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Abstract: With the recent developments in power electronics technologies, increased deployment of
distributed energy resources (DER) with DC output type at distribution voltage levels and significant
increase in the number of sensitive AC and DC loads integrated in distribution network have enforced
the traditional power network in the continuous renovation process. In this paper, the load flow
solution of hybrid AC/DC distribution networks with the multi-terminal configuration is studied.
The impact of voltage source converter (VSC) losses and AC and DC line losses in the presence of
DER in the distribution system are assessed. The motivation of this analysis is to consider an increase
in the number of converter stations which might result in non-negligible converter losses and the
presence of various DER within the network imposing different network scenarios. The proposed
schemes are simulated on two modified IEEE 33 bus hybrid AC/DC distribution network test system
equipped with VSC-MTDC and the results are presented. Obtained results show that by considering
the network losses and the converter losses with large number of converters within the network could
lead to very different load flow solution and power transfer between networks, especially considering
the AC or DC bus dominated network.

Keywords: load flow analysis; AC/DC hybrid distribution network; distributed energy resources;
voltage source converter multi-terminal DC (VSC-MTDC)

1. Introduction

The main challenges of current power systems are to meet the ever growing requirements
for higher quality and reliability of electricity in a sustainable, secure and competitive manner
in distribution systems [1]. Recent significant advancements in power electronic technologies,
renewable based distributed energy resources (DER), flexible AC transmission systems (FACTS),
energy storage systems (ESSs), and advanced control strategies based on information and
communication technologies (ICTs) have motivated redesigning the power system with integrated AC
and DC microgrids [2,3]. In addition, the hybrid AC and DC microgrids should be smart enough to
integrate, control and manage the growing rate of deploying DC output type distributed generations
(DGs), energy storage systems, and increasing number of DC electronic loads [4–6]. This new concept
of hybrid AC/DC distribution network could fully demonstrate the advantages of partially AC
and DC networks by facilitating in the decoupling and power exchanges between the networks
using bi-directional converters [7–10]. In general, the advantages of hybrid AC/DC distribution
network can be summarized as [11]: (1) Reduction in the number of power conversion circuits
in the power supply will reduce the power conversion losses; (2) Simplified equipment, reduce
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costs and losses by eliminating power electronics equipment used as end-users for power quality
improvement, harmonics reduction and power factor correction; (3) No need to track phase, frequency
and unsymmetrical current flow problems caused by unbalanced loads in AC grid; and (4) Easy
integration of DER and ESS [12–14].

A feasible solution for AC/DC hybrid network emerged from the development in the Voltage
Source Converter (VSC) based technology. VSC-based technologies offer significant advantages such
as low cost, reduction in the size of the converter, reliable operation with weak AC systems. With
the VSC technology, the extension to multi-terminal HVDC (MTDC) are recently involved under
intensive research, such as Desertec project [15] and the European Offshore Supergrid [16]. VSC-based
technologies offer significant advantages such as low cost, reduction in the size of the converter,
reliable operation with weak AC systems. Due to completely different principles of operation of
VSC-MTDC networks, different researchers have recently covered various technical issues, such as
stability analysis [17], control strategies [18–20], locating of DC fault and protection [21,22], integrating
wind farms [23] and dynamic modeling for power system simulation [24].

For steady state modeling of the load flow solution of the hybrid AC/DC network with
VSC-MTDC systems, two different approaches have been reported in the literature: sequential [25] and
unified [26]. The difference between the approaches is the applied procedure for the integration of AC
and DC network equations. A comprehensive multi-terminal VSC-HVDC newton power flow model
suitable for different VSC interconnection configurations was presented in [27–29]. In [29], VSCs are
treated as compound transformer devices that take into account their inductive and capacitive power
design limits along with switching and ohmic losses. In another study, a steady-state VSC-MTDC
model includes DC grids with arbitrary topologies considering converter transformer losses [25],
unlike [30], where an approximate solution is obtained by neglecting converter losses and losses in the
phase reactor. A novel power flow approach for MTDC systems with different network topologies
incorporating different DC voltage strategies was presented in [31]. In the case of large deployments of
VSC-MTDC networks, the impact of converter stations in the operation and control along with energy
conversion process needs to be carefully examined. As in any converter, the energy transformation
operation is not 100% efficient due to constraints imposed by the power electronic equipment. Typical
values for conversion losses ranges from 1% to 3% of the total power injected or withdrawn through
the converter [32]. For large VSC-MTDC networks, the active power losses of the converter could
represent a significant portion of all the losses and cannot be neglected [33–35]. Along with converter
characteristics, the focus of this paper is to assess the impact of converter losses along with the network
losses [36,37] on the load flow solution for the hybrid AC/DC distribution network. In addition,
the effects of integration of DGs in hybrid AC/DC distribution networks are complicated and have to
be carefully examined [38,39].

In this paper, a mathematical model for VSC is explored for proper modeling of converter losses,
which are computed as a polynomial function that depends on the phase current of the converter,
taking into account the difference in losses type when the converter acts as a rectifier or an inverter.
In addition, in this assessment, the impact of converter losses on the load flow solution along with the
losses in AC and DC distribution networks facilitated with DGs connection at appropriate locations
is studied in term of effectively reducing the network losses. Two different network scenarios are
presented by modifying IEEE 33 bus AC/MTDC distribution networks for the validation of results.

This paper is structured as follow: In Section 2, a mathematical model of VSC-Station is described
which includes the reactor, filter, converter losses and also discusses the operating modes. Section
3 defines the generalized AC/DC network load flow algorithm. Section 4 shows the VSC-based
proposed topologies and addresses the proposed scenarios with the integration of DER at different
location. Finally, the simulation results are compared and discussed in Section 5. The sequential load
flow algorithm is implemented in an open source Matlab toolbox, MATPOWER [40].



Energies 2018, 11, 367 3 of 15

2. VSC Station Model and Operation Modes

This work starts with a description of the VSC station model and its operational modes
classification. A VSC station consists of all the elements that connects the AC and DC networks.
Based on these operational features, the load flow results of hybrid AC/DC distribution system
are discussed.

2.1. Types of VSC

VSC-MTDC technology based on Modular Multilevel Converter (MMC) approach [41] has several
advantages such as reduced harmonics and reduced transformer dv/dt stress, and can be foreseen
as the technology of the future for VSC-MTDC networks. VSC typically uses insulated-gate bipolar
transistors (IGBTs), and the voltage waveform is synthesized by Pulse Width Modulation (PWM)
along with phase reactor, DC capacitor and low pass filters essential for blocking the flow of higher
order harmonics. PWM is based on two- or three-level VSC topologies enabling a controlled two-
or three-level voltage output [42]. Without loss of generality, the approach adopted in this paper for
converter modeling does not consider converter type and will be explained further in detail.

2.2. VSC-MTDC Power Injection Modeling and Operation

In VSC-MTDC based hybrid AC/DC distribution system, the VSC converter station forms the
basic link between AC and DC networks. The phase reactor and filter bus is connected to the AC
network through a transformer and the power can flow in both directions. The converter is said to
be operating as rectifier when the active power is taken from the AC side and injected into the DC
network, otherwise it is operated as an inverter when flow of active power is reversed from the DC side
to AC network. The equivalent circuit model for the VSCs is represented in Figure 1 showing different
components such as an AC bus, a converter transformer, a phase reactor, an AC filter, a converter block
on the AC and DC sides, and a DC bus [25].

Figure 1. VSC-Station equivalent circuit model.

According to the equivalent circuit model of the VSC represented in Figure 1, the VSC acts
as a controllable voltage source represented by Uc = Uc 6 δc, presented by complex admittance
Yc = Gc + jBc behind the phase reactor. The low pass AC filter is represented as a susceptance
jB f . The converter transformer interfacing filter bus to the AC network is represented by complex
admittance Yt f = Gt f + jBt f . The complex grid side voltage outputs at AC and DC buses are
represented as UAC = UAC 6 δAC and UDC, respectively. Along with this, the U f = U f 6 δ f and
Ut f = Ut f 6 δt f , respectively, show the filter bus voltage and interface transformer voltage. The power
injected to AC network is PAC, QAC and the power flowing to AC network from the converter side is
Pc, Qc while the DC power is shown by PDC. The equations for active and reactive power injected into
AC network in term of complex voltages are

PAC = −U2
ACGt f + UACUt f [Gt f cos(δAC − δ f ) + B f sin(δAC − δ f )] (1)

QAC = U2
ACBt f + UACUt f [Gt f sin(δAC − δ f )− B f cos(δAC − δ f )] (2)

Pc = U2
c Gc −UACUc[Gc cos(δAC − δc)− Bc sin(δAC − δc)] (3)
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Qc = −U2
c Bc + UACUc[Gc sin(δAC − δc) + Bc cos(δAC − δc)] (4)

Modification in the transformer admittance and/or the filter susceptance can be implemented
accordingly in the above equations.

2.3. Modeling Converter Losses

Various approaches for the modeling of converter losses are: Modular Multilevel Converter
(MMC) approach [43] includes a linear loss model and ABB HVDC Light model approach [44] in which
the converters are modeled as generators and no DC line is modeled but this model does not include
losses. Thus, these models are of simplified type and there is a need for a more general approach to
include converter losses in load flow calculations. A generalized model to represent the losses of the
VSC station can take into account the filter losses, phase reactor losses and the drop in transformer
impedance [45]. Thus, in this study, a formula used to represent converter losses depends on the
magnitude of the converter current Ic [46] in a quadratic form. The converter current magnitude
depends upon the active and reactive power flowing through the converter as shown in Equation (5).

Ic =

√
Pc2 + Qc2
√

3Uc
(5)

whereas the total converter losses Ploss represented by Equation (6) is a combination of constant, linear
and variable components [24]. Constant losses are circuit losses associated with the off-state of the
device, while linear losses are associated with the switching losses related to current state, the variable
losses are associated with generated heat loss and reverse recovery loss.

Ploss = A + B · Ic + C · I2
c (6)

where A, B, and C represents the per unit loss coefficients and depend upon the test data of the
converter losses of VSC.

2.4. Converter Control Modes

Voltage source converter facilitates multiple control modes by independently controlling the
active and reactive power with respect to the AC system. We can represent these control modes with
respect to the active power and reactive power in the following different ways [47]:

Mode (1) Constant PAC-control mode: The converter controls its constant active power injection
PAC into the AC grid.

Mode (2) Constant UDC-control mode: The converter controls its constant DC bus voltage UDC
irrespective of the converter’s active power injection PAC.

Mode (3) Constant QAC-control mode: The converter controls its constant reactive power injection
QAC into the AC grid.

Mode (4) Constant UAC-control mode: The converter controls its constant AC bus voltage UAC by
adjusting the reactive power injection QAC.

3. Sequential AC/DC Load Flow Algorithm

In this section, the sequential AC/DC load flow algorithm is implemented on AC/DC hybrid
distribution system incorporated with VSC. Figure 2 shows the flow chart of the sequential load flow
algorithm. This algorithm can also facilitate systems having multiple AC and DC interconnected
networks and also accommodate those DC buses with no AC grid connection.
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Figure 2. Flow chart of the sequential AC/DC load flow algorithm.

Step 1: Data input and per unit conversion: The algorithm starts with having all converter data and
the AC and DC networks data converted to per unit (p.u) on the same base value.

Step 2: Determine the converter’s AC power injection for AC networks: At the start of the algorithm,
the DC network and converters are assumed to be lossless. In this step, to initiate the
iteration, the initial value for converter active power injection to the AC network is estimated
by putting it equal to negative of the DC power reference using Equation (7).

The active power injected by the converter is estimated by

PAC,n = −
n−1

∑
j=1

PAC,j (7)

The vector representation for active power injection into the AC network can be written as

PAC =

PAC,n︸ ︷︷ ︸
Slack

, PAC2, PAC3...PAC,n−1︸ ︷︷ ︸
P-control

.... 0...0︸︷︷︸
unconnected


T

(8)

where n represents the total number of converter connected in MTDC network. The nth
converter is considered to be connected with the DC slack bus and the subsequent
n− 1 converters buses are considered to be under the constant active power control.
The remaining buses are assumed to be not connected to the AC network.

Step 3: Determine the characteristic of the network: If the network is AC go to Step 4, else if the
network is DC go to Step 6.

Step 4: AC network load flow: During AC network load flow, all converter and DC networks data
are considered to be constant. The active and reactive power equations for load flow of AC
network can be written as

Pi(U, δ) = Ui

m

∑
j=1

Uj[Gij cos(δi − δj) + Bij sin(δi − δj)] (9)
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Qi(U, δ) = Ui

m

∑
j=1

Uj[Gij sin(δi − δj)− Bij cos(δi − δj)] (10)

where m is the total number of AC network buses. The converter power injection PAC,i
and QAC,i are included in the power mismatch vectors ∆P and ∆Q as negative loads.
The mismatch vectors can be represented as

∆Pi = PGen
i − PLoad

i − Pi(U, δ) + PAC,i (11)

∆Qi = QGen
i −QLoad

i −Qi(U, δ)−QAC,i (12)

where PGen
i and QGen

i represent the active and reactive power generators connected to AC
network buses; PLoad

i and QLoad
i represent the load connected at AC network buses; PAC,i

and QAC,i represent the active and reactive power injection by VSC converters; and Pi(U, δ)

and Qi(U, δ) represent the active and reactive power of AC network buses calculated by the
AC load flow.

Now, the non-linear set of load flow equations are solved by using Newton–Raphson (N-R)
load flow algorithm to determine the voltages and phase angles for all the AC buses using
Equation (13) [

∆δ
∆U
U

]
= −[J]−1

[
∆P
∆Q

]
(13)

Step 5: Calculation of converter’s power and losses: After the AC network load flow calculation,
the AC buses voltages UAC,i, all converters active PAC,i and reactive QAC,i power injection
to AC network side and losses Ploss are calculated using Equations (1)–(4) and (6).

Step 6: DC Network load flow: First the injected power PDC,i to the DC network for the converter
connected DC buses can be calculated as

PDC,i = −Pc,i − Ploss,i∀i ≤ n (14)

Here, Pc,i represents the active part of the complex power injection at the converter side.

The DC network load flow is similar to the conventional AC network load flow, while not
considering the reactive power and line reactance, as it does not play any role in DC network.
The conductance matrix GDC for the DC network can be represented as

GDC =


G11 G12 · · · G1p
G21 G22 · · · G2p

...
...

. . .
...

Gp1 Gp1 · · · Gpp

 (15)

GDCii =
p

∑
j=1,i 6=j

gij, GDCij = −gij, i 6= j (16)

Here, “p” represents the total number of DC buses. The currents injection for DC network
can be written as

IDC = GDCUDC (17)

IDC,i =
p

∑
j=1,j 6=i

GDCij(UDC,i −UDC,j) (18)
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Here, UDC = [UDC1, UDC2...UDCn]
T represents the DC voltage vector and IDC =

[IDC1, IDC2...IDCn]
T represents the DC current vector.

The active power injection PDC,i for DC network can be calculated as

PDC,i = ToUDC,i

p

∑
j=1,j 6=i

GDCij(UDC,i −UDC,j) (19)

where To defines the configuration of the DC network, To = 1 is used for mono-polar
configuration and To = 2 for bipolar configuration.

The DC bus voltages are calculated using N-R algorithm as(
UDC

∂PDC
∂UDC

)
.
∆UDC
UDC

= ∆PDC (20)

Step 7: Determine the network characteristics: If the network is grid connected AC network, go to
Step 8, else, if the network is not the grid connected AC network, go to Step 4, else, if the
network is DC, go to Step 5.

Step 8: After calculating all the unknowns in DC and AC networks, an additional iteration is
needed to calculate the active power injected into the AC network at the converter side Pc,n

which depend on the DC slack bus power PDC,n and the converter losses Ploss,n, as shown in
Equation (21)

Pc,n = −PDC,n − Ploss,n∀i ≤ n (21)

During this iteration, the AC network side voltage UAC and reactive power injection into
AC network QAC are assumed to be constant.

Step 9: Convergence criteria: The convergence criteria in sequential AC/DC algorithm is set by the
difference of the active power injected into the AC network at the converter side, as shown
in Equation (22)

|Pk
c,n − Pk−1

c,n | < ε (22)

where “k” and “ε” are referred to as load flow iteration number and the tolerance value for
the convergence checking, respectively.

If the result converged, the calculation is complete, else return to Step 2 with updated values
of AC and DC networks acquired at current iteration.

4. AC/DC Hybrid Distribution Network Models

The IEEE 33 bus distribution test network [48] was modified for this case study. The two proposed
topologies for AC/DC hybrid distribution system consist of AC network and embedded DC network
as shown in Figures 3 and 4. This modeling approach of modification of topologies do not impose any
restriction in term of configuration and topology for AC and DC networks, and this design can also
accommodate the interconnection of different types of DER into the hybrid AC/DC system.

The base power, base AC voltage value, and base DC voltage are 100 MVA, 12.66 kV and 1.5 kV,
respectively. The data for voltage and power are shown in per unit (p.u). The resistances and leakage
reactance of all the converter transformer were taken as 0.0015 + j0.1121 p.u. The filter susceptance
was taken as j0.045 p.u and reactor impedance was taken as 0.0001 + j0.1643 p.u.
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Figure 3. AC/DC Hybrid models—Topology 1.

Figure 4. AC/DC Hybrid models—Topology 2.

4.1. AC/DC Hybrid Distribution System—Topology 1

The proposed Topology 1 of AC/DC hybrid distribution test network is shown in Figure 3. In this
topology, the VSC converter is added between bus 5 and 6 modifying the topology into AC/DC
network. In this DC bus dominated topology, the ratio of AC to DC buses becomes 1:2. In addition,
in this topology, the AC bus 1 is selected as the AC slack bus with AC voltage amplitude of 1.05 p.u
and phase angle zero. In DC network, the DC bus 6 is selected as the DC slack bus with DC voltage
amplitude of 1.05 p.u. Voltage amplitudes and phases of the rest of the AC buses are 1 p.u with angle
zero degree and DC buses voltage amplitudes are 1.0 p.u as flat start is considered for this simulations.

4.2. AC/DC Hybrid Distribution System—Topology 2

The proposed Topology 2 of AC/DC hybrid distribution test network is shown in Figure 4. In this
topology, VSC converters are added at the start of the network and between bus 5 and 6. This topology
is different from topology 1 in such a way that it is AC buses dominated system with a ratio of AC
to DC buses to be 2:1. In this topology, the AC bus 6 is the AC slack bus with AC voltage amplitude
of 1.05 p.u, the DC bus 1 is selected as the DC slack bus with DC voltage amplitude of 1.05 p.u.
The voltage amplitudes and phases of the rest of the AC buses are 1 p.u with angle zero degrees while
DC buses voltage amplitudes are 1.0 p.u as flat start is considered for this simulations.

With distributed energy resources (DER) connected at appropriate locations, as given in
Tables 1 and 2, the following three scenarios are studied:

Scenario (1): All DER are connected at the AC network side with only AC type output.
Scenario (2): All DER are connected at the DC network side with only DC type output.
Scenario (3): DER are connected in both AC and DC networks depending upon the DER output

type. In this study, the DER and loads are modeled as constants without consideration the varying
nature of distributed energy sources whose output depend upon many natural factors.

Table 1. Summary of connected Distribution Energy Resources (DER) to Topology 1.

PV Wind Fuel Cells Gas Turbine

AC Buses Only 21 24 2 4
DC Buses Only 26 7 32 17

Hybrid AC/DC Buses 26 24 32 4
Capacity (MW) 0.5 0.5 0.3 0.3
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Table 2. Summary of connected Distribution Energy Resources (DER) to Topology 2.

Source PV Wind Fuel Cells Gas Turbine

AC Buses Only 26 7 32 17
DC Buses Only 21 24 2 4

Hybrid AC/DC Buses 21 7 2 17
Capacity (MW) 0.5 0.5 0.3 0.3

5. Load Flow Simulation and Results

The load flow results for the above proposed topologies are presented in this section.
A convergence tolerance of 10−4 p.u is adopted for all the simulations.

5.1. Load Flow Results for Topology 1

In Topology 1, with the flat start consideration, all the considered scenarios converged in four
iterations. The load flow solution for Topology 1 is summarized in Tables 3–5. Simulation results in
Table 3 show an improvement in the voltage profile for the given Scenarios (2) and (3).

Table 3. Load Flow Results for Topology 1.

Bus Number Bus Type Voltage (p.u)
(DER at AC Buses)

Voltage (p.u)
(DER at AC Buses)

Voltage (p.u)
(DER at AC + DC Buses)

1 AC 1.050 6 0.000 1.050 6 0.000 1.050 6 0.000
2 AC 1.045 6 −0.126 1.046 6 −0.101 1.045 6 −0.120
3 AC 1.018 6 −0.829 1.025 6 −0.656 1.020 6 −0.781
4 AC 0.999 6 −1.376 1.010 6 −1.083 1.002 6 −1.293
5 AC 0.979 6 −1.970 0.995 6 −1.540 0.983 6 −1.849
6 DC 1.050 1.050 1.050
7 DC 1.047 1.048 1.047
8 DC 1.039 1.040 1.039
9 DC 1.025 1.029 1.025
10 DC 1.013 1.018 1.013
11 DC 1.012 1.017 1.012
12 DC 1.009 1.015 1.009
13 DC 1.000 1.009 1.000
14 DC 0.997 1.006 0.997
15 DC 0.994 1.004 0.994
16 DC 0.993 1.004 0.993
17 DC 0.989 1.002 0.989
18 DC 0.988 1.001 0.988
19 AC 1.045 6 −0.125 1.046 6 −0.102 1.045 6 −0.121
20 AC 1.045 6 −0.114 1.046 6 −0.108 1.045 6 −0.127
21 AC 1.045 6 −0.109 1.046 6 −0.110 1.045 6 −0.129
22 AC 1.044 6 −0.111 1.046 6 −0.112 1.045 6 −0.131
23 AC 1.018 6 −0.830 1.025 6 −0.656 1.020 6 −0.782
24 AC 1.018 6 −0.833 1.024 6 −0.667 1.020 6 −0.785
25 AC 1.017 6 −0.837 1.024 6 −0.671 1.019 6 −0.789
26 DC 1.048 1.048 1.048
27 DC 1.046 1.046 1.046
28 DC 1.039 1.039 1.039
29 DC 1.036 1.035 1.035
30 DC 1.034 1.032 1.032
31 DC 1.031 1.029 1.029
32 DC 1.031 1.028 1.028
33 DC 1.030 1.028 1.028

In Tables 4 and 5, it is concluded in Scenarios (2) and (3) that with DER connected on DC network
cause a decrease in power injection from AC into DC network, resulting in a decrease in AC/DC
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converter and network losses. It is apparent from the results in Table 5 that, if the losses of the
converter/inverter, which were used for DER integration are considered, the overall losses in Scenario
(3) is effectively reduced.

Table 4. Summary of Hybrid AC/DC Distribution System Topology 1.

Topology 1
(DER at AC)

Topology 1
(DER at DC)

Topology 1
(DER at AC + DC)

Power absorbed at DC Slack bus (p.u) −0.80585 −0.63521 −0.75868
Converter Bus Power (p.u) −0.8260 + j0.1154 −0.6524 + j0.0357 −0.7780 + j0.0911

AC Grid Power Injection (p.u) −0.8272 + j0.005 −0.6531 + j0.005 −0.7790 + j0.005
Converter Bus Voltage (p.u) 0.992 6 −0.27 0.997 6 −0.20 0.993 6 −0.25

Figure 5 shows the results of a case study by considering Scenario (3) as a base case. Considering
an increase in generation of DER connected on a DC network results a decrease in overall network
losses, while assuming DER at AC network, AC and DC network loads to be constant.

Figure 5. Change in Network Losses with increase in DER capacity (DC output).

Table 5. Losses in Hybrid AC/DC Distribution System Topology 1.

Losses (p.u)
(DER at AC)

Losses (p.u)
(DER at DC)

Losses (p.u)
(DER at AC + DC)

AC Line Losses 0.05985 + j0.0305 0.04653 + j0.0186 0.05269 + j0.0268
DC Line Losses 0.0223 0.0173 0.0230

AC/DC Converter Losses 0.0202 0.0172 0.0193
DER Converter Losses 0.0228 0.0229 0.00

Total Losses
(without DER Converter) 0.1023 + j0.0305 0.08103 + j0.0186 0.09601 + j0.0268

Total Losses
(with DER Converter) 0.1251 + j0.0305 0.10393 + j0.0186 0.09601 + j0.0268

5.2. Load Flow Results for Topology 2

In Topology 2, the system with all the proposed scenarios converged in two iterations with the
flat start consideration. Tables 6–8 summarize the load flow results for Topology 2. It is observed from
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the load flow results that an improvement in the voltage profile occurs for all the given scenarios along
with an improved % voltage drop for the proposed Topology 2 as shown in Table 6. In Scenarios (2)
and (3), a decrease in power flow from the AC network to DC network along with the minimization in
the overall DC line losses as compared to AC line losses was observed, as shown in Table 7.

Table 6. Load Flow Results for Topology 2.

Bus Number Bus Type Voltage (p.u)
(DER at AC Buses)

Voltage (p.u)
(DER at AC Buses)

Voltage (p.u)
(DER at AC + DC Buses)

1 DC 1.050 1.050 1.050
2 DC 1.049 1.049 1.049
3 DC 1.046 1.047 1.046
4 DC 1.046 1.047 1.046
5 DC 1.046 1.048 1.046
6 AC 1.050 6 0.000 1.050 6 0.000 1.050 6 0.000
7 AC 1.050 6 −0.015 1.050 6 −0.019 1.050 6 −0.013
8 AC 1.050 6 −0.022 1.049 6 −0.016 1.050 6 −0.019
9 AC 1.050 6 −0.039 1.049 6 −0.022 1.050 6 −0.037
10 AC 1.049 6 −0.056 1.048 6 −0.027 1.049 6 −0.053
11 AC 1.049 6 −0.058 1.048 6 −0.026 1.049 6 −0.055
12 AC 1.049 6 −0.062 1.048 6 −0.025 1.049 6 −0.060
13 AC 1.049 6 −0.085 1.047 6 −0.032 1.049 6 −0.082
14 AC 1.049 6 −0.095 1.047 6 −0.038 1.049 6 −0.092
15 AC 1.049 6 −0.103 1.047 6 −0.041 1.049 6 −0.101
16 AC 1.050 6 −0.113 1.047 6 −0.043 1.050 6 −0.111
17 AC 1.050 6 −0.128 1.047 6 −0.049 1.050 6 −0.126
18 AC 1.050 6 −0.129 1.047 6 −0.050 1.050 6 −0.127
19 DC 1.048 1.048 1.048
20 DC 1.043 1.042 1.042
21 DC 1.043 1.041 1.041
22 DC 1.041 1.040 1.040
23 DC 1.045 1.045 1.045
24 DC 1.044 1.044 1.044
25 DC 1.043 1.043 1.043
26 AC 1.050 6 −0.003 1.050 6 0.003 1.050 6 0.003
27 AC 1.050 6 −0.006 1.050 6 0.008 1.050 6 0.008
28 AC 1.050 6 −0.024 1.049 6 0.014 1.049 6 0.014
29 AC 1.049 6 −0.037 1.048 6 0.021 1.048 6 0.021
30 AC 1.049 6 −0.043 1.048 6 0.029 1.048 6 0.029
31 AC 1.050 6 −0.072 1.047 6 0.022 1.047 6 0.022
32 AC 1.050 6 −0.080 1.047 6 0.020 1.047 6 0.020
33 AC 1.050 6 −0.081 1.047 6 0.020 1.047 6 0.020

For the given topology, the results in Table 8 show that, by considering converter/inverter losses
used for DER integration, the overall losses in Scenario (3) is minimized as compared to Scenarios (1)
and (2). Results have also been compared by not considering the losses of converter/inverter used for
DER integration.

Table 7. Summary of Hybrid AC/DC Distribution System Topology 2.

Topology 2
(DER at AC)

Topology 2
(DER at DC)

Topology 2
(DER at AC + DC)

Power absorbed at DC Slack bus (p.u) −0.41764 −0.32188 −0.36998
Converter Bus Power (p.u) −0.4317− j0.0454 −0.3351− j0.0638 −0.3836− j0.0552

AC Grid Power Injection (p.u) −0.4320 + j0.005 −0.3353 + j0.005 −0.3838 + j0.005
Converter Bus Voltage (p.u) 1.042 6 −0.10 1.039 6 −0.08 1.040 6 −0.09
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A case study was also done for the given topology by considering an increase in generation
of DER capacity connected in an AC network while considering DER at DC network, and AC and
DC network loads remain constant in Scenario (3). The results in Figure 6 shows that an increase in
network losses occurs with an increase in AC generation.

Figure 6. Change in Network Losses with increase in DER capacity (AC output).

Table 8. Losses in Hybrid AC/DC Distribution System Topology 2.

Losses (p.u)
(DER at AC)

Losses (p.u)
(DER at DC)

Losses (p.u)
(DER at AC + DC)

AC Line Losses 0.002 + j0.0 0.004 + j0.0 0.003 + j0.0
DC Line Losses 0.019 0.019 0.021

AC/DC Converter losses 0.0141 0.0132 0.0136
DER Converter Losses 0.0229 0.0228 0.00

Total Losses
(without DER Converter) 0.0351 + j0.0 0.0362 + j0.0 0.0376 + j0.0

Total Losses
(with DER Converter) 0.058 + j0.0 0.059 + j0.0 0.0376 + j0.0

From the comparison of the results in Tables 5 and 8 for both the topologies, it can be concluded
that Scenario (3) results a reduction in overall system losses as compared to Scenarios (1) and (2)
because of less number of conversion stages. Figure 7 and Table 9 present the comparison of Scenario
(3) for both topologies with respect to some other additional factors for the load flow analysis of
the AC/DC hybrid distribution networks. It can also be concluded that appropriate placement of
DER while considering the network type and DER output also results in a reduction in network
power transfer and loss reduction for AC/DC hybrid distribution system. It is also observed that
converter losses in VSC-MTDC based network cannot be neglected and plays a significant role in the
implementation and planning of AC/DC hybrid distribution network.
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Figure 7. Losses comparison in Scenario (3) for Topologies 1 and 2.

Table 9. Comparison of results for Scenario (3) for Topologies 1 and 2.

Topology 1
(DER at AC+DC)

Topology 2
(DER at AC + DC)

Max % voltage drop in AC lines
Max % voltage drop in DC lines

Max Single AC line losses
Max Single DC line losses

6.38
5.90

0.0197 + j0.01 at Line 2–3
0.0055 at Line 8–9

0.285
0.95

0.001 + j0.0 at Line 27–28
0.008 at Line 4–5

6. Conclusions

This paper has presented the formulation and implementation of a Newton–Raphson (N-R)
algorithm for the load flow calculations in AC/DC hybrid distribution network including VSC
modeling with the losses and different control modes. The impact of converter and network losses was
considered by deployment of two example systems constructed by modifying the IEEE 33 bus hybrid
AC/DC distribution network interconnected with MTDC networks. Obtained results show that the
appropriate placement of DER in the network while considering the output type is important for the
reduction of losses in the network. In addition, the load flow solution depends upon the modeling of
the converter and network losses along with the quantity of the converters in the network. The main
conclusion that can be drawn from this paper is that proper modeling of converter losses is important,
as neglecting the converter losses is not possible in the AC/MTDC network, else it could lead to
different load flow values and an incomplete overall network loss assessment. In operational point of
view, the converter losses and the number of AC or DC network branches are the issues which should
be taken resolved for future planning and expansion of MTDC network.
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