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DC power is apparently attempting to breach into the power system - the system which it
once lost to the AC power paradigm. DC is already present in the generation, transmission
and utilization sides of the system, leaving distribution as the only area where it has not
shown any significant presence — this may be regarded as still in research phase. The
current work aims to investigate efficiency enhancement of a DC power distribution system

for residential buildings via the use of a modular approach for the DC/DC solid state

transformers (SSTs). Specifically, DC distribution system shows reduced efficiency at light
loads because of the lowering in efficiency of its constituent SSTs. Via the use of modular
approach, a single SST is composed of smaller modules which may be turned on or off
individually, for the purpose of improving the converter efficiency. In this paper, we utilize
two methods of load division upon SST converter modules. As the efficiency of an SST is
increased, the overall efficiency of the system increases because bulk power passes through

these transformers.

1. Introduction

Electrical energy, apparently being the most easily transferable
(from one place to another) and convertible form of energy is,
therefore, the most common source of energy for powering our
residential and commercial buildings. Fundamentally, this energy
has two forms available — AC and DC; and out of these, AC has
been the dominant scenario for the power grid for the many past
decades. This is in spite of the fact that the earliest power system
was DC in nature. However, with the advent of electronics, DC is
appearing again. It is present in the form of personal computers,
laptops, and various other electronic gadgets. Variable speed drive
(VSD) based air-conditioners [1], [2] also require DC as an
intermediate stage between supply and load. The modern trend of
LED-based lighting[3], [4], for our home and office buildings
requires DC power as well. DC is also present on the energy
generation side in the form of Solar Photovoltaic (PV) cells and
wind farms with AC/DC/AC conversion [5], [6] , and on the bulk
power transfer side in the form of High Voltage DC (HVDC)
power transmission [7]-[9] with practical solutions available via
Siemens [10] and ABB [11]. One may say that DC is struggling
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again to obtain a share of the electrical energy system.

Residential (and commercial) power distribution is one
segment of the power system where DC has not yet obtained any
significantly extensive appearance. DC power distribution may
currently be regarded as in the research phase; wherein a number
of relevant publications may be found in literature, some of the
publications in the recent past are[12]-[20]. One of the important
parameters of the system is its efficiency. Mathematically,
efficiency may be expressed as:

Ng = 2425 100 (1)
in_sys
Pout_sys

np = DRESYS 5 100 )
Pin_sys

where 7z and npare energy and power efficiencies of a system.
For a system with constant energy demand, both the quantities
will be the same. The efficiency factor has a history with DC. It
was apparently the system efficiency that led to the first
overcoming of DC by AC in the 1880s, and then again it was
apparently the efficiency that led to the re-appearance of DC in
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the power system in the form of HVDC transmission. And now
the efficiency of DC power distribution for a variety of cases is in
the research phase. If DC can win the domain for power
distribution, then an all DC power system may be envisioned. This
may be especially true for the future micro-grids and a DC
microgrid where DC generation can come from solar PV while the
energy distribution and utilization are DC as well may become a
reality. The concept of DC microgrids has seen a significant
amount of research efforts. References [21]-[28] are some of the
recent publications that mention DC microgrids.

The current effort is directed towards the efficiency of a DC
distribution grid for residential buildings. DC/DC solid state
transformers (SST) serve to replace the conventional transformers
in such a system, and the efficiency of these power electronic
transformers is crucial for the efficiency of the overall system.
This research, which may be considered as an extension of our
earlier efforts [16] and [17] aims to investigate the efficiency
improvement of the system gained via the use of a modular
architecture for the DC/DC SST. This architecture can allow the
use of a required number of modules only in the converter and
lower the converter losses leading to a higher value for the
converter as well as system efficiency.

1.1. Contribution and Novelty of this work

The contribution of this effort is the enhancement of a
residential DC grid efficiency at reduced system loading via a
modular approach for system SSTs. DC distribution systems show
a decrement in efficiency as the load reduces due to the efficiency
variation of constituent DC/DC power electronic SSTs. Various
studies related to the efficiency of DC systems are mentioned in
the literature review subsection of this paper; none of the research
efforts that we are aware of attempts to improve the residential
DC distribution system efficiency via modular approach for the
DC/DC SSTs. The next section discusses some of the applications
of DC power distribution.

Www.astesj.com

2. DC Distribution — Applications

2.1. Distributed Power Systems

Traditionally, DC has been present as a medium of power
transfer for the case of distributed power systems (DPS) [29]-
[33]. The power system of the international space station (ISS) is
an example of this. The DC microgrid concept can be considered
as a modified version of the DC DPS [34].

2.2. DC Microgrids

Microgrids may be described as a concept that can bring
together distributed generation, residential/commercial utilization
as well as hybrid storage technologies while having appropriate
control to allow both utility-grid connected or independent
operation. Figure 1 shows a schematic diagram of a DC microgrid.
The extension of this concept to DC power may be considered as
natural as:

i.  Distributed generation via solar and wind (having
AC/DC/AC conversion) produce DC power.

ii. A wide variety of electronic loads in homes and offices
require DC power.

iii.  Storage technologies of batteries, super-capacitors and
fuel cells [35], [36] are DC in nature.

The concept of DC microgrid has seen various research efforts
as cited earlier, some of these will be discussed in the subsequent
section.

2.3. Collector Parks for Renewable Energy

The concept of DC power collection has seen quite a number
of research efforts for off-shore wind farms [37]-[42]. In these
systems, power is collected from various off-shore wind turbines
and then sent on-shore via DC lines. This way, the charging
current and the corresponding losses that would have appeared if
the line had been AC, can be avoided. The concept of DC power
collection has been proposed for Solar Parks as well [43].

289


http://www.astesj.com/

F. Dastgeer et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 3, No. 5, 288-297 (2018)

2.4. Miscellaneous

The concept of DC power distribution has been there for
telecommunication facilities [44], [45] as well as data centers
[46]-[49]. Reference [50] mentions a practical DC data center.
Furthermore, with the advent of Hybrid Electric Vehicles, the
need for their charging stations arises and DC bus based charging
stations for the electric vehicles have been mentioned [51]-[54].

3. Literature Review / Background of the current effort

This section mentions various publications related to DC power
distribution, especially its losses and efficiency. A background for
the current work is also presented here. The subsequent subsection
mentions the publications around/before 2012, while the
subsection after it mentions the publications after 2012.

3.1. Past — Around/Before 2012

Reference [55] was an earlier effort of one of the current
authors. DC power distribution paradigm was compared with a
counterpart AC system with respect to system efficiency. Both
Medium voltage (MV) and Low voltage (LV) portions were
considered in the study. DC was found to be more efficient than
AC; furthermore, a mathematical portion was presented to
determine the minimum required efficiency for power electronic
converters (PEC) in a DC system. However, this work did not
discuss any method to increase the efficiency of PEC so as to meet
the minimum requirement. The efficiency enhancement of the
system via an increase of efficiency of constituent DC/DC power
electronic SST is the topic of the current work.

D. Hammerstrom compares DC and AC distributions for
residential buildings in [56]. The results of this work are based on
a number of stages of energy conversion — conduction losses are
not included. The results showed that for the case of DC power
being supplied via a rectifier, DC does not have an advantage over
AC. However, if a local DC generator is present, higher efficiency
will be obtained for DC.

Reference [57] presents the feasibility of DC for commercial
facilities — power losses (conduction losses; PEC losses have not
been mentioned explicitly) have been presented for AC and DC
distribution systems. The authors mention that it may be
concluded that DC can lead to big advantages. Reference [58]
mentions that 380V DC brings reliability and efficiency to
sustainable data centers. It further mentions that for data centers
380V DC is 28% more efficient than 208V AC and 7% more
efficient than 415V AC. Reference [59] was an efficiency
comparison of AC and DC power distribution for data centers. A
small-scale demonstration showed 7% saving in input power for
a 400V DC distribution as compared to 480V AC system.

The authors of [60] present a proto-type DC distribution system
for residential applications where a hybrid energy source is
present. A photovoltaic — wind — fuel cell hybrid energy system
was developed and natively DC loads were used. Voltage and
current results for the system were presented and a life-cycle cost
was also given. However, the work did not include an efficiency
study of the system. Amin et. al give energy consumption and
losses for some common household appliances for LVAC and
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LVDC systems in [61]. They mention that total energy
consumption is lowest for their 48V DC system.

Stark et. al present a loss comparison for AC and DC
distribution in [62]. Both MVDC and LVDC portions have been
included. The authors conclude that AC and DC distribution have
the same merit if loads are half AC and half DC. The authors
mention that the DC-DC converter is the defining device in the
possible application of DC distribution. They also mention that
one problem with these converters is a reduction of efficiency
when operated below rating. This is precisely the issue which the
current research effort may be able to address; via the use of
modular approach for the main DC-DC power electronic SST, the
SST, as well as the system efficiency, may be kept from lowering
too much when the system load is reduced.

3.2. Present — Post-2012

The authors of [63] determine the savings in energy via the use
of DC distribution for U.S. net-metered residential buildings.
They present comparative results of energy savings for AC and
DC building power distribution systems. They assume that
distribution losses for both cases are comparable and all
appliances are assumed to be DC-internal. They conclude that
direct-DC could give significant energy savings in the U.S. houses
with net-metered photovoltaic systems. This work was detailed
enough to include not only the PEC losses occurring in the system
but also the variation in PEC efficiency by variation of load. At
partial loading, the PEC efficiency reduces. As mentioned earlier,
the current effort is an attempt to avoid the lowering of SST PEC
as well as system efficiency due to the reduction in system load.

The authors of [64] give comparative results of system
efficiency for DC and AC power. Their analysis for office
building indicates an efficiency gain of 14.9% when supplied by
DC power as compared to AC power. The authors of [65] give an
efficiency comparison of AC and DC power distribution for a
commercial building. They conclude that for applications with AC
and DC power sources with self-consumption and frequent battery
usage, DC distribution may improve the system efficiency as
compared to AC but the improvement is only 1.3%.

Fregosi et. al discuss a DC microgrid in [66]. They mention that
an equivalent AC system was installed next to the DC system for
efficiency comparison and the latter was found to use photovoltaic
energy 8% more effectively. The authors of [67] give an
efficiency comparison of AC and DC microgrid for the residential
load. They assume that the residential load comprises equal
proportions of AC and DC loads. For their comparative study, the
authors conclude that the overall efficiency of the AC system was
higher than that of DC; however, the addition of PV generation
led to a reduction in AC system efficiency and an increase in
efficiency of DC system.

A comparative analysis of system efficiency for AC and DC
residential power distribution paradigms [16] was an effort of two
of the current authors; related to DC distribution efficiency.
Comparative system efficiency results can be presented for a
variety of parameters of the systems such as voltage levels etc.; in
[16] the comparative results of system efficiency were presented
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for variation in PEC efficiency values. The first part of the work
showed that AC had better merit than DC. In the second part, we
included the concept of Variable Speed Drive (VSD) based air-
conditioning leading to a large increase in DC power demand of
residential loads. DC distribution showed a slightly higher
performance than AC for this case. A schematic diagram of the
DC distribution with VSD loads is shown here in Figure 2.

The highest power loss in this DC system was found to be
occurring in the primary DC/DC SST. The current research effort
aims to reduce the losses occurring in this converter by using a
modular approach based architecture for it.
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Reference [15] gives a detailed efficiency comparison of DC
and AC power distribution system. This work is aimed at
commercial buildings with the concept of zero net energy (ZNE)
in mind; where solar energy generation, as well as battery storage,
are present on-site. The loads are assumed to be natively DC.
Results are presented for two scenarios: small office having 48V
DC system and medium office having 380V DC system. In the
conclusion section, the authors mention that their research has
found that the baseline efficiency savings are 9.9% and 11.9% for
small and medium office buildings respectively; while the best-
case scenario gives savings of 17.9% and 18.5%. They further
mention that their study confirms that DC distribution is best
suited for (commercial) buildings having the large solar capacity
and large battery as well as a high voltage distribution backbone.
The presence of battery is apparently a crucial factor for this
research. The authors mention at one place that one of their results
shows that a battery-less ZNE building barely benefits from DC
distribution.

Reference [17] was another of earlier effort of two current
authors related to DC distribution efficiency analysis. We
performed the analysis for U.S. residential loads while taking into
account load variation and the corresponding converter efficiency
variation for the DC/DC converter transformer. A complete day
was divided into three portions: Night (00:00 — 06:00), Day-1
(06:00 — 15:00) and Day-2 (15:00 — 00:00) and residential load
was divided into these portions with Night, Day-1 and Day-2
demanding lowest to highest power respectively. An efficiency
curve was chosen for the DC/DC converter transformer and its
efficiency values were 86%, 89% and 90% for Night, Day-1 and
Day-2; correspondingly, the system efficiency values were
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82.85%, 85.64% and 85.73% for the three modes respectively. We
went on to perform an analysis for the division of losses occurring
in the system. The results are presented here in Figure 3.

The results depicted an increase in the DC/DC transformer
losses (as a percentage of total losses occurring in the
corresponding time) with the reduction of system load. We
mentioned in the future work that, “A future work may be to
investigate the feasibility of a DC power distribution system
which comprises a modular architecture based DC/DC converter
transformer.” In the current effort, we move towards DC
distribution system efficiency enhancement via modular
arrangement for its DC/DC SST. Prior to our work, [13] and [68]
present an efficiency improvement of DC networks. Reference
[68] improves the efficiency via optimal operation of multiple
distributed generators in the system, while [13] contributes via
proposing an enhanced tool for optimizing the analytical design
of DC network that focuses on energy savings and improving
efficiency. Our original contribution is the enhancing system
efficiency of a DC grid at reduced loading via the use of modular
SSTs. This modular approach and the system modeling will be
presented in the subsequent section of this paper.

Conductor Losses Load-Side Inverter Losses | Load-Side Converter Losses

DC-DC SST Losses = [l Constant Losses +
20%

= Linear Losses + . Quadratic Losses
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4. Modeling of the DC Distribution Grid and Loads

4.1. Residential Load Modelling

The residential load modeling of a typical US building was
presented by us in [16] using data from Energy Information
Administration and Department of Energy; the model is discussed
here briefly with Table 1 giving residential energy splits divided
into A, D and I categories. These stand for AC native, DC native
and Independent loads (such as Electric Iron which may be
energized by AC or DC power provided suitable voltage level is
supplied).

Based on data of Table 1 and taking space heating and cooling
as DC power demanding loads, a single building the block may be
built. As in [16], we assume 21 buildings to bunched together and
connected to a single distribution DC/DC SST. However, in
contrast to [16] which used 230V as the in-building distribution
voltage for DC (as well as AC systems to get a fair comparison),
here we choose 380V as the distribution voltage which may draw
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Table 1. Residential energy splits, categories & energy demand [16]
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SN
Space 042 | 878 | 1| 264 | — | — | 264
Heating
Water | 648 | 993 [ 1| 298 | — | — | 298
Heating
Space | o | 2104 | A| 637 | 637 | — | —
Cooling
Lighting 0.53 11.04 | D 3.31 --- 3.31 -
Refti- | 045 | 045 | A| 284 | 284 | — | —
geration
Electronics | 0.33 6.86 D 2.06 - 2.06 -
We't 0.33 6.80 A 2.04 2.04 - -
Cleaning
Cooking 0.11 2.36 1 0.71 --- - 0.71
Computers | 0.19 3.95 D 1.19 - 1.19 -
Other 0.94 19.69 591 1.97 1.97 1.97
Total 4'579 30.03 132'2 852 | 829
Power demand in kW 0.55 | 036 | 0.35

4.2. Modular Architecture of DC/DC SST

Here the SST has been used with a modular architecture. Figure
4 shows a schematic diagram of a portion of the DC distribution
system with modular architecture for the SST.

In [17] we used a single graph for modeling efficiency variation
of a DC/DC PEC being used as SST. In this research, we have
used five graphs from various sources to model SST efficiency
variation. These graphs, presented in Figure 5, will be used one at
atime. Two of these [69], [73] are from practical market available
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DC/DC converters while the remaining three are from research
literature [70]-[72]. MATLAB/Simulink has been used for the
simulations in this study where a single simulation experiment
determines the total input power Pi, s demanded by the system.
The system efficiency 7y is then determined by

Po

— total

Nsystem = P, (3)
Mtotal

where P, i refers to the total power demand of the residential
loads. For a single simulation experiment, a single graph out of
the five reference curves given in Figure 5, is used to model the
efficiency versus load variation characteristic of the modules
called bricks of the SST.

5. Simulation runs and efficiency result

In contrast to [17] where we made everyday usage assumptions
to include load variation and only three steps (Night, Day-1 and
Day-2 as mentioned earlier) were used; over here we take ten steps
of load variation — 10% to 100% of its value, as given in Table 2.

5.1. Basic Load Division Algorithm

To start with, the algorithm for load division upon bricks is
kept simple. The idea is to keep one brick for taking up all the load
variation while keeping all the others (if being used) at their
maximum efficiency. Following are the steps for the basic
algorithm.

a. Load one brick only if total load is less than its Maximum
efficiency point (MEP).

b. If load exceeds this value, then keep one brick at its
maximum efficiency point, and put all the remaining
load on second brick

c. Ifload exceeds MEP of the second brick, keep the second
brick at its MEP and put all extra load on third brick and
SO on.

d. If the MEP of all the converter bricks has been attained,
beyond this, divide all the extra load equally among the
bricks.
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Figure 5:
1) G1- PowerStax F351 Full Brick 350W DC/DC PEC [69]
2) G2- Boost Mode Conversion efficiency curve — with V1 =23V [70]
3) G3 — Conventional Dual Half-Bridge DC/DC converter [71]
4) G4 — CLLC DC/DC converter [72]
5) GS - Cosel DBS700B28 - 700W DC/DC converter [73]
6) G1 — G5 combined

As an example, consider G1 graph. Its maximum efficiency
point is at 29% loading, so for a single brick, this point occurs at
2.9 kW (since a single brick is rated at 10kW, while the five-brick
modular SST is rated at S0kW). Now, as long as the SST load is
less than 2.9kW, only one brick will operate. When the load
exceeds 2.9kW, the first brick is fixed at its MEP load i.e. 2.9kW,
and the next brick makes up for the remaining load. When the
second brick load exceeds 2.9kW (i.e. total load exceeds 2 x
2.9kW), second brick is also fixed at the MEP of 2.9kW, and the
remaining load (i.e. total load — 2.9kW — 2.9kW) is shifted on the
third brick, and so on. Once all bricks are at maximum efficiency
point (i.e. total load > 5 x 2.9kW), all bricks are loaded equally
after this. The results of system simulation are presented in
Tabular as well as graphical form in Table 2 and Figure 6. For
comparison, the results of system efficiency with a non-modular
SST have also been presented.

As evident from Table 2 and Figure 6, the modular SST based
system shows a huge efficiency gain at a very low loading of the
system. However, the single SST based system shows higher
performance beyond 30% loading up to 60% load, and this may
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be attributed to the crude load division algorithm at this stage.
After 60% loading, both systems show the same performance.

Table 2. Results of system efficiency — G1 — basic load division algorithm -
modular and non-modular SST

Modular SST Non-Modular SST
Load Input Input
Load P tota Power System Power System
% (kW) Pi o | Efficiency | P | Efficiency
(kW) % (kW) %
10 26.28 32.58 80.7 33.81 71.7
20 52.55 66.72 78.8 67.02 78.4
30 78.83 99.36 79.3 99.67 79.1
40 105.1 132.04 79.6 131.71 79.8
50 131.38 164.75 79.75 163.32 80.4
60 157.66 197.06 80 197.06 80
70 183.94 230.72 79.7 230.72 79.7
80 210.21 264.4 79.5 264.4 79.5
90 236.49 298.74 79.2 298.74 79.2
100 262.8 335.52 78.3 335.52 78.3
B100
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6‘\
Heo00 .
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Figure 6: System efficiency comparison for modular & non-modular SST cases —
for G1 reference graph
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Figure 7: System efficiency comparison for modular & non-modular sst cases —
for G2 — G5 reference graphs

Figure 7 shows the system performance comparisons for
modular and non-modular SSTs based upon each of G2 — G5
reference curves. On the whole, the system shows superior
performance with a modular SST. One reason for the
improvement in system efficiency may be the reduction in the
constant losses of the SST when it is used in the modular
architecture. Assume that x% power of the SST rating is being
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wasted in the constant losses for the non-modular SST case. But
when the SST is shifted to modular architecture; say only one
brick is working at that time — then the percentage constant losses
are reduced to x/5 (assuming same PEC efficiency characteristics
and for a five brick SST). Hence at reduced load, the operation of
only a limited number of bricks saves on losses and enhances
overall SST and system efficiency. However, as the load
increases, more and more bricks are turned on and eventually with
all bricks on, the modular SST gives the same constant losses as a
non-modular SST. In the next subsection, we present an improved
load division technique to further enhance the system
performance.

5.2. Modified Load Division Algorithm

The basic load division algorithm is modified to give better
performance for system efficiency. The modified algorithm may
be described as —

a. Load one brick only if the total load is less than its MEP.

b. Ifload exceeds this value, keep one brick at its MEP, and
put remaining load in excess load bucket.

c. Ifload exceeds MEP of the second brick, keep the second
brick at its MEP and put an extra load in excess load
bucket.

d. If the MEP of all the converter bricks has been attained,
beyond this, divide all the extra load equally between the
bricks.

In this load division when the maximum number of bricks are
at their MEP, the excess load bucket is handled in two ways

1. The remaining load in excess load bucket is divided among all
MEP bricks equally.

2. If possible, the remaining load in excess load bucket is loaded
on next brick which was not in use previously.

When these two ways of handling the excess load bucket are
simulated for the system in parallel. Their resultant modular
efficiency of the converters are compared and the one which is
maximum is chosen. As an example, consider G1 graph again
with MEP of 2.9 kW. As long as the SST load is less than 2.9kW,
only one brick will operate. When the load exceeds 2.9kW, the
first brick is fixed at its MEP load i.e. 2.9kW, and either the next
brick makes up for the remaining load or remaining load is loaded
on the first brick which was at MEP. The more efficient way of
the two is selected. When the second brick load exceeds 2.9kW
(i.e. total load exceeds 2 x 2.9kW), second brick is also fixed at
the MEP of 2.9kW, and the remaining load (i.e. total load — 2.9kW
— 2.9kW) is either shifted on the third brick or divided equally
between MEP bricks and efficient way is selected with if
condition in the algorithm. Using the same method other bricks
are loaded Once all bricks are at maximum efficiency point (i.e.
total load > 5 x 2.9kW), all bricks are loaded equally after this.

The results of system simulation for Gl are presented in
Tabular as well as graphical form in Table 3 and Figure 8.
Furthermore, the bulk of results for G2 - G5 are presented as
before in a combined graph form in Figure 9. The non-modular
SST based system efficiency results in Figure 9 are the same as
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those in Figure 7 and have been presented for the purpose of
comparison.

Table 3. Results of system efficiency — G1 — modified load division algorithm -
modular and non-mo dular SST

Modular SST Non-Modular SST
Load Input Input
Load Po_total Power lESf)t;s:;l;]c Power System
% (kW) Pin_toa v Pin o | Efficiency
(kW) o, (kW) %
10 26.28 32.58 80.7 33.81 77.7
20 52.55 65.2 80.6 67.02 78.4
30 78.83 97.87 80.55 99.67 79.1
40 105.1 130.59 80.5 131.71 79.8
50 131.38 163.3 80.4 163.32 80.4
60 157.66 197.06 80 197.06 80
70 183.94 230.72 79.7 230.72 79.7
80 210.21 264.4 79.5 264.4 79.5
90 236.49 298.74 79.2 298.74 79.2
100 262.8 335.52 78.3 335.52 78.3
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Figure 8: System efficiency comparison for modular & non-modular SST cases —
for G1 reference graph
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As can be observed by the mutual comparison of Figure 8
and Figure 6, the advanced load division technique keeps the
Modular SST based system efficiency higher than the non-
modular case for a longer range of system loading.
Furthermore, Table 4 presents the comparative results of system
efficiency when used with modular SST with basic and
advanced load division methods for G2-GS5. Although the
advantage is slight, still the advanced technique gives better
results at times. In any case, the modular SST based system
proves to show higher system efficiency as compared to the
non-modular SST based system.

It may be deemed that it is difficult to compare the results of
system efficiency using five efficiency curves for the DC/DC
SST among which two are market available converters while
other three come from the research literature. Although
published, the research literature used may have been using
different criteria for their work. However, the aim of this paper
is to present the idea of efficiency enhancement via modular
architecture for the SSTs. Mutual comparison of the results is
not the main concern — hence the use of disparate efficiency
characteristics for the DC/DC SST should not be a problem

6. Future Work

This work may be extended to a detailed optimization
technique for load division upon individual bricks of the
modular SST with a goal to achieve the maximum overall
system efficiency. Here we briefly discuss one such concept
based upon Lagrange Multiplier.

The goal is to find such a load division of individual
converter bricks which will lead to the lowest input power for
the modular converter while supplying the desired load power.
For this optimization, it may be more suitable to use a P;, versus
P, graph rather than a P, vs efficiency graph. Such a graph for
the G1 reference curve (presented in Figure 5) is presented here
in Figure 10.

Assume that the general expression for this graph may be
given as a quadratic equation as

Pin=a+,8Po+yP02 )

where a, B and y may be derived via curve fitting for the graph,
P, is the output power of a single brick and P;, is its input

power. Then for the modular SST comprising ‘n’ bricks, it may
be written that

n —_ — n 2
i=1 Pin = Pinypray = 2i=1(@i + BiPoi +viPsi)  (5)
11
10
9
2 s
g 7
s 6
-9
5 s
&
= 4
© 3
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Figure 10: Input power versus output power graph — for G1 reference gap

The Pin-1ors becomes the objective function whose minimum
value needs to be determined. Also, if Pp is the total demand
power at any given time from the modular SST, it can be written
that

?=1Poi =P (6)

Now, by augmenting the objective function with the
constraint, a Lagrange multiplier may be formed as
L =Py, +A(Pp — Xi1Po) (7
Such an analysis may be probed in order to derive the
optimum value for P,; which will give the least Piy.ior While
supplying the required Pp, hence giving the highest value for
_ Zi=1Poi (8)

Nlsst = 4.
in_total

where #ssr is the net efficiency of the modular SST.

Besides this, the areas of efficiency analysis and efficiency
enhancement of DC distribution systems may be applied to a
DC grid composed of the modern Zero Net Energy (ZNE)
buildings whereby the DC/DC SSTs will be bi-directional
allowing forward as well as the reverse flow of power. ZNE is
a new trend for the modern home and DC distribution may
facilitate the implementation of this concept.

Table 4. Power demands of A, D & I categories during three-day portions
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% Non-Modulal" SST Modular SST — Adva'nced Division Modular SST — Ba'sic Division
Load System Efficiency System Efficiency System Efficiency
G2 G3 G4 G5 G2 G3 G4 G5 G2 G3 G4 G5
10 82.06% 68.7% 81.93% 74.26% 87.28% 87.43% 88.35% 81.14% 87.28% 87.43% 88.35% 81.14%
20 83.79% 75.97% 84.45% 76.15% 88.95% 88.56% 89.39% 83.39% 88.95% 88.56% 89.39% 83.39%
30 85.24% 81.81% 86.45% 78% 88.64% 89.24% 89.51% 83.58% 88.64% 89.21% 89.51% 83.58%
40 86.29% 85.18% 87.53% 79.65% 88.83% 89.03% 89.21% 83% 88% 88.39% 88.81% 82.57%
50 87.06% 87.21% 88.13% 80.92% 88.59% 89% 89.36% 83.42% 88.46% 88.71% 89.15% 83.12%
60 87.68% 88.46% 88.47% 81.68% 88.71% 89.07% 89.34% 83.41% 88.47% 89% 89.33% 83.41%
70 88.13% 89.04% 88.68% 82.19% 88.55% 89.04% 89.19% 83.26% 88.11% 89.04% 88.98% 82.82%
80 88.4% 88.89% 88.88% 82.54% 88.6% 88.89% 89.23% 83.29% 88.38% 88.89% 89.12% 83.14%
90 88.5% 88.63% 88.95% 82.77% 88.5% 88.63% 89.17% 83.25% 88.31% 88.63% 89.15% 83.23%
100 88.48% 88.12% 88.95% 82.95% 88.48% 88.12% 89.09% 83.19% 88.08% 88.12% 88.95% 82.87%
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7. Conclusion

The use of modular architecture can help against the lowering
of power/energy efficiency of a power electronic DC/DC SST.
Hence the overall system efficiency of a DC grid may be
improved via modular SST approach. In the current paper, we
have demonstrated this via DC grid simulations for five
different efficiency characteristics of the DC/DC SST, two of
the graphs were derived from practical market available DC/DC
converters while the other three came from research
publications. We have two techniques for load division among
SST bricks and although, there was not a much significant
difference in system performance between the proposed basic
and advanced load division methods; nevertheless, the results
gave a good performance against a non-modular SST based
system. An in-depth optimization of the load division technique
may be a future direction for this work.

DC power distribution, given up a long time ago, is now
witnessing a revival and the time may come when we are living
in DC-based homes, or at least the modern homes with
advanced integration of renewable-energy/ZNE concept have
shifted to DC power. To this end, however, a lot of research and
development may be required which may include a variety of
areas, one of which is the efficiency of the system. And the
factor of efficiency may be deemed do-or-die for the system,
after all, it was this factor that once led to the ousting of DC in
the early days of the power system. Again, this factor is
important for the re-introduction of DC power in the system in
the form of HVDC transmission lines. The ongoing push for
higher efficiencies may even be seen in our homes via the
acceptance of LEDs for lighting and inverter based (VSD
based) air-conditioning technologies.
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