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ABSTRACT

The long-distance power transmission using the HVDC network has been gaining increasing
acceptance in recent years. However, in DC transmission, it is challenging to exchange small
amount of power from HVDC transmission networks, whereas it can be easily achieved in HVAC
transmission networks using simple AC transformers. But there may be many isolated
villages/remote renewable energy sources along the route of long-distance HVYDC transmission
lines which could be integrated into the main power system network. This has attracted industry
and academia to explore the possibility of tapping power from HVDC transmission lines and to
inject remotely located renewable energy power into HVDC transmission lines. In this thesis, the
concept of exchanging a small amount of power from an HVDC transmission line to supply power
to isolated rural villages or to integrate remote renewable sources is explored.

A comprehensive literature evaluation of several strategies for exchanging power with HYDC
and MVDC transmission lines is presented in Chapter 2. The need for exchanging power from
HVDC and MVDC transmission lines is examined. The series and parallel power tapping schemes,
as well as the accompanying converter topologies, are thoroughly studied. The difficulties and
challenges of transferring power from AC and DC grids with HVDC and MVDC lines are
investigated. The requirement of converters used in exchanging power from the DC line is
discussed. The concept of direct integration of renewable energy into MVDC grid is also analyzed
and various schemes available in the literature are compared.

The power exchange can take place between an HVDC grid and an AC grid. The renewable
energy can also be directly integrated to MVDC grid which may be further connected to HVDC
transmission line. Suitable converter topologies for the applications are proposed in this thesis.
The thesis also investigates the suitability and fault ride through capability of proposed converters
in exchanging power from the HVDC transmission line to AC and DC grids.

A new scheme to feed the AC local loads which are near the HVDC transmission corridor
using anew DC-DC converter is presented in chapter 3. The proposed DC-DC converter comprises
a large number of identical submodules each having one controllable switch, two diodes, and one
capacitor. The operation of the DC-DC converter is based on the repeated charging and discharging



of capacitors through a resonant circuit. Zero current switching (ZCS) is achieved for all the
switches used in the converter. In case of failure of one submodule, the failed submodule could be

bypassed without affecting the normal operation of the HVDC tap. Equations governing the
behavior of the proposed converter and the design of the components have been presented. The
operational performance of the line commutated converter (LCC) based HVYDC system along with
the HVDC tapping scheme with the proposed converter is investigated using a simulation model
developed in PSCAD/EMTDC. The proposed circuit topology has also been verified with a
downscaled experimental prototype.

In Chapter 4, a fault-tolerant scheme for integrating renewable energy sources into a
symmetrical monopolar VSC HVDC system using a new modular resonant DC-DC converter is
presented. The proposed DC-DC converter consists of many identical low voltage submodules,
which consist of two controllable switches, one diode, and a capacitor. The switches of the
proposed DC-DC converter are configured to provide the converter with an inherent fault-tolerant
feature, which enables it to isolate itself during DC faults in the HVDC system. The integration of
renewable energy sources into a symmetrical monopolar VSC HVDC transmission system using
the proposed tapping scheme is presented. However, the DC-DC converter has limitations for use
in the LCC HVDC system. During the commutation failure/DC side disturbances, the freewheeling
diode of the tapping station will conduct thereby feeding power to the inverter HVDC station, thus
delaying the recovery of the HVDC system from such disturbances. Thus, the DC-DC converter
used for such a power-tapping scheme needs to isolate itself during the DC commutating failures
and should not feed the converters of the LCC HVDC system. Thus, a modified modular resonant
DC-DC converter is presented to evacuate power to LCC-based HVDC systems. The inherent
fault-tolerant capability of the converter prevents it from feeding to any fault in the HVDC line
and enables faster recovery from commutation failures in the main HVDC system. The operational
performance of the proposed scheme is verified using a simulation model developed in
PSCAD/EMTDC and an experimental prototype.

The interconnection of different DC grids is also an active area of research. However,
integrating different DC grids, which operate at different voltage levels, configurations, and
grounding schemes, has many challenges. The DC distribution grid may also be used for drawing
power for EV charging stations and supplying local AC loads. The DC distribution grid may feed
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power into the MVDC grid during high renewable power generation and may also need to draw
power from the MVDC grid during the low renewable power generation period.

In chapter 5, a new isolated bidirectional hybrid modular DC-DC converter based on a switched-
capacitor DC-DC converter for integrating wind farms, solar parks, etc. directly with the MVDC
system is presented. The hybrid bidirectional modular converter uses half-bridge submodules in
series with a director switch. The converter provides galvanic isolation between DC distribution
grid and the MVDC grid. The operation and control strategy of the converter is presented in this
chapter. The effectiveness of the converter in exchanging energy between the MVDC grid and the
DC distribution grid is validated by the simulation studies performed in PSCAD/EMTDC. The
MVDC grid can be further connected to a nearby HVDC grid. A modified isolated hybrid converter
using thyristor director switches is also presented in this chapter for HVDC applications.

The power from AC grid can also be directly integrated to an HVDC system. The scheme to
integrate a remote AC network with a long-distance LCC-based HVDC system using a full bridge
MMC is investigated in first part of chapter 6. The scheme combines the advantages of bulk power
transmission capability of Line Commutated Converters and the ability of Voltage Source
Converters to connect to a passive network. To achieve DC fault-tolerant capability, the full-bridge
Modular Multi-Level Converter (MMC) is used. The coordinated control of the LCC HVDC
system with the MMC tapping station is presented. The operational performance of the HVDC
system with the MMC-based shunt tap and its performance during DC side fault is analyzed using
the time domain simulation model developed in PSCAD/EMTDC.

In second part of chapter 6, a new scheme to directly integrate the output of wind generators
and solar PV panels with an MVDC system is presented. The DC-DC converter proposed in
chapter 4 is used for the integration scheme. The scheme will reduce the number of equipment
involved in the energy conversion process. In the scheme presented in this chapter, the output of a
permanent magnet synchronous generator coupled with a wind turbine is converted to a low
voltage DC by an AC-DC converter and then directly connected to an MVVDC system using the
fault torrent soft switched high gain DC-DC converter. The output from high voltage solar PV
panels is also connected with the MVDC transmission network with the DC-DC converter. The
integration of wind turbines/solar PV panels with the MVVDC system using the proposed scheme
is verified using extensive simulation studies done in PSCAD/EMTDC.A new scheme to bypass
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the faulty MVDC corridor by using simple DC disconnectors is also presented in chapter 6. The
working principle and operation of converter is also verified with experimental results.

The conclusion and future scope of work are discussed in chapter 7. The method of tapping
power from the HVDC system is still in the early stages of research and development and further

research is required for its commercial implementation.
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4.36

Simulation results showing steady state operation of DC-DC converter in LCC based HVDC system: (a)
HVDC voltage (Vg) (b) Rectifier current (I;)-kA and Inverter current (I;)-kA (c) Current injected to
HVDC system (kA). (d) Rectifier firing angle () and Inverter extinction angle (7) (deg) (e) Power send
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Fig. 5.38 Simulation results showing steady state operation of DC-DC converter in LCC based HVDC
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inductance (20V/div)

4.42

Experimental results showing: (i) Zero current switching of switch S1 and S2 in submodule (SP1) (a)
Voltage across switch S1 (50V/div) (b) Current through switch S1 (10A/div) (c) Voltage across switch
S2 (50V/div) (d) Current through switch S2 (2A/div)

4.43

Experimental results showing Voltage across and current through blocking diodes DP and DN (a) Current
through Diode DP (2A/div) (b) Voltage across Diode DP (200V/div) (d) Current through Diode DN
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to switch S, (20V/div) (

4.47

Experimental results showing response of the DC-DC converter during DC fault: Voltage across
submodule capacitor (50V/div) (a) SM1 (b) SM; (c) SM3 (d) SM4
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General schematic of the DC distribution grid connected to an HVDC grid through an MVVDC grid.
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Isolated hybrid modular DC-DC converter
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53

Voltage generated by wave shaping circuit across isolation transformer (kV) (Power flow from high to

low voltage side)

54

Voltage generated by wave shaping circuit across isolation transformer (kV) (Power flow from low to

high voltage side)

55

Ilustration of charging and discharging of the isolated DC-DC converter topology (Power flow from HV
to LV side)

5.6

Equivalent circuit of DC-DC converter during charging (b) Equivalent circuit of DC-DC converter during

discharging process

5.7

Steady-state waveforms during power flow from HV side to LV side (a) Low voltage side voltage (kV)
(b) High voltage side voltage (kV) (c) Submodule capacitor voltage (kV) (d) Transformer converter side
current (kA) (e) Current through positive and negative wave shaping circuits (KA) (lwpz and lwn1) (f)

Voltage output of positive and negative wave shaping circuit (kV) (Vwpl and Vwn1l).

5.8

Dynamic operation of the converter during power flow from HV side to LV side with change in low
voltage side voltage at t=1.1 sec (a) Low voltage side voltage (kV) (b) High voltage side voltage (kV) (c)
Submodule capacitor voltage (kV) (d) High voltage DC side current (e) Load current (kA) (f) Voltage

across the primary winding of the transformer (kV)

5.9

Steady-state waveforms during power flow from LV side to HV side (a) Low voltage side voltage (kV)
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current (kA) (e) Current through positive and negative wave shaping circuits (lwpz and lwn1) (f) Voltage

output of positive and negative wave shaping circuit (Vwp1 and Vn1)

5.10

Dynamic operation of the converter during power flow from LV side to HV side with change in high
voltage side voltage at t=1.15 sec (a) Low voltage side voltage (kV) (b) High voltage side voltage (kV)
(c) Submodule capacitor voltage (kV) (d) Low voltage side current (e) Load current (kA) (f) Voltage

across the primary winding of the transformer (kV)
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Isolated DC-DC converter for exchanging power with Monopolar DC grid
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WSp; discharges to positive terminal of push-pull transformer and WSn: charges from positive MVDC

line

5.13

WSy discharges to negative terminal of push-pull transformer and WSp: charges from positive MVDC

line

5.14

Steady-state waveforms during power flow from HV side to LV side (a) High voltage side voltage (kV)
(b) Low voltage side voltage (kV) (c) Submodule capacitor voltage (kV) (d) Output voltage of push-pull
transformer (kV) (e) Voltage across positive wave shaping circuit-1 (kV) (f) Voltage across positive wave

shaping circuit-2 (kV)

5.15

Dynamic operation of converter during power flow from HV side to LV side with change in low voltage

side voltage at t=1.1 sec (a) Low voltage side voltage (kV) (b) High voltage side voltage (kV) (c)
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Submodule capacitor voltage (kV) (d) High voltage DC side current (e) Load current (kA) (f) Voltage

across primary winding of transformer (kV)

5.16

Operation of the converter during (a) Stage-1-Positive cycle (b) Stage-1-Negative cycle and (c) Transition

stage
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Operation of the converter during (a) Stage-1-Positive cycle (b) Stage-1-Negative cycle and (c) Transition

stage

5.18

Stages of operation of the converter
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Stages of operation of the converter
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Equivalent circuit diagram of the proposed converter during (a) charging and (b) discharging
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Submodule voltage control of the proposed converter.
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Hysteresis control of arm current.

5.23
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reference voltage from 17kv to 15kV at t=1.0 sec (a) High voltage side voltage (kV) (b) MVDC Load
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Downscaled experimental prototype
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AC and DC collection platforms for integration of renewable energy sources
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6.20 Characteristics of solar PV panel (a) Variation of power and current output with voltage (b) PV
characteristics with different solar irradiation level

6.21 Fig 6.21. (a) Power output from solar cluster-1 (MW) (b) Submodule capacitor voltage (kV) (c) Duty
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Schemes presented in thesis to exchange power with HVDC transmission line
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