

its mathematical model. It also describes of the array operation which includes the 

switching function and the control method for power conversion. 
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3.2.1 Array Conversion Architecture 

The proposed array conversion is shown in Figure 15. The architecture of this array 

conversion consists of three separate array groups, and each group has three 

converters connected in parallel. 

 

Figure 14. Power Array Conversion System 
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The main array group replaces the main converter of the configuration in Figure 10 

and delivers power to the 380 VDC bus, and a sub array group is used to charge the 

48 VDC bus, which transfers the power from the 380 VDC bus and steps down the 

voltage from 380V to 48V.  

3.2.2 Array Conversion Mathematical Model  

The proposed building DC microgrid has two DC buses, 380VDC and 48VDC, 

supplying power to the various building loads. Moreover, the relationship of DC 

microgrid with array conversion for load, power sources, and energy storage system 

can be described as the power input on loads balance equation for 380VDC Bus:   

 (1) 

Where:  

 is power on the load of the 380V DC Bus 

 is power from the solar panel for 380V DC loads before the main array 

 is power from the utility for 380V DC loads before the utility array 

 is power from the energy storage system for 380V DC loads 
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 is converter efficiency for the main array 

 is converter efficiency for the utility array 

The power balance equation for the 48VDC Bus can be described as shown in the 

equation below: 

(2) 

Where:  

 is power on the load of the 48V DC bus 

 is power from solar panel for the 48V DC loads before the main array 

    is converter efficiency for the sub array 

 is power from utility for the 48V DC loads before the utility array 

   is power from the energy storage system for 48V DC loads 
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From the equation (1) and (2) above, , which is the power from Solar Panel for 

DC Loads before the Main Array, and , which is the Power from Solar for 48V 

DC Loads before the Sub Array  can be described as follow: 

(3) 

(4) 

Where:  

 is power from the solar panel 

 is efficiency for the solar panel 

Therefore, the power on the load side from solar for two array conversion module 

can be described as follow: 

(5) 

(6) 

Where:  
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 is power on the load side for the main array conversion module from solar 

 is power on the load side for the sub array conversion module from solar 

3.2.3 Switching Function for Array Conversion 

The switching function is the critical function of the control module, and Figure 16 

shows the timing diagram of the switch function for the array of the conversion 

system.  

Where: 

The unit Ps is standard power rate for the converter 

In this proposed DC microgrid, the total rated input power for the DC microgrid is 

6kW, and the rated power of the converter is 2000W. From the timing diagram in 

Fig 16, it is easy to tell the main conversion array; as an example, if the first converter 

starts working from 0, when the power reaches 0.95Ps (1900W), the second 

converter starts working, and the third converter joins the array when the system 

reaches 1.9Ps (3800W). However, if the system is in the step-down process, the third 

converter is shut off at 1.65Ps (3000W), and the second converter is shut off at 0.55Ps 

(1100W); the first converter will work unless the system generates zero energy. 
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Figure 15. Switching Function Timing Diagram 

The switching function works according to the maximum power efficiency range for 

the single converter, and the switching function switches down/up at the beginning 

to the end of the maximum power efficiency range. For this system, the 2kW DC 

converter has a maximum range from 0.55Ps to 0.95Ps, and the maximum power 

capacity is 1.2Ps. The switching occurs according to these power range parameters. 

When the power is over 0.95Ps, the converter steps up, and when the power is below 

0.55Ps, the converter steps down. 
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3.3 Simulation Setup 

3.3.1 Configuration of the Simulation System 

The operation of the building DC microgrid is simulated using Matlab software. The 

simulation analysis is performed for two configurations of DC-DC conversions, the 

traditional DC microgrid with the centralized conversion unit, and the proposed 

power array conversion module; Figure 17 shows the proposed microgrid simulation 

block diagram. 

 

Figure 16. Simulation Block Diagram for DC microgrid with Power Array Conversion 
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The simulation is performed for a 24-hour period on October 18th, 2017 in Melbourne, 

Florida, USA. The simulation data has 1440 points, which are equal to minutes in a 

day. The data includes the solar irradiance from NOAA[65] as shown in Figure 18. 

The simulation uses the load data from Nuwill Energy[66] Inc.’s 2200 ft2 office 

building, which is located in Melbourne, Florida, and a FPL smart meter recorded 

the data.  

 

Figure 17. Solar Irradiance for Power Generation on 18th 2017, Melbourne, FL from NOAA 

Figure 19 shows the average power consumption of DC microgrid for 5 days from 

October 16th, 2017 to October 20th, 2017. Information from Nuwill Energy Inc.[66], 

as well as the efficiency data for the power units and 2kW converter’s data[66], used 

in the Matlab simulation model. 
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Figure 18. Load Demand for Test Office Building 

From the load data, load consumption for office is very disciplinary, and load 

demand increases very rapidly from 10am, since the work for people in this office 

starts from 10am. The power consumption drops at 6pm in the afternoon, and this 

tells people get off the works at that time. 

The load data tells a lot people’s habits. 11am to 2pm usually gets a peak for the 

working office. For most case, that’s the time frame holding the most amount people 

in an office, and another peak happens 2 hours before office close, cause people are 

hurry to work before back home. 

Figure 20 shows the average power consumption on 48V DC bus for 5 days from 

October 16th, 2017 to October 20th, 2017. Information from Nuwill Energy Inc.[66], 

as well as the efficiency data for the power units and the 800W converter’s data[66], 

used in the Matlab simulation model. 
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The system has no power input or power feedback from the Utility. Time Period: 

1440Minutes; energy storage system initial value: 2kWh; total power from solar: 

24750Wh; total power for system loads: 20345Wh; low demand load power for one 

day: 6112Wh; high demand load power for one day: 14233Wh 

  

Figure 20. Load Demand on 48V DC Bus for Test Office Building 

3.3.2 DC Microgrid Components for Simulation 

The DC microgrid with centralized power conversion is built in Matlab as Figure 21. 
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Figure 19. Simulation of DC Microgrid with Centralized Power Conversion in Matlab 

The DC microgrid with input-series-output-parallel connected converter conversion is 

built in Matlab as Figure 22 
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Figure 20. Simulation of DC Microgrid with Input-Series-Output-Parallel Connected 

Conversion in Matlab 

The DC microgrid with power array conversion consists of the power generating 

module, the control module, the power delivery module, the power feedback module, 

the power storage module, and the building loads, as Figure 23 below 
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Figure 21. Simulation of DC Microgrid with Power Array Conversion in Matlab 

Power Generating Module: 

The power generating module simulates a maximum 6.6kW power from 12 

polycrystalline silicon solar panels. The module simulates different conditions, 

which include shadow, clouds, sunny, and night.   

Control Module: 

The control module, as shown in Figure 24, includes the power control system and 

the energy storage system charging control; the power control system controls the 

power flow for the DC buses, and the charging control of energy storage system, the 

utility feedback/supply and power balance of loads.  
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Figure 22. Control Module of DC Microgrid 

The switching system is a sub part of the control module for the power array 

conversion as shown in Figure 25. This part controls on/off status for converters in 

the power arrays and arranges the timing of the converter inquiring schedule or 

quitting schedule. 

 

Figure 23. Switching Module 
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Power Deliver Module: 

The power delivery module includes power converters and DC buses, and the 

simulation system simulates the converter arrays and the two DC buses (380V and 

48V). Moreover, in this case, this is the main converter array in the proposed DC 

microgrid as shown in Figure 26; the sub array and the utility array has the same 

architecture as the main array. 

 

Figure 24. Converter Array in Simulation System 
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Power Feedback/Supply Module: 

The power feedback/supply module will redirect the residual power from the DC 

microgrid back to the utility or absorb power from the utility when the system has a 

temporary power shortage.  

The module includes two parts; the first part is the inversion unit, which inverts DC 

to AC (up to 3kW), and the second part is the conversion unit, which converts AC to 

DC (up to 6kW). 

Power Storage Module: 

A vital power balance system in a microgrid is the energy storage system, the 

proposed system provides a 17.6kWh battery, and the simulation system calculates 

the battery power charging and discharging. The simulation system records the usage 

and charging of the battery as well, as Figure 27 below. 
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Figure 25. Energy Storage System in Simulation System 

Load: 

The load changes very often, and the system should respond to the power 

requirement according to the loads. The significant loads in the proposed DC 

microgrid include to HVAC system, the computer, lighting and kitchen equipment. 

The simulation system generates the signal to the DC microgrid to achieve the 

function to change the load. 
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4. Results 

In this section, the data from the simulation by Matlab will be displayed in the tables 

and figures to show the performance of the DC Microgrid with Power Array 

Conversion for Commercial buildings. The data will be separated into two main parts, 

which are the efficiency curve and power saving for the system. The traditional DC 

microgrid with a centralized conversion unit and the DC microgrid with an input-

series-output-parallel connected converter conversion unit will be compared to the 

DC Microgrid with Power Array Conversion. 

4.1 Efficiency Curve for DC Microgrid 

The efficiency curves, which are outputted by Matlab, show the efficiency for two 

systems. The DC Microgrid with a power array conversion and a DC microgrid with 

a centralized conversion unit.  

Figure 28 shows the efficiency curves of the centralized conversion unit for a 380V 

DC Bus. The centralized conversion shows an overall power conversion efficiency 

of 81.75%. And the power conversion efficiency of the centralized conversion shows 

a low conversion efficiency under both light load and heavy load condition. 
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Figure 28. Efficiency Curve of the Centralized Conversion Unit for DC Microgrid System on 

380V DC Bus 

Figure 29 shows the efficiency curves of the input-series-output-parallel connected 

conversion unit for the 380V DC Bus. The input-series-output-parallel connected 

converter conversion shows an overall power conversion efficiency of 92.25%. The 

power conversion efficiency of the input-series-output-parallel connected conversion 

shows an improvement of the conversion efficiency under both light load and heavy 

load condition, however it exhibits a weakness under the medium load condition. 

 

Figure 29. Efficiency Curve of the Input-Series-Output-Parallel Connected Conversion Unit 

for DC Microgrid System on 380V DC Bus 
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Figure 30 shows the efficiency curves of the power array conversion unit for the 

380V DC Bus. The power array conversion shows an overall power conversion 

efficiency of 95.23%. The power conversion efficiency of power array conversion 

shows a great improvement in conversion efficiency under both light load and heavy 

load condition, and it has a very smooth power efficiency output from light load to 

heavy load condition. 

 

Figure 30. Efficiency Curve of the Power Array Conversion Unit for DC Microgrid System on 

380V DC Bus 

The proposed power array conversion for the 380V DC Bus has an efficiency 

improvement up to 16.5% over the centralized conversion (81.75%), and it shows an 

efficiency improvement up to 3.23% over the input-series-output-parallel connected 

conversion.  

The efficiency curves are very sensitive to load change where the light and heavy 

load conditions occur. Although the maximum efficiency point of the centralized 
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conversion is much higher in the medium load range, the energy loss at both ends 

(light and heavy load conditions) still has a considerable impact on the overall power 

conversion. Both the input-series-output-parallel connected conversion and power 

array conversion show an improvement of power conversion efficiency under light 

load and heavy load condition.  

Figure 31 shows the efficiency curves for 48V DC from the two configurations side 

by side. The yellow line is the efficiency curve of the DC microgrid with a centralized 

conversion unit; and the blue line is the efficiency curve of the DC Microgrid with 

Power Array Conversion. The DC microgrid with input-series-output-parallel 

connected conversion uses the same centralized conversion unit for the 48V DC bus. 

 

Figure 31. Two Conversion Efficiency Curves for DC Microgrid System on 48V DC Bus 



83 

 

The proposed power array conversion for the 48V DC bus has an efficiency 

improvement up to 15.17% over the centralized conversion (80.71%). which has an 

overall power conversion efficiency of 92.51%. For the power array conversion of 

the 48V DC bus, it also shows better efficiency performance under both light and 

heavy load conditions.  

4.2 DC System with Centralized Conversion Unit 

The efficiency of a DC system with a centralized conversion unit is very sensitive to 

load change, where the efficiency is low for both light and heavy load conditions, 

but it has better maximum efficienc. Table 7 shows the power outputs of the 380V 

DC main bus for the proposed microgrid with a centralized conversion unit.  

Table 7. Power Output of 380V DC Bus with Centralized Converter 

 

Results 

Simulation Time Period: 1440 mins 

Power Generating from Solar: 24750 Wh 

Power for System from Solar: 20950 Wh 

 

As for the results, the system efficiency is 84.65%. 

The same as the 380V DC bus with a centralized conversion unit, and the 48V DC 

bus is more sensitive to load change, where it shows the same performance of low 
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efficiency at both light and heavy load conditions. Table 8 shows the power outputs 

of a DC microgrid with a centralized conversion unit.  

Table 8. Power Output of 48V DC Bus with Centralized Converter 

 

Results 

Simulation Time Period: 1440 mins 

Power from 380V DC Bus: 7422 Wh 

Power for Low Demand Load: 6112 Wh 

 

As for the results, the 48V DC bus array efficiency is 82.35%. 

4.3 DC System with Input-Series-Output-Parallel Connected 

Conversion Unit 

The efficiency of a DC system with an input-series-output-parallel connected 

conversion unit is good under both light and heavy load conditions, and its efficiency 

is higher than the centralized conversion unit under both light and heavy load 

conditions. Table 9 shows the power outputs of the 380V DC main bus for the DC 

microgrid with an input-series-output-parallel connected converter conversion unit.  
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Table 9. Power Output of 380V DC Bus with Input-Series-Output-Parallel Connected 

Conversion 

 

Results 

Simulation Time Period: 1440 mins 

Power Generating from Solar: 24750 Wh 

Power for System from Solar: 21940 Wh 

 

As for the results, the system efficiency is 88.65%. 

The DC microgrid with input-series-output-parallel connected conversion has the 

same centralized conversion unit on the 48V DC bus, and shows the same 

performance of low efficiency under both light and heavy load conditions.  

4.4 DC System with Power Array Conversion 

The efficiency of the proposed DC system with power array conversion on the 380V 

DC bus shows better efficiency performance under both light and heavy load 

conditions, and at the middle range, is just slightly lower than for the DC microgrid 

with a centralized conversion unit. Moreover, from the data, it also saves energy 

better than the centralized conversion unit and the input-series-output-parallel 

connected converter conversion unit. Table 10 shows the power outputs of the DC 

microgrid with power array conversion 
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Table 10. Power Output of 380V DC Bus with Power Array Strategy 

 

Results 

Simulation Time Period: 1440 mins 

Power Generating from Solar: 24750 Wh 

Power for System from Solar: 22670 Wh 

 

As for the results, it shows the system efficiency is 91.60%. 

The efficiency of the proposed DC system with a power array conversion on the 48V 

DC bus also shows better efficiency performance under both light and heavy load 

conditions, and at the middle range, it has almost the same efficiency as the 

centralized conversion unit. Its better energy saving is shown in the table 10, which 

compares to the centralized approach. Table 11 shows the power outputs of the DC 

microgrid with power array conversion. 

Table 11. Power Output of 48V DC Bus with Power Array Strategy 

 

Results 

Simulation Time Period: 1440 mins 

Power from 380V DC Bus: 6581 Wh 

Power for Low Demand Load: 6112 Wh 

 

As for the results, it shows the system efficiency is 92.87%. 
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5. Discussion 

5.1 Results Analysis  

The simulation is based on 1440 minutes, and the power from the solar panel is the 

same for all systems. The proposed power array conversion for the 380V DC Bus 

has an efficiency improvement up to 16.5% over the centralized conversion, and it 

shows an efficiency improvement up to 3.23% over the input-series-output-parallel 

connected conversion.  

From the system conversion efficiency data comparison, the DC microgrid with 

power array conversion generates 6.95% (up to 16.5% theoretically) more electricity 

than the traditional DC microgrid, which means 1720Wh more power out of a 

generation of 24750Wh; the DC microgrid with power array conversion generates 

2.95% more electricity than the DC microgrid with the input-series-output-parallel 

connected conversion, which means 730Wh more power out of a generation of 

24750Wh. 

In the 48V DC bus array, the result shows a huge difference between the DC 

microgrid with power array conversion and the other two systems. The result for the 

conversion efficiency of a centralized conversion unit on 48V DC bus is 82.35%, and 

the DC microgrid with an input-series-output-parallel connected conversion has the 
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same centralized conversion unit for the 48V DC bus. The result for the conversion 

efficiency of power array conversion on a 48V DC bus is 92.87%. 

From the conversion efficiency data  on the 48V DC bus comparison, the 48V DC 

bus with power array conversion saves 13.75% (up to 15.17% theoretically) more 

electricity than the traditional conversion unit for the DC microgrid, which means 

841Wh more power out of a power consumption of 6112Wh.  

This is a very interesting situation, because the real power conversion efficiency on 

the 48V DC bus is higher than the one on the 380V DC bus. This is caused by the 

load consumption performance, in the case of the load demand on the 48V DC bus 

for the test office building, the load consumption capacity are mostly in the light load 

condition, and the power array conversion works better in this range. 

Though the traditional system has a better maximum power point for a relative large 

capacity of the converter, various power generation levels are in the range of light 

and heavy load conditions in the real application, which is caused by issues such as 

cloud cover, timing, seasons, the relative location of the light source, and so on. The 

result shows the DC microgrid with power array conversion works better under light 

and heavy load condition.  
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The maximum power point, however, also shows a weakness of the proposed DC 

microgrid with power array conversion. If the points of power generation level are 

mostly in the range of medium load conditions; the DC microgrid with power array 

conversion may provide no improvement of system efficiency, and may be even 

worse than a DC microgrid withc a centralized conversion unit. This situation is real, 

but very infrequent because most of the solar farm locations have a 40%-90% heavy 

load condition and 5%-20% light load condition. It is hard to find a solar farm with 

more than 60% medium load condition[67]. 

However, this proposed DC microgrid with power array conversion is set on a 

building, which is different from the location of a solar farm. The points of power 

generation level are mostly in the range of light load condition, which is caused by 

the shield of other buildings, city location, and even birds. Compared to the 

traditional DC microgrid and DC microgrid with the input-series-output-parallel 

connected converter conversion, this proposed DC microgrid with power array 

conversion has an obvious advantage in dealing with such conditions, as shown in 

Table 12 
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Table 12. Comparison for Three Types of DC Microgrids 

  

Three Types of DC Microgrids 

The Traditional DC Microgrid with 

Centralized Conversion 

DC Microgrid with the 

Input-Series-Output-

Parallel Connected 

Conversion 

DC 

Microgrid 

with Power 

Array 

Conversion 

Power from Solar 24.75 kWh 24.75 kWh 24.75 kWh 

Total Power for System 

Loads 
20.3 kWh 20.3 kWh 20.3 kWh 

Power Consumption on 

High Voltage Loads 
14233 Wh 14233 Wh 14233 Wh 

Power Consumption on 

Low Voltage Loads 
6112 Wh 6112 Wh 6112 Wh 

Average Power 

Conversion Efficiency 

on 380V DC Bus 

81.75% 92.25% 95.23% 

Power Conversion 

Efficiency on 48V DC 

Bus 

80.71% 80.71% 92.51% 

Power for System from 

Solar: 
20950 Wh 21940 Wh 22670 Wh 

Power Saving on 48V 

DC Bus: 
0 0 840 Wh 

Total System Power 

Conversion Efficiency 
84.65% 88.65% 94.98% 

 

In this simulation, the data used for solar generation has a more than 50% light load 

condition, but the medium load is also more than 30%. The proposed DC microgrid 

with power array conversion performs a better overall power conversion efficiency 

than the traditional DC microgrid and the DC microgrid with Input-Series-Output-

Parallel Connected Conversion. 
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The conversion efficiency on the 48V DC bus depends on the low voltage load 

performance, the conversion unit outputs power according to the load performance 

in real time, and for the load performance on the 48V DC bus, the light load condition 

is up to 63%; the medium load condition is up to15%; and the heavy condition is up 

to 22%. The proposed power array conversion on the 48V DC bus performs with a 

13.75% power saving over the traditional DC microgrid as well as over the DC 

microgrid with Input-Series-Output-Parallel Connected Conversion. 

A conclusion for the DC microgrid with power array conversion is that if the most 

of the load condition is in the light and heavy range, the power array conversion 

provides a significant improvement for the power conversion efficiency of the 

system. When the load condition is mostly in the medium range, the power array 

conversion is of no help or is indeed a drag on the power conversion efficiency for 

the system. 

5.2 Cost and Performance 

In general, a typical microgrid uses a single high-capacity converter to convert and 

deliver power. In the proposed DC microgrid, an array consisting of multiple smaller 

converters is used rather than a single large converter. By using more converters of 
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smaller capacity, it is possible to reduce the cost of purchasing the converter 

hardware. 

5.2.1 Converter Cost 

People may think that the greater the capacity of a converter is, the more expensive 

the converter is, which it is true, but the price of the converter is not linear; for 

example, a 100W converter may cost 20 dollars, but a 200W converter may cost 

more than 60 dollars. If the capacity of a converter is doubled, the price of the 

converter will be more than tripled. That is why the proposed DC microgrid with 

power array conversion can save the cost on capital costs. 

Figure 32 compares the cost of switching from a single converter to a conversion 

system with five converters, each providing the same power output range. As an 

example, in this proposed DC microgrid, the main array on the 380V DC bus has a 

6000W rated power, using three 2-kW converters would cost less than using a single 

6-kW converter. As shown, the price for one 6 kW DC-DC is over $900 and the cost 

of a 2 kW converter is approximately $245[68]. 
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Figure 32. Cost vs Power on Step up DC/DC Converter
[69]

 

This case shows that a triple-converter array is a good organization for the 6kw 

capacity of the proposed DC microgrid, as can be seen in Figure 32; the cross point 

for the red line and the blue line is located at the power capacity of 1700W. This 

cross point shows the same cost and power capacity performance for the one-

converter system and the double-converter system.  
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This cross point also means that the one-converter system has better cost up to this 

point, and the one-converter system will get the same power capacity at a lower cost. 

The double-converter system has better cost performance after this point, and the 

double-converter system will then show a better cost rate at the same power capacity. 

Furthermore, the second cross point happens at 2700W, and this cross point is created 

by the green line and the blue line. Between the first cross point and the second cross 

point, the double-converter system shows the best cost-power capacity performance. 

The one-converter system shows a significant cost gap in comparison to the other 

four systems, and the triple-converter system has just a slight difference from the 

double-converter systems. Additionally, the triple converter has the lower cost of the 

system capacity between 2700W to 9600W as shown in Table 12. When the power 

capacity is over 9600W, the four-converter system has a lower price. Table 13 shows 

the converter cost for different capacities of the system. 

Table 13. Converter Cost for Common Conversion System 

Cost 
Number of Converters  

1 2 3 4 5 

2kW $220 $160 $190 $210 $250 

4kW $530 $460 $320 $440 $500 

6kW $960 $770 $690 $715 $750 

8kW $1,620 $980 $800 $910 $930 

10kW $2,370 $1,620 $790 $935 $1,290 
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For the proposed DC microgrid, the capacity of the conversion system is 6kW, and 

the cost of the conversion system includes the converter, the control unit, power 

protection components and switches. And the optimization of power conversion 

system cost for the proposed 6kW system is showed in Figure 33 

 

Figure 33 Cost of a 6kW Power Array Conversion System 

From Figure 33, it can be seen that the power array conversion system with three 

converters is the cheapest to have with a 6kW power conversion system. Along with 

the increase in the system capacity, four and five converters may show a better price 
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factor with a larger system capacity. More converters can support an even larger 

power capacity, but it is necessary to consider the cost of the control unit. 

5.2.2 Control System Cost 

Power Array Conversion requires extra control units to switch and control the timing 

of array shift. A Program Logical Controller (PLC) is used to input the system 

information and output the switching orders to the contactors. 

The converters in the array receive the power from the solar panel. The contactor is 

the executor, which decides if the relative converter is to be online or cut off. The 

contactors are controlled the by the coils, which receive the signal from the PLC. The 

manual start or stop is also designed for safety protection.  The diagram of the control 

unit is as shown in Figure 34.  
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Figure 34. The Control Unit of the Power Array Conversion 

The PLC is an extra element in this control unit, and the contactors are controlled by 

PLC, and the price of the contactor is variable based on different brands and quality. 

The cost of the main components in the power array conversion system are compared 

with the cost in a centralized conversion system and an input-series-output-parallel 

connected conversion system in Table 14 

 

 

 



98 

 

Table 14. Control Units Cost of Three Conversion Systems 

 

Item Components 

Centralized 

Conversion 

System 

Input-Series-Output-

Parallel Connected 

Conversion System 

Power Array Conversion 

System 

System 

Protection 

Fuse 

COOPER Power 

System Capacitor 

Fuse 

FN20B2ASMC 

($68.20) 

COOPER Power 

System Capacitor Fuse 

FN20B2ASMC($68.20) 

COOPER Power System 

Capacitor Fuse 

FN20B2ASMC($68.20) 

Wire 
BNTECHGO 

788888($125) 

BNTECHGO 

788888($125) 

BNTECHGO 

788888($125) 

Wire 

Connector 

Dupont Wire 
Jumper Pin 

Header 

Connectors 

($4.99) 

Dupont Wire Jumper 

Pin Header 

Connectors($4.99) 

Dupont Wire Jumper Pin 

Header Connectors($4.99) 

System 
Control 

Controller 

GIANDEL PM-

6000KSC-
24V($460) 

Power Land ICharger-

MPPT 

3KW(2)+Rockwell 
R65C51P 

Microprocessor($595) 

Siemens Simatic S7-200, 
214-1BD23-0XB0($370)  

Start Button None None 
GE 

CR305X320B($48.25) 

Stop Button None None 
GE 

CR305X320B($48.25) 

System 

Actuator 
Contactor None None 

 SCHNEIDER 

LP4K0910BW3*3(95.99) 

Price $658.19  $793.19 $760.68  

 

From the comparison of these three systems, the centralized conversion system is the 

most expensive system among the three. However the centralized conversion system 

uses a regular solar controller without any extra program control unit. For an input-
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series-output-parallel connected conversion system, a microprocessor is used to 

monitor the power from the power converters to the junction box. The power array 

conversion shows an advanced control system for the power converters, it has the 

ability to connect or disconnect the converters from the array, which is operated by 

the contactors with a PLC. 

The price of the power array conversion unit is a little bit higher than the input-series-

output-parallel connected conversion system for the 6kW system. However, the 

control unit of power array conversion has more ability to match the system load for 

efficient power conversion. 

5.2.3 Annual Cost Saving for the DC Microgrid 

For the proposed DC microgrid in this 2200 square feet commercial office, one year 

power consumption is provided in the Figure 35 below. From this Figure, the 

increasing of power consumption is equal to the increasing of environment 

temperature. The most of the power consumption increasing for an office is caused 

by the HVAC system in a high temperature location. The higher the temperature is, 

the more power consumption the HVAC system takes. The power consumption of a 

HVAC is the most part of the electricity bill in Florida. 
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Figure 35. One Year Power Consumption for the Commercial Office[66] 

Figure 35 shows the power consumption for this commercial office every month for 

one year, and from the power consumption data provided by Nuwill Energy 

Company and FPL, the annual power consumption is 47465kW. August has the 

maximum power consumption of 6080kW and December has the lowest power 

consumption of 2485kW. Different power consumption means different amount of 

monthly bill for electricity.  

The power rate for the January 2019 data, the latest available, show that the average 

U.S. price – 12.47 cents per kilowatt hour (kWh)[70] – rose 1.8 percent compared with 

a year ago.  
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Based on this rate, the proposed commercial office has an electric bill of $5918 a 

year. However, if the power array conversion can save 6.95% energy loss, there 

would be a saving of $411 a year. That’s just for one commercial office, an office 

center or building usually has 80-300 offices in one building, which would provide 

a great saving on the electricity bill. 

The saving number can be variable, and solar resource for power generating are not 

well-developed in Florida. The proposed DC microgrid with power array conversion 

is a perfect platform under conditions of week solar resources, and the solar panel 

runs on light load condition most of time, under which the proposed DC microgrid 

with power array conversion will have a better conversion efficiency performance 

than the traditional DC microgrid. 

On the other hand, if the solar resource are excellent, the proposed DC microgrid 

with power array conversion has a better power conversion efficiency than the 

traditional DC microgrid since the heavy load condition for the proposed DC 

microgrid with power array conversion is better than the traditional DC microgrid as 

well. 

For the future, a more extensive system can be developed with more converters. With 

more converters, the system can support a larger power capacity application and a 
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new power array conversion should be used to achieve a new stage of the power 

control for conversion units. 
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6. Summary and Recommendations 

6.1 Summary 

In this paper, a proposed DC microgrid with power array conversion is described. 

Analysis results show that the proposed system on the average generates more power 

than the current centralized conversion approach. Although the maximum 

conversion efficiency of the proposed DC microgrid is not as high as the current 

approach, the average efficiency of the overall conversion system is up to 16.5% 

higher than that of the centralized conversion unit during the entire timeframe under 

consideration. Results from the system simulation analysis indicate that the proposed 

DC microgrid generates 6.95% more power than the centralized method. The power 

array conversion approach also shows a saving on the purchase cost of converter 

hardware compared to the centralized DC mcirogrid. 

Based on the assumed test platform, the study shows that a triple-converter array is 

ideal for this size system. Furthermore, an array with three converters can improve 

system reliability since it offers a level of redundancy where one or two converters 

can continue to operate, albeit at a lower output capacity, when the other converter 

is down. Future work should include studying the cost and efficiency performance 
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of the proposed power array conversion method for systems with a larger capacity 

requirement. 

6.2 Recommendations 

In this section, future work for the proposed DC microgrid and its applications are 

discussed, which can improve the usability for the proposed DC microgrid and make 

it more flexible for the other platforms or large power applications. 

For the proposed the DC microgrid, the next improvement is to put more attention 

on the DC microgrid with power array conversion among the energy storage system, 

380V DC bus and utility. When a renewable energy is used, the rest of energy from 

the system can be stored in the energy storage system as well as feedback to the 

utility. Moreover, the DC microgird need to absorb the power from the utility when 

the power shortage happens on the renewable generators. Between these steps of 

power input and power feedback, there is the conversion loss between them. This 

conversion loss can also be improved by the DC microgrid with power array 

conversion. 

6.2.1 The Proposed DC Microgrid Application 

The proposed DC microgrid is a low voltage DC microgrid, which is used in a 

commercial building. The proposed microgrid is a small power capacity DC 

microgrid, and the proposed DC microgrid can be used i can be used not only in a 
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commercial application but also in a residential application, standalone microgrid 

and portable power station. 

The proposed DC microgrid can be used in different kinds of commercial buildings, 

of which there are six categories.  

The first type is leisure, such as hotels, public houses, restaurants, cafes, and sports 

facilities; the second type is retail, such as retail stores, shopping malls, and shops; 

the third type is office, such as office buildings and serviced offices; the fourth type 

is industrial, such as industrial property, office/warehouses, garages, and distribution 

centers; the fifth type is healthcare, such as medical centers, hospitals, and nursing 

homes; the sixth type is multifamily, such as multifamily housing buildings. 

The proposed system can be installed on different kinds of roofs of commercial 

buildings, and there are 20 popular roof types for commercial buildings. They are 

skillion and lean-to, open gable, box gable, dormer, hip, hip and valley, gambrel, 

mansard, butterfly, intersecting/overlaid hip, dutch gable, hexagonal gazebo, 

jerkinhead, flat, cross hipped, M-shaped, saltbox,  shed, combination and pyramid 

hip. From these types, three types of then are the best for a solar system. They are 

Gable, Hip and Flat. These three types with lower angel and larger open roof space 

than the other building, which is suitable for the proposed DC microgrid system. 
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They are Gable, Hip and Flat. Most commercial buildings in USA are designed with 

these three types of roofs. 

6.2.2 Applications Available for the Proposed DC Microgrid 

This proposed DC microgrid is a good option for a standalone island microgrid. The 

Standalone Island needs high-level power requirements, and any power on the island 

is significant. The proposed DC microgrid can improve the power generating on the 

island, and it delivers more power in the same solar energy situation. 

Similar to the Standalone Island, a ship can be considered as a ‘standalone island’, 

although the current approach to the electricity network for a ship is mostly based on 

AC power.  

A lot of research has been done on the DC microgrid for a ship, and ship power 

systems are very similar to land-based power systems in their own power distribution 

systems and power management systems. Previous electrical ships were based on an 

AC power system. An integrated power system (IPS) offers power to all shipboard 

loads, propulsion by a set of generators.  

An integrated power system (IPS) is an all-electric architecture for future ships, 

providing electric power to the total ship (propulsion and ship service) with an 

integrated plant. IPS enables a ship's electrical loads, such as pumps and lighting, 
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to be powered from the same electrical source as the propulsion system 

(e.g., electric drive), eliminating the need for separate power generation capabilities 

for these loads. In commercial applications, this is known as the "power station" 

concept. 

Anticipated benefits of IPS include: 1) fewer prime movers; usually allowing for a 

reduction from a total of seven to a total of five prime movers in the traditional gas-

turbine surface combatant; 2) reduced costs of ownership; resulting in 

significant fuel savings (15-19% in a typical gas-turbine combatant)[71]; 3) fewer 

engines installed results in less maintenance and manning; 4) naval architectural 

flexibility: provides flexibility in locating prime movers, allowing space previously 

used for uptakes to be put to better use; 5) improved survivability and stealth; with 

quiet propulsion motors can better meeting current acoustic requirements; 6) 

smaller main machinery spaces allow for improved damage control; 7) improved 

warfighting; because integrated power makes large amounts of 

power available throughout the life of the ship, and this power can be reallocated to 

accommodate future combat systems. Advances in power conversion are making it 

possible to provide uninterrupted power, advanced fault isolation, and "fight 

through" capabilities beyond what is currently available. 
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6.2.3 The Group Power Array Strategy for Large DC Microgrid 

The group power array strategy is the next generation for large commercial DC 

microgrid. The power array strategy is for the small-medium size applications; for 

systems over 1 MW, the group power array strategy is a good idea. 

As shown in Figure 36, it is a model of 1 MW group power array strategy for DC 

microgrid, the difference between a power array strategy and a group power array 

strategy is that the group power array strategy has two or more than two groups of 

arrays, and these arrays are provided in different sizes.  

 

Figure 36. 1 MW Model on Group Power Array Conversion for DC Microgrid 
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For example, the 1 MW group power array strategy for DC microgrid consists of 

three arrays, they can be used in combination, with 1 kW array for the light load 

conditions; 3 kW arrays for light-medium load conditions; a 1 kW array and a 3 kW 

for the medium load conditions; a 6 kW for the medium-heavy load conditions; and 

a 3 kW array and a 6 kW array for the heavy load conditions; Three arrays work 

together at the maximum system conditions. With different levels of converter units, 

each load conditional can be covered much better than one stage system. 
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Appendix A 

 Power on the Load of 380V DC Bus 

 Power from Solar Panel for 380V DC Loads before the Main Array 

 Power from Solar Panel for 48V DC Loads before the Sub Array 

 Power from Utility for 380V DC Loads before the Utility Array 

 Power from the Energy Storage System for 380V DC Loads 

 Converter Efficiency for Main Array 

 Converter Efficiency for Sub Array 

 Converter Efficiency for Utility Array 

 Power on the Load of 48V DC Bus 

 Power from Solar Panel for 48V DC Loads before the Main Array 

 Power from Utility for 48V DC Loads before the Utility Array 

 Power from the Energy Storage System for 48V DC Loads 
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 Power from Solar 

 Efficiency for Solar Panel 

 

 Power on the Load Side for Main Array Conversion Module from Solar 

 Power on the Load Side for Sub Array Conversion Module from Solar 

Ps  Standard Power Rate for Converter 

𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 Converter Conduction Loss 

𝐼𝑙  Load Current 

𝑃𝑓 Fixed Loss 

𝑊𝑠𝑤𝑖𝑡𝑐ℎ Product of Energy Lost during the Transistor Switch on/off  

𝑓𝑠𝑤𝑖𝑡𝑐ℎ Switching Frequency on Converter  

𝑃𝑙𝑜𝑠𝑠 Total power loss of Converter 

D Duty Ratio 

𝐼0 Current on Output Side 
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𝑓𝑠 Switching Frequency for Control Gate 

R Resistance of the Load 

∆𝑉0 Output Ripple. 
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Appendix B 

Main Modules in Simulation  

A. Control Module 

 

Figure B1. Monitoring and Control Module 

Monitoring and Control Module is the central processing module for the DC 

microgrid system, and it balances the load and power generating resource as Figure 

B1. The monitoring and control module also manages the energy storage system for 

its charging and discharging. The power from utility is controlled by this module as 

well. 
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Inside the monitoring and control module, it has the power calculation function, ESS 

charging control function and the distribution function, as Figure B2 

 

Figure B2. Monitoring and Control Module Diagram 

The Power Calculation: this module outputs the difference of power difference 

between load and PV generation.  

The codes in the power calculation function is as follow: 

function dpower = fcn(dlp) 

%#codegen 

if dlp<0 

    dpower=0 

else 
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    dpower=dlp 

end 

end 

 

ESS Charging Control is the control unit to avoid over charging for the energy 

storage system. This function reads the power inside the ESS, which limits the power 

input by the maximum ESS capacity. 

The codes in the ESS charging control function is as follow:  

function result = fcn(ess) 

%#codegen 

  

if ess<15000 

    result=1 

elseif ess>16500 

    result=0 

else 

    result=0 

end 

end 
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The Distribution Function is decision maker, which decides the direction of rest 

power from the DC microgrid generation transferring to grid or ESS. 

The codes in the distribution function is as follow: 

function [oess,outs]= fcn(cd,dpower) 

%#codegen 

if cd>=0 

    oess=dpower 

    outs=0 

else 

    outs=dpower 

    oess=0 

end 

end 

 

B. Power Arrays 

 

a. 380V DC Bus Array: 

380V DC bus power qrray, as Figure B3, is the main array for the DC microgrid 

system, which converts the power from the solar resource and boost the voltage to 
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380V. The 380V DC bus array has a rated power of 6000W and with a maximum 

power output of 6600W. 

 

 

Figure B3. 380V DC Bus Power Array Module 

The 380V DC bus power array is consist of three main components, which are 

converters, collector, and control and switching system as Figure B4. Each converter 

in the array is individual. An array includes three converters, and different number 

of converts covers the system in light, medium and heavy mode. 
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Figure B4. Components in 380V DC Power Array  

b. 48V DC Bus Array 

48V DC bus power array, as Figure B5, is the main array for the DC microgrid 

system, which converts the power from 380V DC bus and low down the voltage to 

48V. The 48V DC bus array has a rated power of 3600W and with a maximum power 

output of 4000W. 
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Figure B5. 48V DC Bus Power Array 

The same as the 380V DC bus power array, 48V DC bus power array is also consist 

of three main components, which are converters, collector, and control and switching 

system as Figure B6. Each converter in the array is individual as well. An array 

includes three converters, and different number of converts covers the system in light, 

medium and heavy mode. 
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Figure B6. Components in 48V DC Power Array 

d. Control and Switching for Arrays  

In the 380V DC bus power array and the 48V DC bus power array, a control and 

switching system is used in each array, and the two control and switching systems 

are basically the same function as Figure B7, but the capacity of converters for each 

system are different. 
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Figure B7. Components inside the Control and Switching System for Power Array 

 

Power Gates: 

Power gates is the function to detect the power and tell the array if the power goes 

up or goes down. Finally it transfers the result to the correct power output function 

to deal with the power increasing or decreasing.  

The codes in the power gates function is as follow: 

function [powerout1,powerout2]= fcn(powerin,solar0) 

%#codegen 

if (powerin-solar0)>0 

    powerout1=powerin 

    powerout2=0 
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elseif (powerin-solar0)<0 

    powerout1=0 

    powerout2=powerin 

else powerout=solar0 

    powerout1=powerin 

    powerout2=0 

end 

end 

 

Power Increasing Function: 

Power increasing function deals the power increasing from the solar generating, and 

the power increasing function sets the limits of the number of converters kicking in. 

There are two key points of the converters shifting up. The first point happens at 

0.95*rated power capacity of converter, and the second point happens at 1.95* rated 

power capacity of converter. This number is according to the efficiency performance 

curve of the power converter. 

The codes in the power increasing function is as follow: 

function [output1,output2,output3]= fcn(powerin) 

%#codegen 

if powerin< 0.95*Rated Power Capacity of Converter  
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    output1=powerin; 

    output2=0; 

    output3=0; 

    return 

elseif powerin>=  0.95* Rated Power Capacity of Converter&&powerin< 

1.65* Rated Power Capacity 

    output1=powerin/2; 

    output2=powerin/2; 

    output3=0; 

    return 

elseif powerin>=1.95* Rated Power Capacity&&powerin<Array maximum 

power capacity 

    output1=powerin/3; 

    output2=powerin/3; 

    output3=powerin/3; 

    return    

else  

    output1=0; 

    output2=0; 

    output3=0; 

    return 

end 

end 
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Power Decreasing Function: 

Power decreasing function deals the power decreasing from the solar generating, and 

the power decreasing function sets the limits of the number of converters signing off. 

There are two key points of the converters shifting down. The first point happens at 

1.65*rated power capacity of converter, and the second point happens at 0.55* rated 

power capacity of converter. This number is also according to the efficiency 

performance curve of the power converter. 

The codes in the power increasing function is as follow: 

function [output1,output2,output3]= fcn(powerin) 

%#codegen 

if powerin>3800 

    output1=powerin/3; 

    output2=powerin/3; 

    output3=powerin/3; 

    return 

elseif powerin<=3800&&powerin>1900 

    output1=powerin/2; 

    output2=powerin/2; 

    output3=0; 

    return 

elseif powerin<=1900 
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    output1=powerin; 

    output2=0; 

    output3=0; 

    return    

else  

    output1=0; 

    output2=0; 

    output3=0; 

    return 

end 

end 

e. Utility Array (Double Direction of  Power Flow) 

The utility array, as Figure B8, is used to feedback the rest of power from solar 

generating to the utility and input the power from utility if the power shortage 

happens. 

 

Figure B8. Utility Array 
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There are two arrays inside the utility array as Figure B9. Power Feedback Array and 

Power Input array work on opposite direction. However, they have a rated power 

capacity of 6000W and with a maximum power capacity of 6600W. 

 

Figure B9. Utility Array Diagram 

Inside the power feedback array, and it is consist of three main components, which 

are converters, collector, and control and switching system as Figure B10. Each 

converter in the array is individual. An array includes three converters, and different 

number of converts covers the system in light, medium and heavy mode. The inside 

of power feedback array is very similar to the main array. 
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Figure B10. Components in Power Feedback Array 

Inside the power input array, and it is also consist of three main components, which 

are converters, collector, and control and switching system as Figure B11. Each 

converter in the array is individual. An array includes three converters, and different 

number of converts covers the system in light, medium and heavy mode. The inside 

of power input array is very similar to the main array as well. 
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Figure B11. Components in Power Input Array 

 

C. Utility 

The Utility Module is the simulator of the Utility Grid as Figure B12, which absorbs 

the rest power from the solar generating or outputs the power to the DC microgrid. 
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Figure B12. The Utility Module 

There are four pins inside the utility module, and the utility function works for the 

DC microgrid as a power supply. When the control module detects the power 

shortage in the DC microgrid, the utility module will step in and supply the power to 

the DC microgrid. When the control module detects the power over generating in the 

DC microgrid, the utility module will directly feedback the power back to the utility. 

Figure B13 shows the inner components inside the utility function. 
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Figure B13. Components in Power Utility Module 

The codes in the utility module is as follow: 

function powerout=fcn(signal) 

%#codegen 

if signal==0 

    powerout=0 

else 

    powerout=signal 

end 

  

end 
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D. 380V DC Bus 

A very important element in DC microgrid is the 380 DC Bus, because it is the main 

bus to carry all the power flow and distributing, and Figure B14 shows the diagram 

inside the 380V DC Bus. 

 

Figure B14. 380V DC Bus Diagram 

Power Collector: It the function that comparing the power from PV panels and the 

power consumption of the system load, and this function not only delivers the power 

to load but also sending the power data to balance the system. 

The codes in the power collector is as follow: 

function [out,dout]= fcn(tp,load) 

%#codegen 
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if tp>=load 

    out=load 

    dout=tp-load 

else 

    dout=0 

    out=tp 

end 

end 

 

Power Comparison Function: The function works by the status of the ESS or Utility, 

and the function decides the destination (ESS or Utility) of power flow (Rest power 

from generation). 

The codes in the power comparison function is as follow: 

function [essout,utout]= fcn(din,ess) 

%#codegen 

if ess==1 

    essout=din 

    utout=0 

else 

    utout=din 

    essout=0 

end 
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E. Energy Storage System Module 

The Energy Storage System Module is the simulator of the energy storage system as 

Figure B15, which stores the rest power from the DC microgrid or outputs the power 

to the DC microgrid. 

 

 

Figure B15. Energy Storage System Module 

In Energy Storage System as Figure B16, the charging function charges the power 

from the DC microgrid and inputs to the energy to the ESS function. ESS receives 

the energy and delivers the power to grid when the power shortage of DC microgird 

happens. 
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Figure B16. Energy Storage System Diagram 

ESS Function: ESS function simulates the core part of energy storage system, and it 

stores the energy from the rest of power generating as well as limiting the power 

charging in order to avoid the overcharge. 

The codes in the ESS function is as follow:  

function [powerout,energylast]= fcn(energy,opower) 

%#codegen 

if energy-opower>=1700 

    powerout=opower 

    energylast=energy-opower 

else 

    powerout=0 

    energylast=energy 
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end 

 

F. Power Converter Module  

Power Converter is a very important element in power array. Power converter has 

the ability to converter the power to meet the needs of DC microgrid. The power 

converter diagram in Figure B17 shows different functions in the power converter 

module. 

 

Figure B17. Power Converter Diagram 

The Converter Function: it receives power from the control and switching module, 

and the converter function converters the power to the certain level of voltage. 

Finally the converter function outputs the power to DC bus. 

The codes in the power converter function is as follow: 

function [powerout,effout]= fcn(powerin,effin) 
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%#codegen 

if powerin==0 

    powerout=0; 

    effout=0; 

elseif powerin>0&powerin<=Max Power Capacity of Converter 

    powerout=powerin*effin(powerin+1)/100; 

    effout=effin(powerin+1)/100; 

else 

    powerout=0; 

    effout=0; 

        

end 

end 

 

 


