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Executive Summary

In this project, a holistic analysis of architecture, stabilization, and cost/efficiency analysis
in hybrid AC and DC distribution grids are conducted. Particularly, versatile and cost-
efficient multiport converters are developed to not only integrate solar sources and other
DERs in DC grids, but also facilitate the interactive operation of DC sub-grids and
conventional AC distribution grids. Meanwhile, a universal and extended impedance-
based stabilization approach with a decentralized and adaptive virtual impedance loop is
developed in hybrid AC and DC distribution grids, which comprehensively covers the
active stabilization of DC sections, AC sections, and interface inverters interlinking both
AC and DC sections. Furthermore, to quantitatively evaluate the cost and efficiency of
hybrid AC and DC distribution grids and quantify the improvement of hybrid AC and DC
grids over conventional pure AC grids, the project team develops an alpha-version tool to
monitor and calculate the efficiency and cost of the DC, AC, or hybrid AC and DC grids.
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Background

Increasing penetration of inverter-based resources challenges modern distribution
systems with insufficient inertia and increasing generation intermittency. To mitigate the
impacts of operational uncertainties, the concept of distribution grids was proposed for
effectively integrating distributed energy resources (DERs) and enhancing grid
operational performance. In the past years, AC distribution grids have been extensively
studied, given that conventional grids are implemented based upon AC electricity [1].
Meanwhile, with increasing penetration of DC-coupled resources (e.g., photovoltaics
[PVs], battery energy storage, etc.), the technology frontier of DC distribution grids has
been significantly advanced that enables a hybrid architecture with both AC and DC
resources (i.e., hybrid AC and DC distribution grids [2]).

In the literature, the planning and operations of AC/DC distribution systems have been
extensively studied in the past decades [3]-[7]. Nevertheless, most of those existing
system-level studies are established on an uncleared engineering basis. The definitions
or problems such as the architecture and stability of the hybrid AC/DC are not well-solved
nor well-established. Apart from the planning and operation studies of AC/DC distribution
systems, some efforts have been put into the protection system development [8]-[10] and
the control system development [1], [11]-[12].

The challenges, issues, and solutions in AC distribution protection after the integration
of DERs have been discussed in many papers. The issues include misoperation of
directional protection, mis-tripping of recloser or breakers, fuse fatigue, and sympathetic
tripping [13]-[15]. The reason is recognized as the fault current distribution is no longer
deterministic in fault current direction and magnitude, which varies with changing
penetration levels and network configurations. Adaptive protection is said to calculate and
implement appropriate protection settings at various operation conditions [16]-[17] and
thus is one protection solution used by most researchers. Challenges in “fuse saving” in
AC distribution after DERs and solar PV integration are studied [18]-[19]. However, not
many studies can be found on the protection coordination of hybrid AC and DC distribution
systems with solar PV integration.

Control systems development of the hybrid AC/DC system is another challenge since
hybrid AC and DC distribution grids have relatively complex operational dynamics due to
the hybrid and inverter dominated configuration. Therefore, it is critical and also
challenging for small-signal stability analysis compared to conventional power grids. In
[11], the small-signal modeling of a hybrid AC and DC distribution grid is presented,
focusing on AC distribution feeders, DC feeders, and interlink converters between
common AC and DC buses. Meanwhile, synthetic droop characteristics for regulating
interlink converters are implemented to control the power exchange between AC and DC
distribution grids. Further, in [12], the modeling and control of inverter dominated AC
distribution grids is studied in detail to conduct small-signal analysis, providing a feasible
solution for understanding the small-signal system of AC distribution grids. However, the
existing control systems for AC/DC hybrid system only focus more on particular sections,
a complete solution covering various control functions and all the corresponding sections
is still missing.

Besides, the techno-economic study is also critical for the realization of hybrid AC/DC
systems. The sizing, locating, installation and operation related economic analyses for
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hybrid AC/DC systems have been presented in the literature [20]-[22]. However, the
whole life cycle cost and benefit analyses are not studied in the literature.

By leveraging with existing literature, this project first developed a multiport converter
that enabling the hybrid AC/DC distribution system. Different from the existing control
system development, the control system considered in this project is a holistic control
system for the general AC/DC grid. Besides, the computation complexity and the system
stability margin quantification problem are also considered in the process of control
system development. Finally, comprehensive cost-benefit analyses are carried out by
considering the installation and operational cost as well as the life cycle of the energy
storage system.

Introduction

This project and the research thrusts therein are designed to tackle the obstacles with
respect to the key development and integration efforts of hybrid AC and DC distribution
grids with solar energy. The innovation of this project can be concluded as (1) performs
comprehensive benefit analyses of the hybrid AC/DC distribution system considering the
potential benefits on system voltage, harmonic minimization, and loss reduction; (2)
develops a holistic small-signal model for the general hybrid AC/DC distribution system
and the corresponding generalized control algorithm for hybrid AC/DC system; (3)
develops an alpha version tool for cost-benefit analysis and performs a life cycle cost
analysis for the hybrid AC/DC system with solar power and energy stage facility. A
milestone summary is concluded in Table 1.

Apart from the milestone listed in the TWP, our team member also investigates the
protection problems and potential solutions with hybrid AC/DC distribution systems in the
context of the fuse saving concept. The issues in hybrid AC and DC protection
coordination because of solar PV integration are analyzed. Root causes and potential
solutions in control and protection are analyzed and discussed. One solution using fault
current limiting is given and explained.

Table 1. Milestone Table of the Project

No. Description Start End Status

Implement the baseline model of a hybrid AC and DC grid in
MATLAB/Simulink with dedicated interface inverters, which
should include 1 AC sub-section, 1 DC sub-section, solar
1 | sources and batteries, and solar penetration level should be | 10/01/2018 | 12/31/2018 | 100%
adjustable between 0 to 100%. MATLAB/Simulink software
environment will be used to verify the developed model
components and required penetration level.

Based on the baseline model developed in Task 1,
implement a complete impedance model of hybrid AC and
DC grids, covering: 1) AC sub-section, 2) DC sub-section
2 | and 3) interfaces between AC and DC common buses, and | 10/01/2018 | 03/31/2019 | 100%
the relative error between the impedance model and the
baseline model (developed in Task 1) is limited to 5% by
comparing the model differences in the frequency domain.
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Implement the multiport converters in both DC subsection
(Case I) and AC subsection (Case Il) in MATLAB/Simulink
with component power loss profile embedded, and the

o
3 efficiency of the developed multiport converters will be over 01/01/2019 | 06/30/2019 | 100%
95%, which is demonstrated by comparing the total input
power and total output power of each multiport converter.
4 Formulate and calculate the acquisition/investment cost and 01/01/2019 | 06/30/2019 | 100%

O&M cost of hybrid AC and DC grids of the baseline system.

Conduct experimental tests of the developed multiport
5 | converters and demonstrate that the converter efficiency is | 07/01/2019 | 12/31/2019 | 100%
over 95%.

Develop the impedance-based stability criteria and virtual-
6 | impedance-based active stabilization approach to enhance | 04/01/2019 | 12/31/2019 | 100%
the stability margin by 20%.

Calculate the energy conversion efficiency from operation

7 : : : : 01/01/2019 | 12/31/2019 | 100%
simulation using the baseline system.

8 Scenanc_) analys_|s and |mpact analysis of cost and energy 07/01/2019 | 12/31/2019 | 100%
conversion efficiency using the test case developed.
Assess the performance of various cases including the

9 system with multiple DC links for their steady state voltages, 10/01/2019 | 09/30/2020 | 100%

and the system with AC/DC sections connected to the main
AC grid.

Project Results and Discussion
Task 1 Develop the multiport converter in AC and DC distribution grids

Subtask 1.1 Implement a baseline hybrid AC and DC grid in MATLAB/Simulink, which
includes dedicated inverters interfacing solar source, battery, AC common bus and DC
common bus, respectively. This baseline case will also be used in Task 2 for stability

analysis.
Subtask 1.2 Identify the potential approaches to aggregate neighboring dedicated

inverters. Two approaches of aggregation should be provided, with one implemented in
the DC sub-section (Case |) and one implemented in the AC sub-section (Case Il).

Subtask 1.3 Implement the aggregated multiport converter in Case | and Case Il in
MATLAB/Simulink and conduct simulation tests.

The switching model diagram of the developed multiport converter for hybrid AC/DC
application is shown in Fig. 1.1, which is made by an interlinking converter that connects
AC common bus and DC common bus through an LCL filter and transformer. In the DC
section, two DC-DC boost converters are connected to the common DC bus, where the
solar source is connected to a unidirectional boost converter and battery management is
done by a bidirectional boost converter. This model is developed in MATLAB/Simulink
and it is used in AC/DC microgrid.
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Fig. 1.1. Switching model of multiport converter.

The controller for the interlinking converter is shown in Fig. 1.2. The proposed controller
uses a common dc bus, i.e. vdc, and grid frequency (wg) for controlling active power control
and AC voltage magnitude for reactive power compensation. Coefficients for controlling
active power flow, i.e. mvac and mw, are selected based on converter power rating, DC
voltage limits, and frequency support from DC microgrid. The droop coefficient in reactive
power loop, i.e. mq, is based on maximum available reactive power (Qmax), and location
of DC subgrid in the developed hybrid AC/DC microgrid and magnitude of the measured
voltage at the point of connection to AC common bus is used for setting reactive power
reference by a Pl controller.

Qmax = \/Srating — Preas (1.1)

In (1.1), Srating is the interlinking converter power rating and Pmeas is measured active
power, and Qmax is maximum reactive power that can be provided by the interlinking
converter. The generated references for current in d and q axes are given to the well-
known current controller that generates modulation references for PWM.

PWM » Gatesignals to
interlinking converter

Va c_ref

Fig. 1.2. Interlinking converter control diagram.

The unidirectional boost converter between the common DC link and PV array in Fig.
1.3 is responsible for injecting maximum available PV power to the grid by applying P&O
maximum power point tracking (MPPT) algorithm.
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Fig. 1.3. MPPT control via boost converter.

After the development of the Simulink model of the multiport converter system, a
baseline hybrid AC/DC microgrid is simulated in MATLAB/Simulink, which includes one
DC subgrid and one AC subgrid. In the baseline model, the AC section of the IEEE 34
node test feeder is kept as the original model, and an additional DC section is connected
to node 828. This system is connected to a three-phase 24.9 kV, 60 Hz grid at node 800
as shown in Fig. 1.4 and parameters of the system are provided in Table 1.1. In DC
section nodes that are shown by Z, I, P are constant impedance, constant current, and
constant power loads, respectively.

Table 1.1. Baseline hybrid AC/DC system

Parameter Value

AC gird voltage 249 kV
DC grid voltage 40 kV

AC Load 1.8 MW, 0.3 MVar

Maximum Interlinking converter rating 1 MVA
Maximum Solar panel capacity 1MW

DC Load 0.6 MW

848

822 846

AC Grid 318 - 342

3ph 24.9 kv

802 506 808 812 814 850
@ Bt 816

834 860 836
> . o540

é—.—. 862
888 890

838

Inverter

| |
| —eo I
| <
| I
| Uni- Drectonal* ! Bi-directional |
| Boost Boost |

|
' DC Subgird P arrays L |

Battery

Fig. 1.4. Baseline model of hybrid AC/DC grid.

The ANSI C84.1 defines 90% to 105% of the nominal voltage as the acceptable voltage
range for utilization in range A. For verifying the ability of the control system in keeping
the voltage regulated, according to the ANSI limits, first the nominal voltage of AC grid at
three different load conditions is simulated for the original IEEE 34 node test feeder. In
Fig. 1.5, the per-unit rms voltages at all nodes are sketched for two loading conditions. In
this model, two regulating transformers with a 120:122 turn ratio are placed between
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nodes 814-850, and 852-832. Also, there are two shunt capacitors at nodes 844 and 848.
In the 100% load case, the shunt capacitors are connected to the system, otherwise the
voltages at the neighboring nodes drop below 85%. In Fig. 1.5(a) rms voltage at all nodes
remain in the standard range for 100% load condition. For the 20% load condition, shunt
capacitors should be disconnected, otherwise the rms voltage at nodes near the shunt
capacitors exceeds 105% of the nominal voltage limit. In Fig. 1.5(b) value of rms voltage
at some nodes violates the ANSI C84.1 upper limit. This violation occurs at the nodes

after the regulator where 1.05 p.u. voltage is increased to a higher value.

AC model with 100% Load AC model with 20% Load
. . 1.1 - - . . I

11

-
(=3
o

1.05 -

-

1

0.95

RMS Voltage (pu)
o 2
[(=] 0

RMS Voltage (pu)

0.9

o
©
a

085

o
®

0.8 " "
1 12 14 16 18 2 0 05 1 15 2 25 3 35 4

time (s) time (s)

(a) (b)
Fig. 1.5. (a) RMS voltage at all nodes in IEEE 34 bus system with 100% load. (b) RMS voltage at all nodes
in IEEE 34 bus system with 20% load.

For controlling the AC microgrid voltage, the controller uses node 828 voltage
measurement. The upper and lower limit for voltage of this node should be set according
to light load and full load condition in the AC system, respectively. Based on this
observation, the voltage at node 828 acceptable range is 0.975 to 1.03 p.u. and reactive
power compensation by interlinking converter should follow equation (1.1).

In the first case, both AC subgrid and DC subgrid are working with 100% loading
condition and PV’s power generation is zero, and it is considered that the battery cannot
provide power regarding the state of charge. Here, all the DC grid load power is provided
by the AC grid and the volt-var converter injects reactive power to the AC grid to keep AC
voltage regulated. Figs. 1.6 and 1.7(a) show the rms voltage at AC side, DC voltage, and
active and reactive power that the interlinking converter received from the AC grid. In this
condition, the reactive power injection reaches the maximum reactive power limit of the
interlinking converter, i.e. 800 kVAr, and the voltage limit is followed at all nodes. The
voltage at node 828 is 0.985 p.u. However, it should be noticed if the DC or AC load
increase even 10%, the voltage will be violated at some AC nodes like 848 or 849, which
are located at the end of the feeder. This issue happens because the extra load is added
to the system while the existing line cannot handle extra load and it causes extra power
loss on the line. The measured voltages at DC grid nodes are kept around 1 p.u.

In the second case, all loads in AC and DC subgrids are reduced to 50% of their
nominal value and PV is generating 800 kW power. Like the original IEEE 34 model
simulation, shunt capacitors are disconnected from nodes 844 and 848. The results for
the second case are shown in Figs. 1.8 and 1.7(b). Injected reactive power to the AC grid
is very low and 500 kW is injected from the DC grid to the AC grid while the voltage at
both AC and DC subgrids are following ANSI limits.
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Hybrid microgrid with 100% load & Pnetration level =0 Hybrid microgrid with 100% load
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Fig. 1.6. Hybrid AC/DC microgrid results with 100% load and zero PV penetration level (a) RMS voltage at

all AC nodes. (b) Voltage at all DC nodes.
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Fig. 1.7. Active and reactive power injection from AC grid to DC grid. (a) 100% load. (b) 50% load
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Fig. 1.8. Hybrid AC/DC microgrid results with 50% load and zero PV penetration level (a) RMS voltage at
all AC nodes. (b) Voltage at all DC nodes.

As can be seen in the full load condition, the voltage is near the boundary limit and a
huge amount of reactive power should be injected into the gird. The overvoltage also
happens at very light load conditions where reactive power should be absorbed from the
grid. In these conditions, if the load increases (or be decreased in light load case), the
ANSI limits will be violated. There are a few solutions to overcome this problem including
using an interlinking converter with higher power ratings, placing the DC subgrid near the
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AC grid at node 800, adding reactive power compensators like STATCOM at the end of
feeder nodes. Also, battery energy storage can act according to the voltage limits, but the
battery management system should consider the state of the charge of the battery.

Subtask 1.4 Build the scale-down multiport converter prototype, and conduct the tests of
the multiport converters at full load, half load, and low load conditions in UT-Austin’s lab.
Subtask 1.5 Identify the cost and efficiency improvement in Case | and Case |l in
comparison with the baseline case developed in Subtask 1.1.

A scaled-down single-phase multiport converter was designed and developed for
testing AC and DC hybrid microgrid. This multiport converter has two DC ports, one AC
port, and one intermediate DC port. Two DC ports can be used to connect energy
resources such as PV arrays and batteries. Power conversion from PV/battery to the AC
grid goes through three stages, which are boost converter, isolated bidirectional DC-DC
converter, and single-phase grid-tied inverter. The isolated DC/DC converter is used to
enhance the safety of the system and to reduce the common-mode current for the PV
panels. In Fig. 1.9, different stages of the multiport converter system are shown. PV panel
will be connected to the common DC bus, with a boost converter like the battery
management converter in Fig. 1.9(b). This multiport converter is able to transfer power in
both directions, so it can absorb power from the grid when PV and battery cannot provide
DC load power, or transfer power from the DC side to the AC side according to power
requirements.

Grid-tied Inverter
| Synchronous Boost Converter

Isalated DC-DC

Battery
[l
I
Common DCBu

Canwverter
|
I

Comman DC By
|1
1
Il
]
Grid-Tied Inverte

Fig. 1.9. (a) Grid-tied inverter. (b) Battery management converter. (c) Isolated dc-dc converter

To meet higher than 95% efficiency requirements of the project, advanced Silicon-
Carbide (SiC) power MOSFETSs are used in all converters. In addition to the power stages,
two local control boards are designed and implemented, where one board is controlling
boost rectifiers and common DC bus side of the isolated DC-DC converter and the other
board is controlling grid-tied inverter and grid side of the isolated DC-DC converter.
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The entire multiport converter system with DC-DC converters and grid-tied inverter is
shown in Fig. 1.10. The power loss in the multiport converter is dependent on the
operating point of each converter. The total power loss is determined by:

Ptotal_loss = Pboost_PV + Pboost_Battery + PDAB + Pinverter + Pfilter (1 -2)

The power loss in each DC/DC or AC/DC converter is caused by MOSFET’s loss,
magnetic component’s loss, and ESR loss of capacitors. The power loss in MOSFET is
caused by conduction, switching, and driver losses. The other noticeable power loss that
affects the efficiency of the converter is in magnetic components, including boost inductor
and isolated DC/DC converter transformer.

Table 1.2. Notable Specification of the Scaled-down Multiport Converter System

Description Value
Maximum Achievable Power 10 kW
Maximum AC Voltage 480Vrms
Maximum common DC bus voltage | 800 V
Boost input voltage 300V
Switching frequency 40 kHz
Peak efficiency 97.2%

DC/DC
Isolation

Communication
board

In the following, two different test scenarios are considered to verify higher than 95%
efficiency of the multiport converter. In the first case scenario, all the generated power by
the PV panel is delivered to the gird. In this case, the battery neither injects nor stores
power. Therefore only gate driver loss of this converter has an effect on the total
efficiency. As shown in Fig. 1.11(a), the peak efficiency of the multiport converter is
97.2%, and the efficiency of the converter from light load to full load is higher than 95%.
In the second case scenario, half of the injected power that is delivered to the AC grid is
shared equally between battery and PV panel. In this case, the switching loss will be
higher, while half of the current passes through the PV’s boost converter and the other
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half is conducted by the battery’s boost converter and conduction loss will be lower. The
efficiency curve for this case is shown in Fig. 1.12(b) where the peak efficiency is higher
than 97% and as the first case, the light load to full load test shows higher than 95%
efficiency.

Overal Efficiency in the First Case Overal Efficiency in the Second Case

100 100

99 I 99
< 98 < 9%
3 3
g 9T S o7t
S °
= =
W 96 f W o6

95 o5 |

94

. . . . 94 . . . .
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Power injected to AC Grid(W) Power injected to AC Grid(W)
(a) (b)

Fig. 1.11. (a) Efficiency curve in the first test case. (b) Efficiency curve in the second test case.

Subtask 1.6 Simulate systems with multiple DC-sections and monitor all the network
nodes (steady-state voltages)

In a hybrid AC/DC grid with one DC subgrid, the simulation results showed that by
keeping the original IEEE 34 node test feeder without change and adding huge DC load
and high PV penetration level, and the ANSI C.84.1 voltage limit will be violated in some
loading conditions. The voltage limit violation happens due to the extra voltage drop on
the line in full load condition and regulating transformers in the light load condition. In
order to have a fair comparison with the original IEEE 34 node test feeder model, in a
distribution grid with multiple DC subgrids three sections of the AC test feeder are
converted to the DC subgrid with a similar load type and distribution line parameters. The
first, second, and third DC subgrids are added at nodes 816-822, 834-848, and 860-840,
respectively, and regulating transformers between nodes 814-850, and 852-832 are
removed from the model. Also, the shunt capacitors at nodes 844 and 848 are removed.
This system is connected to the grid at node 800 as depicted in Fig. 1.12 and its
parameters are provided in Table 1.3.

Table 1.3. Hybrid ACDC grid parameters

Parameter Value
AC gird voltage 24 9 kV

DC grid voltage 40 kV

AC Load 880 kW, 450 kVar

First DC subgrid load 450 kW
Second DC subgrid Load 600 kW
Third DC subgrid Load 200 kwW
Maximum solar panel capacity 1.2 MW

Here, the reactive power reference is set by the AC voltage magnitude and droop
coefficients are determined according to the maximum power of the interlinking converter
and the location of the DC subgrid to meet the ANSI requirements for all nodes. So if the
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interlinking converter is closer to the AC grid it should provide less reactive power while
if it is located at the end of the feeder it will provide more reactive power.

| |
Second DC Subgrid

AC Grid

3ph 24.9 kv
802 806 808 3812

-
828 830 854 856

Fig. 1.12. Hybrid AC/DC grid with multiple DC subgrids.
For testing the validity of the control method and monitoring the steady-state voltage
in different scenarios, four test cases are simulated. In the first two cases, the PV

penetration is zero and heavy and light loads are tested, and the PV provides more than
half of the system power in the third and fourth cases.

Table 1.4. Simulation Results under Four Scenarios

Case Descriotion Max Min PQ 1 PQ2 PQ 3
No. P Voltage Voltage  (kW, kVar) (kW, kVar) (kW, kVar)
1 100% load, 0 MW PV 1.05 092 o0 S oo
2 20% load, 0 MW PV 1.04 0.99 g{ i%% g{ 25%0 g‘_ ‘x%
3 100% load, 1.2 MW PV 1.048 097 P98 P:--200  P-200

Q: 250 Q:-130 Q: -70
P: -300 P: -600 P: 40

4 20% load, 1.2 MW PV 1.048 0.98 Q: 600 Q: 400 Q: 150

We have validated the developed hybrid AC/DC grid with multiple DC sections under
four scenarios: the first scenario is that no output of PV arrays and loads are in the full
value, the second scenario is under 20% of full load value and zero PV penetration, the
third scenario is under 100% of full load value and 1.2 MW of PV penetration, and the last
scenario is under 20% of full load value and 1.2 MW of PV penetration. The observation
is concluded in Table 1.4.

From Table 1.4 it can be noticed that all the AC nodes voltage are following ANSI limits
for Case 1. The voltages at nodes closer to the main grid are near to ANSI upper voltage
limit, i.e. 1.05 p.u., because of a step-up transformer at node 800 with 1:1.05 turn ratio.
The DC voltage in all DC subgrids is equal to 1 p.u., and this is because of the small
voltage drop on the distribution line. All reactive powers of three subsystems are negative,
so all converters are injecting reactive power to keep the AC voltage in the standard range
and nominal active power is transferred to the DC load. For Case 2, the ANSI limit
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standard is followed by AC and DC subgrids. As mentioned for Case 1, the voltage drop
on the distribution line in DC subgrids is small, and DC voltage is almost constant through
the DC microgrid. Since the load has decreased, the voltage drop on the distribution line
is small and there is no necessity to inject or absorb a large amount of reactive power
through interlinking converters. Also, in contrast to Case 1, in this case the reactive power
is injected from the AC grid to DC subgrids to keep the voltage regulated. As can be seen
in cases 3 and 4, the full load and light load conditions with higher than 50% PV
penetration level, the voltage is near boundary limit and a large value of reactive power
is absorbed from AC gird to keep the voltage regulated. Finally, it can be concluded that
the droop control for reactive power control, works accurately and in all cases, it keeps
the steady-state voltage in an acceptable range.

On the basis of discussing the impact of the hybrid AC/DC system with different load
and PV output conditions, the power qualities of the hybrid AC/DC system are further
analyzed. Next, we focused on the impact of the hybrid AC/DC system using the testing
system shown in Fig. 1.12. We compared the hybrid AC/DC system with two different
systems. The first one is a pure AC system and the second one is the AC system with
solar PV units. In this test, ten scenarios were run, which is shown in Table 1.5.

Table 1.5. Detailed information of ten scenarios

Scenarios Type of System Load Solar PV Output (MW)
a Pure AC system minimum None
b Pure AC system maximum None
c Hybrid AC/DC system minimum 0.5
d Hybrid AC/DC system  maximum 0.5
e Hybrid AC/DC system minimum 0.85
f Hybrid AC/DC system  maximum 0.85
g AC system with solar PV minimum 0.5
h AC system with solar PV maximum 0.5
[ AC system with solar PV minimum 0.85
j AC system with solar PV maximum 0.85

The impact was studied from four aspects: voltage profile, active power balance, power
loss, and Total Harmonic Distortion (THD) of voltage. Test results demonstrate that the
hybrid AC/DC distribution system can improve the system performance compared to the
pure AC distribution system.

First, we will show the results of the pure AC system and hybrid AC/DC system under
different load conditions. And three aspects are compared: the voltage of each bus, THD
of the voltage of each bus, and the power loss of each line.

Subfigures (a) and (b) in Figs. 1.13 and 1.14 are the power loss of each line. The blue
bar is the power loss of Phase A, the red bar is the power loss of Phase B, and the yellow
bar is the power loss of Phase C. Fig. (c) and (d) are THD of each bus. The blue line is
the THD of Phase A, the yellow line is the THD of Phase B, and the green line is the THD
of Phase C. Fig. (e) and Fig. (f) are the voltage of each line. Here we only focused on the
red line in voltage figures, representing the minimum voltage of three phases. Fig. 1.13
shows the results when the hybrid AC/DC system with 0.85 MW output power of each
solar PV unit and the pure AC system are under minimum load conditions. Fig. 1.14
shows the results under maximum load conditions. From Fig. 1.13(a) and (b) and Fig
1.14(a) and (b), we can see that the maximum power loss of the pure AC system is larger
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than that of the hybrid AC/DC system. For maximum THD, the hybrid AC/DC system has
a smaller THD of voltage than the pure AC system shown in Fig. 1.13(c) and (d) and Fig
1.14(c) and (d). When the minimum voltage of two systems is compared, the minimum
voltage of the hybrid AC/DC distribution system increases 17.72% shown in Fig. 1. 13(e)
and (f) and increases 26.47% in maximum load conditions in Fig. 1.14(e) and (f).

Since the pure AC system only has one conventional generator to provide power while
the hybrid AC/DC system has solar PV units to provide power, the conventional generator
in the hybrid AC/DC system provides less power than that in the pure AC system. For a
certain voltage level, the more active power, the more current. Therefore, the power loss
of the pure AC system is larger than the hybrid AC/DC system and as well as the voltage
of each bus. Because the DC subsystem can help reduce the voltage fluctuation, the THD
of the voltage of the hybrid AC/DC system is smaller than that of the pure AC system.

Next, we compared the performance of the AC system with solar PV units with the
hybrid AC/DC system. The difference between the AC system with solar PV units and the
hybrid AC/DC system is shown in Fig. 1.15. Here we only show Bus 816, Bus 818, Bus
820, and Bus 822. The other two subsystems are similar to this one. For the hybrid AC/DC
system in Fig. 1.15(a), the PV and subsystems from Bus 818 to Bus 822 are formed a
DC subsystem and they are connected to the AC system through a converter while for
AC system with solar PV units in Fig. 1.15(b), there is no DC system. The subsystem from
Bus 818 to Bus 822 is directly connected to the AC system and PV is connected to the
AC system by an AC/DC converter.

-
-
ool

Power Ioss of each I|ne of pure AC system (b) Power line Iossesme;fml‘:l*ybrid AC/DC system

n
i

nnnnnnnnnnnnnnnn

(c) THD of voltage of eaé”ﬂbus of pure AC system (d) Voltage THD of hybr|d AC/DC system
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(e) Voltage of each bus of pure AC system
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(f) Voltage of each bus of hybrid AC/DC system
Fig. 1.13. The results under minimum load condition, 0.85 MW PV
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(c) THD of voltage of each bus of pure AC system (d) Voltage THD of hybrld AC/DC system
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(e) Voltage of each bus of pure AC system

Voltage L-1 {pu) per Bus / ADVS (abe) = 0.055703 0064215 0.097656

BunBa BusBSE [ Bushia BussB0

(f) Voltage of each bus 6f hybrid AC/DC system
Fig. 1.14. The results under maximum load condition, 0.85 MW PV

822 822
820 820 PV
818 PV 818
dc 3
ac A
1 816 816
(a) hybrid AC/DC system (b) AC system with solar system

Fig. 1.15. The structure of one subsystem for two systems.

In Fig. 1.16, the results of scenarios (c)-(j) in Table 1.5 are shown. The results shown
in Fig. 1.16 are the comparison between the hybrid AC/DC system and the AC system
with solar PV units. For voltage, the AC system with solar PV units has a little larger value
than the hybrid AC/DC system because the reactive power of the AC system obtained
from the utility grid is larger than that of the hybrid AC/DC system, which is shown in Table
1.6. When the load is in its minimum value, the maximum power loss of the AC system
with solar PV units is larger than that of the hybrid AC/DC system. Due to DC subsystem,
PV units in hybrid AC/DC system provide active power to the load in DC subsystem first,
then if there is extra power, it flows back to AC system while the whole power of solar PV
units flows directly to AC system for AC system with solar PV units. When the load in the
AC system is small, PV units in the AC system with solar PV units have a larger influence
than that in the hybrid AC/DC system, so the power loss of the AC system with solar PV
units is larger than that of the hybrid AC/DC system. When the load is in its maximum
value, the conditions are somehow different. When the output power of each solar PV
unitis 0.5 MW in maximum load condition, the power loss of hybrid AC/DC is larger than
that of the AC system with solar PV units. This is because when the output power of one
solar PV unit is 0.5 MW and load is in its maximum value, there is a small part of the
power of PV units in the hybrid AC/DC system feedback to the AC system, so the utility
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grid has to provide more power which increases the current in hybrid AC/DC system. And
when the output power of solar PV units increases, the power loss reduces due to the
reduction of the active power from the utility grid. As for THD of voltage, no matter what
conditions the systems are in, the hybrid AC/DC system has less THD of voltage than the
AC system with solar PV units. That is because the PV units are directly connected to the
AC system in the AC system with solar PV units while they are connected to the DC
subsystem in the hybrid AC/DC system. For the AC system with solar PV units, the
fluctuation of PV units directly influences the voltage in the AC system which introduces
some harmonic to increase THD of voltage. For the hybrid AC/DC system, the DC
subsystem can help reduce the fluctuation caused by PV units, so the THD of voltage is
small.

Total Results of Section 1

1.5 100
2
1 =
50 S
0.5 I g
0 0
Min load, 0.5 MW PV Min load, 0.85 MW PV  Max load, 0.5 MW PV Max load, 0.85 MW PV
Different Scenarios
mmmm Minimum Voltage, Hybrid AC-DC System mmmm Minimum voltage, AC system
Maximum THD of voltage, Hybrid AC-DC system mmmm \aximum THD of voltage, AC system
==@=\laximum Power loss, Hybrid AC-DC system ==@=—\laximum Power loss, AC system
Fig. 1.16. Total results for Section 1
Table 1.6. Reactive power obtained from utility grid
Minimum load 0.5 Minimum load Maximum load 0.5 Maximum load 0.5
MW PV 0.85 MW PV MW PV MW PV
Hybrid AC/DC 180 VA 480 VA 520 VA 720 VA
system
AC system with 420 VA 760 VA 680 VA 970 VA

solar PV units

Subtask 1.7: Simulate systems with hybrid AC/DC sections connected to the main AC
distribution grid.

In this part, the hybrid AC/DC distribution system is connected to a 34-bus main AC
grid through a transformer. The overall structure is shown in Fig. 1.17. The green
rectangle in Fig. 1.17 represents the transformer. The right-hand side of the transformer
is the 25kV hybrid AC/DC system and the left-hand side of the transformer is the 69kV
main AC grid. The detailed structure of the main AC grid is shown in Fig. 1.18. The hybrid
AC/DC distribution system or other testing model is connected to the main AC grid at Bus
816 (which is shown as Bus dc1 circled in red in Fig. 1.30) or Bus 890.

Transformer

Hybrid AC-IC

| distribution system or
AC system with solar

PY units
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Fig. 1.17. The overall structure of the 25kV hybrid AC/DC system (right) connected to the 69kV main AC
grid (left) through a transformer (middle)

In this section, we analyzed the impact of the hybrid AC/DC distribution system on the
main AC grid. First, we compared the performance of the main AC grid when it connected
the hybrid AC/DC distribution system with that when it did not connect any distribution.
Eight scenarios were run shown in Table 1.7. The load of the main AC grid is the same
and the two test systems are connected to Bus 890 and Bus dc1, respectively.
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Fig. 1.18. Detailed structure of the main AC grid

Table 1.7. Detailed information of eight scenarios

Scenarios Type of System Bus connected Output of Each Solar PV (MW)
a AC system with solar PV Bus dc1 0
b AC system with solar PV Bus dc1 1
c Hybrid AC/DC system Bus dc1 0
d Hybrid AC/DC system Bus dc1 1
e AC system with solar PV Bus 890 0
f AC system with solar PV Bus 890 1
g Hybrid AC/DC system Bus 890 0
h Hybrid AC/DC system Bus 890 1

The impact was studied from four aspects: voltage profile, active power balance, power
loss, and Total Harmonic Distortion (THD) of voltage. Test results demonstrate that the
hybrid AC/DC distribution system can improve the main AC grid system performance
compared to the pure AC distribution system and AC system with solar PV units.

Fig. 1.19 shows the performance of the main AC grid when Bus 890 of the main AC
grid connected solar PV system and hybrid AC/DC distribution system, respectively. Fig.
1.20 shows the performance of the main AC grid when Bus dc1 of main AC grid connected
solar PV system and hybrid AC/DC distribution system, respectively. In both Fig. 1.19 and
Fig. 1.20, the power loss of each line of the main AC grid and the voltage of each bus of
the main AC grid are shown. For subfigures (a) and (b) in Fig. 1.19 and Fig. 1.20, the blue
bar is the power loss of Phase A, the red bar is the power loss of Phase B, and the yellow
bar is the power loss of Phase C. Subfigures (c) and (d) are the voltage of each bus of
main AC grid. For voltage, we focused on analyzing the minimum voltage of three phases,
which shows as the red line. In Fig. 1.19, the results are under 1 MW output power of
each solar PV unit, and the hybrid AC/DC system is connected to Bus 890. In Fig. 1.20,
the results are under 1 MW output power of each solar PV unit and the hybrid AC/DC
system is connected to Bus dc1. For power loss, when the hybrid AC/DC distribution
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system is connected to Bus 890, the maximum power loss of the main AC system reduces
72.5 MW shown in Fig. 1.19(a) and (b) and reduces 69 MW when it is connected to Bus
dc1 shown in Fig. 1.20(a) and (b). For voltage performance of main AC grid, the minimum
voltage of main AC grid increases 7.69% shown in Fig. 1.19(c) and (d) when hybrid
AC/DC system is connected to Bus 890 and 5.37% when it is connected to Bus dc1 shown
in Fig. 1.20(c) and (d).

From the analysis in the above section, we know that when there is enough solar PV
power, the hybrid AC/DC system can output active power and reactive power to the utility
grid. Therefore, when the hybrid AC/DC system is connected to the main AC grid, the
power loss is reduced and the voltage level is increased.

L i F | | Nlﬁl
7Wns[.
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‘ ‘ . . N I i - - - _ _—— 1 u ] u 1§ 1] i i :i‘!m” 1 u i 1 (] 8 L
(a) Power loss of each Ilne of main AC grld (b) Power loss of each line of main AC grid with
without connecting any distribution system hybrid AC/DC distribution system connected

Voltage L-L {pu) per Bus

BusBO0 BusBI2 BusB10 Busdet Busd 16 Bus826  BusB2d3  Busddn BusBs6 Busta0 BusBaZ BusBid BusB5s Busde2 Bus3d Buséel Busdcd
Bus numbser

(c) Voltage of each bus of main AC grid without connecting any distribution system
Voltage L1, (pu) per Bus

Busl0 BusB02 Busa10 Busde! Bus16 BusB2  BusE2dd  BusB3D Busdi6 BusBan Busdi2 Bustad Bushse Busde? Bushi4 Busean Busded
Bus number

(d) Voltage of each bus of main AC grid with hybrid AC/DC distribution system connected
Fig. 1. 19. Performance of main AC grid itself and that with hybrid AC/DC system connected to Bus 890, 1
MW PV
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(d) Voltage of each bus of main AC grid with hybrid AC/DC distribution system connected
Fig. 1.20. Performance of main AC grid itself and that with hybrid AC/DC system connected to Bus dc1, 1
MW PV

Fig. 1.21 is the result when the main AC grid connects the hybrid AC/DC system and
AC system with solar PV units, respectively. For the voltage of the main AC grid, its value
is similar for connecting the hybrid AC/DC system or AC system with solar PV units
because the reactive power is similar to the two conditions. The reactive power of the
main AC grid connecting two different systems is shown in Fig. 1.22. From that we can
see that the reactive powers for the two conditions are similar. When the output power of
solar PV units is 0 MW, the power loss of the main AC system connecting the AC system
with solar PV units is less than that of the hybrid AC/DC system. That is because the
hybrid AC/DC system needs more active power than the AC system so the main AC grid
should provide more active power when it connects the hybrid AC/DC system and the
output power of solar PV units is zero. We show the active power of the main AC grid
when two systems are connected to Bus dc1 respectively in Fig. 1.23. In Fig. 1.23, the
total active power in Bus dc1 is about 2110 kW when the hybrid AC/DC system is
connected while it is about 1650 kW when the AC system with solar PV units is connected.
When the output power of each solar PV unit is 1 MW, the two distribution systems can
output active power to the main AC grid so the power loss of the main AC grid is reduced.
The situation is the same when they are connected to Bus 890. THD of the voltage of the
main AC grid connecting the hybrid AC/DC system is less than that connecting the AC
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system with solar PV units. From the above section, we know the THD of the voltage of
the hybrid AC/DC system is less than that of the AC system with solar PV units. When
the hybrid AC/DC system is connected to the main AC grid, it has less influence on the
THD of the voltage of the main AC grid.

Total Results of Section 2
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Fig. 1.21. Total Results of Section 2
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Fig. 1.22. The reactive power of each bus of main AC grid connecting two different systems
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(a) AC system with solar PV units is connected (b) Hybrid AC/DC system is connected
Fig. 1.23. Active power of main AC grid when two systems are connected to Bus dc1, 0 MW PV

To finish subtask 1.7, we used two different parts to check the performance of the
hybrid AC/DC distribution system. First, we focused on the performance of the hybrid
AC/DC distribution system itself and compared it with the pure AC system and AC system
with solar PV units.

e For voltage profile per bus, the hybrid AC/DC distribution system has less voltage
drop and more stable voltage than the pure AC system.

e As for active power, hybrid AC/DC distribution system can provide active power
support to the main AC grid.

e As the power loss aspect, the hybrid AC/DC distribution system has less power
loss because less active power is needed from the main AC grid.

e For THD of voltage, the hybrid AC/DC distribution system has a very small value
of THD of voltage due to its DC subsystem.

Then we connected the hybrid AC/DC distribution system to the main AC system and
focused on the impact of the hybrid AC/DC distribution system on the main AC grid. We
compared the performance of the main AC grid itself with its performance connecting the
hybrid AC/DC distribution system. Also, we compared the performance of the main AC
grid connecting the AC system with solar PV units with its performance connecting the
hybrid AC/DC system.

e The voltage level, power loss of the main AC grid is improved connecting the hybrid
AC/DC system.

e The voltage THD of the main AC grid connecting the hybrid AC/DC system is
smaller than that connecting the AC system with solar PV units.

In conclusion, due to the DC subsystem, the output power of solar PV units of the
hybrid AC/DC system has less influence on the AC system. In some conditions, it can
reduce the power loss of the AC system to improve system efficiency. One of the biggest
advantages for the hybrid AC/DC system is that the THD of voltage is much smaller thus
we can use the hybrid AC/DC system in the condition that the THD of voltage needs to
be a smaller value.

Subtask 1.8: Identify the protection of hybrid AC/DC distribution systems

Since solar PV is required to stay connected according to LVRT, solar PV may inject
high currents for a few cycles because of MPPT (Maximum Power Point Tracking) control
and/or required amount of grid support [23]-[25]. At a fault, the fault contributions from a
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solar PV system include the contribution from both the solar PV cells and the energy
storage elements in the interfacing converters [26]. Once the initial fault transients
disappear, solar PV can inject high currents for a few cycles to support grid voltage during
LVRT. Solar PV converters can be overdesigned, and the cost is sacrificed in order to
allow enough fault currents to interrupt faults in time while avoiding high current damages
to the converters.

A real hybrid AC&DC distribution system is a combination of multiple interconnected
AC and DC subsystems. The protection coordination is a combination of all coordination
schemes in different subsystems. Once the system protection coordination is
decomposed into the coordination in each AC subsystem, DC subsystem, and between
AC and DC subsystems, complex and complicated protection coordination issues in
hybrid AC and DC distribution can be analyzed in a systematic way.

1.8.1 Protection Coordination in DC

Different from AC, rapidly increasing DC fault currents flow through power electronics
converters and destroy these converters. Thus, DC distribution protection requires a
much faster protection speed than AC to protect power electronics from overcurrent and
overheat [27]-[28]. Solid-state or hybrid breakers were developed as DCCBs (DC Circuit
Breakers) and have a protection speed of 1~2 ms in order to prevent damages to
semiconductors on the fault path [27]-[28]. Fuses are still applicable to protect
conventional power equipment and devices because of their high fault withstands. The
“fuse saving” is also applicable to DC distribution protection, as shown in Fig. 1.24.

PV

DCCB1/ Fuse2
= | recloser1
- Feeder 1
Substation Fuse1
ACCB/
recloser DCCB2/
L N\= recloser2
- F1 & Feeder2

Fig. 1.24. ‘Fuse saving’ in a DC subsystem

Without solar PV integration, the tripping characteristics of the DC protection devices
in the “fuse saving” is illustrated in Fig. 1.25. In the absence of solar PV integration,
DCCBs always trips faster than fuses and there is no mis-tripping. However, in the
pr