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Abstract

Three-Level Neutral-Point-Clamped (3L-NPC) converters have been widely used in the high-
power motor drives. In recent years, a novel cascaded 3L-NPC converter has been developed
and adopted in the ANGLE-DC project —a 30 MVA MVDC link demonstration project in
North Wales, UK. This cascaded configuration provides exceptional waveform quality,

modular design and a cost-effective solution to MVDC applications.

Although the control strategy for a single 3L-NPC converter has been well established, control
of the cascaded 3L-NPC converter is still under-researched. The potential challenges to control
strategy design arising from their cascaded connections need to be specifically explored. In
particular, due to the series DC connection, the voltage imbalance across 3L-NPC submodules
(SMs) may occur and influence the system stability. This issue may occur in converter stations
where power is controlled in either point-to-point or multi-terminal systems. Beyond the
electric characteristic, thermal characteristic is also vital to the performance of system. Thermal
imbalance of 3L-NPC SMs may occur in a cascaded 3L-NPC converter even the voltage and

power are equally shared, which poses great challenges to the system reliability.

To address aforementioned challenges, this thesis developed suitable control schemes for the
cascaded 3L-NPC converter system and demonstrated their operation using a 30 kVA MVDC
testbed based on the real ANGLE-DC project. The DC voltage imbalance was analysed
through a small-signal model-based approach. Two DC voltage balancing methods with and
without communications were presented. The PI-based method can automatically switch to the
droop-based method upon failures of communication. The DC voltage imbalance of the
cascaded 3L-NPC converter is further investigated in a three-terminal MVDC network in
consideration together with the interactions of control characteristics between different
converter stations and the power control accuracy. Then suitable control scheme was proposed.
Multiple crossovers due to the interactions are avoided while DC voltage balance and power
control accuracy are achieved as well. To mitigate the thermal imbalance, a thermal sharing
controller was superposed on the DC voltage balancing controller to regulate the active and
reactive power of each SM according to their individual junction temperatures. The thermal
stresses are hence equally shared in presence of mismatched component parameters and
cooling system failures. The effectiveness of presented methods in the thesis has been verified

in MATLAB/Simulink simulation and experimentally validated.
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Introduction

This chapter introduces the background, motivation, objectives,
and contributions of this thesis. An outline of the thesis 1s also
provided.




1.1Background

In response to the growing demand for decarbonization and the implementation of net-zero
policies, renewable energy technologies have experienced rapid advancements. Distributed
generators and energy storage devices are increasingly being integrated into distribution
networks. However, their successful integration necessitates precise and flexible control over
power flow. Medium-voltage direct-current (MVDC) technology has emerged as a recent
development that offers improved controllability of power flows, enhanced power transfer
capabilities, and better control over network voltages. These advancements are made possible
through the utilization of MVDC converters. Despite these advancements, the control and
operation of MVDC converters remain areas of ongoing research. In-depth understanding of

these aspects is crucial to ensure the safety and desired performance of MVDC operations.

1.1.1 Renewable Energy Collection and Integration

Renewable sources, such as wind and solar power, are gradually replacing conventional gas
and petrol as clean energy alternatives. This shift not only contributes to carbon reduction
targets but also helps mitigate the energy crisis by reducing reliance on non-renewable

resources.

In recent years, the United Kingdom has witnessed a significant surge in renewable electricity
generation and capacity, driven by its commitment to achieving net zero carbon emissions by
2050. Figure 1.1 illustrates the percentage share of UK's electricity generation during the period

of 2015-2020.
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Figure 1.1. Shares of electricity generation by fuel [1].



For the first time in the recorded data series, renewable sources surpassed fossil fuels in their
contribution to electricity generation in 2020. The proportion of renewable energy rose

significantly, accounting for 43.1% of the total UK generation.

Figure 1.2 displays the distribution of renewable electricity generation by technology across
different UK nations. It is evident that England and Scotland are the primary regions with
concentrated renewable energy generation. In England, wind, solar, and bioenergy are the
dominant sources, whereas in Scotland, wind, hydro, and bioenergy play a major role. Wind
generation stands out prominently in both nations. As part of its commitment to achieving net
zero carbon emissions by 2050, the UK plans to increase its offshore wind generation capacity

to 40 GW by 2030, thereby surpassing 50 GW of overall wind capacity.
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Figure 1.2. Renewable electricity generation by technology in each UK nation [2].

However, with the large-scale renewable energies and loads being integrated, the power quality
and reliability may become concerned issues. These require suitable power distribution

technology in place to participate in power transmission and regulation.

1.1.2 Development of MVDC Distribution Networks

Motivated by external and internal driving forces, the MVDC has become an important
enabling technology in distribution networks. Figure 1.3 shows the distribution of the driving

forces.

For external driving forces, the integration of distributed generators (DGs) and energy storage
and growth of DC loads are two stimulating factors. Take an example of the solar photovoltaic
(PV) integration (see Figure 1.4). In the conventional scheme in Figure 1.4(a), the low-voltage

DC (LVDC) generated by different groups of PV panels are first transformed to low-voltage
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AC (LVAC) through DC/AC converters. Then, a multi-winding transformer is used to boost
the LVAC to Medium-Voltage Alternative-Current (MVAC). Therefore, the power from
different groups of PVs are collected by the MVAC grid. To make connection with the grid at
high voltage, a MV-to-HV transformer can be used. The alternative option using the MVDC
collection is shown in Figure 1.4(b). As can be seen, The DC/DC converters collect the PV
plants and connect to the MVDC grid, instead of the MVAC grid. For the connection between
MVDC and HVDC grids, an MV-level DC/AC converter acts as the interface together with a
booster transformer. In the conventional AC circuit, capacitive effect causes higher leakage
currents through the insulation material of a cable, so that less load current will be delivered to
the end user. Also, ccompared with the AC circuit, DC operation has better controllability on
the AC voltage regulation by using power electronic converters. Thus DC operation has larger
power supply capacity than traditional AC operation [3]. Also, as the skin effect, proximity
effect and eddy current effect are reduced in DC system, the efficiency can be improved. For
example, Skin effect occurs in conductors carrying high frequency AC currensts where the
current tends to concentrate towards the surface of the conductor, reducing the effective cross-
sectional area available for the current. This results in increased resistance and power loss in
the conductor. Another external driving force is the growth of DC loads. As more and more
loads are naturally supplied by DC, the transformation of DC to AC can be avoided compared
with the traditional MVAC distribution.

The integration of DG and energy storage

The lower cos The growth of
I DC load

Saving power Supplying

power for

remote areas

The higher stabili

The interconnection
provided by DC systems

of AC systems
Figure 1.3. The most important driving forces for the development of DC power distribution

(the percentage represents the weight of each factor) [3].

For internal driving forces, the MVDC can provide better performance of the power and voltage
regulation. The main advantages include: the power and voltage control become more flexible

as the AC grids at the DC terminals can be independently controlled regardless of the



mismatches of frequency, phase angle and voltage magnitude; the fault at one AC grid can be
avoided to propagate to another side, thus improving the stability of the system; the power
quality can be improved since the VSC can be used as the active power filter and reactive

power compensator such as the STATCOM.
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(a) (b)
Figure 1.4. Collector grid topologies for a PV application: (a) MVAC collector grid; (b) MYDC
collector grid [4].

The MVDC technology mainly includes stability analysis and control of MVDC power

electronics, reliability evaluation and DC protection.

As large-scale distributed generators (DGs) and loads are integrated into the grid, the system's
stability is impacted, primarily due to a reduction in system inertia. As more power electronic
based devices are replacing the synchronous generators, the inertia provided by the
synchronous generators is decreasing. The adverse impact is that the system transient and
dynamic stability are influenced, thus the system is more susceptible to the disturbance of the
grid frequency and voltage [5]. Also, as more DC links are integrated, the interactions between
DC and AC system may pose concern of stability. The DC fault may propagate to AC side, and
in this case, the voltage and frequency support from the MVDC link will be lost, thus leading
to potential instability. Another stability issue is associated with the power electronic
converters themselves. As more power electronic converters are connected in series or parallel,
the interactions between converters may influence the system robustness. The stability issue
requires detailed system modeling and a suitable control scheme. In addition, the coordinated

control in the multi-terminal DC (MTDC) systems also attract attention. The voltage and
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frequency supporting are supposed to be jointly undertaken by the parallel-connected DGs. The
commonly used method is the droop-based control, where there is no centralized controller
with communication. When suffering from a failure in one converter station, the others can still
take over the power and voltage regulation. Besides, the grid-forming control in island
operation, robustness of the power electronic converters and suppressing of the sub-

synchronous resonance (SSR) are also attracting attentions from both academia and industry.

System reliability is another important branch. Mass penetration of DGs puts more power
components at risk of damage. A key technique is reliability evaluation. The failure rate
prediction model is established first. Then, the failure probability and lifetime can be evaluated
through analytical and simulation methods. The Monte Carlo simulation is a widely used
method due to its suitability for large and complex systems. How to improve computation

efficiency is an existing challenge.

For the DC protection, the DC circuit breaker (DCCB) is an under-researched topic. For the
conventional AC circuit breaker (ACCB), it takes approximately 40-100 ms until the current
is interrupted after receiving the operating command signal from a controller [6]. However, the
non-zero crossing of currents during DC faults brings design difficulty to the DCCB. For DC
current interruption, it is necessary to intentionally create current zero points. The resonance-
type breaker can create a zero crossing of current using an LC resonance circuit (see Figure
1.5(a)). The mostly adopted option is the hybrid type as shown in Figure 1.5(b). The power
semiconductor and mechanical switches are used together, where the power semiconductors
are used to rapidly interrupt the fault current and the mechanical switches to withstand high
voltage difference between lines. Although the technologies of existing HVDC DCCBs are
applicable for MVDC applications, the design and selection of MV DCCBs still require special
attention to ensure that they are reliable, safe, and can withstand the specific challenges
associated with MVDC systems [7], [8]. One of the challenges is the lower voltage level at
which MV DCCBs operate. This means that their design and testing must be specific to the
voltage level, taking into account the necessary insulation and switching requirements.
Additionally, the smaller size of MV DCCBs compared to HV DCCBs can be a challenge, as
they need to fit all necessary components within a compact design while still ensuring
reliability and safety. Furthermore, compared to HV DCCBs, MV DCCBs are less commonly
used and may have limited availability in the market. This may pose a challenge in sourcing

and maintaining these components.



To date, limited practical MVDC links have been built [9]-[12]. At Eagle Pass (Texas, USA),
a +16-kV voltage source converter (VSC)-based DC link was built in 2003 to interconnect two
distribution networks [9]. At Tangjiawan (Zhuhai, China), a three-terminal £10-kV MVDC
project was trialed in 2018 [ 10]. At Exebridge (Southwest England, U.K.), through the Network
Equilibrium project, a “Flexible Power Link” consisting of two back-to-back VSCs was
constructed in 2014 to connect two 33-kV distribution networks [11]. In North Wales, U.K.,
the ANGLE-DC project was launched in 2017 to adapt an MV AC circuit for MVDC operation.
The ANGLE-DC is the first trial of an MVDC link in the Great Britain (GB) electrical power
system. It is a demonstration project that enhances the power transfer capacity and thermal
capability between the island of Anglesey and Bangor in North Wales by converting an AC

transmission corridor into DC operation (see Figure 1.6).
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Figure 1.5. DC circuit breakers: (a) LC resonance circuit breaker; (b) Hybrid circuit breaker.
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Figure 1.6. MVDC operation in the ANGLE-DC project: (a) MVDC circuit from Anglesey to
Bangor (mainland North Wales) [12]; (b) conversion of existing double AC circuit to DC for
MVDC operation.

This conversion allows an increased volume of renewable generation to flow mainland from
Anglesey without exceeding the thermal limits of existing assets. By converting an existing

twin AC circuit at 33 kV to £27 kV DC, the power transfer capacity between the island of
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Anglesey and Bangor (mainland) can be increased by more than 23%, enabling a more

distributed generation to be connected on the island [12].

1.1.3 Development of MVDC Converters

The power electronic converter is the key enabler for the MVDC technology. The conventional
2L-VSC and 3L-NPC converter can be selected as the MVDC converter candidates. However,
as a single IGBT cannot be able to withstand a high voltage, the IGBT devices are always
connected in series to make up a device group, which is named as switch position (SP) [20].
The SP in the bridge arm is shown in Figure 1.7(a) and (b). An issue faced by this configuration
is that if one device in the group is damaged, the whole converter will malfunction. From the
perspective of the reliability, the power electronic building blocks (PEBBs) are used as the
constituent components of converters. Each PEBB is a standardized and modularized
submodule (SM), which can be bypassed and easy to maintain in fault conditions. The PEBB-
based converter is preferred due to its exceptional waveform quality, compact, and modular
design [20]. Such types of converters include input-series-output-parallel (ISOP) and input-
series-output-series (ISOS) DC/DC converters, modular multi-level converters (MMCs) and
cascaded two-level and three-level converters. Detailed discussions and comparisons regarding

the PEBB-based converter topologies are given in Chapter 2.2.
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Figure 1.7. SP based 2L-VSC and 3L-NPC VSC: (a) 2L-VSC; (b) 3L-NPC VSC.

1.2 Research Motivation



As discussed in Section 1.1.2, the stability issue resulting from use of power electronic
converters is of concern to DNOs. The mass quantities of power electronic devices influence
the system reliability, thus leading to large times of maintenance and reduction of the system
lifetime. Also, the number of existing MVDC demonstration project is limited, which provides
limited lessons and experience to DNOs. The control and operation scheme for MVDC

converters are not yet well developed.

Compared with MMCs, cascaded 3L-NPC converters use mature technologies employed for
MV motor drives and, in addition, have a relatively low cost and a small footprint [21]. As
practical applications are often price-driven, cascaded 3L-NPC converters thus represent an
attractive alternative for real projects. For instance, such a converter topology was adopted in
the recent ANGLE-DC project, which provides a 30 MVA MVDC transmission corridor in
North Wales, UK, between Bangor and Anglesey [12]. The cascaded 3L-NPC converter system
consists of NV three-phase individual SMs. The DC terminals of the SMs are connected in series
to build a medium-voltage (MV) level DC voltage, and the AC sides are connected in parallel.
An isolation transformer with six windings is used for isolation at AC side. The challenges

exhibited in the cascaded 3L-NPC converters are listed below.
1.2.1 Demonstration of an MVDC converter

There are two main challenges encountered when operating an MVDC link based on cascaded
3L-NPC converters. The first one is how to design a suitable control system to achieve a desired
performance. As control methods are always topology-dependant and as the cascaded 3L-NPC
converter is a novel topology, suitable control methods are still under research. The second one
is how to develop an experimental demonstrator to de-risk the practical operation of the MVDC
system, as techniques employed in engineering projects should be tested offline before being
applied into real applications. Although there are previous efforts assessing the performance of
the converter system, most work has been conducted through computer simulations [6], [12]

and [14].
1.2.2 Stability Analysis of Cascaded 3L-NPC Converters

A special issue exhibited by cascaded 3L-NPC converters is DC voltage imbalance. As the DC
terminals of Submodules (SMs) are connected in series, their shared DC voltages may be
different. This may cause SM overvoltage and, potentially, an unstable system operation [15].

Although there are publications addressing the control of a single 3L-NPC converter, the DC



voltage imbalance within SMs of such converter has yet to be investigated and methods for
balancing the DC voltages in a cascaded 3L-NPC converter have not been found in public
resources. For MMCs, DC voltage imbalance may be also exhibited, but it is attributed to an
unbalanced energy distribution in the SMs’ capacitors during a fundamental period as these are
plugged in and out in an alternating fashion. Since the cause for DC voltage imbalance is
different, transferring control methods from MMC:s to cascaded 3L-NPC converters to relieve

this problem should be done with care.
1.2.3 Multiple Crossovers in a Multi-terminal MVDC System

As more renewable energies integrated into the MVDC networks, the point-to-point system
may be expanded to a multi-terminal system. This may pose additional challenges beyond
voltage imbalance to the cascaded converters. As the converter stations in the multi-terminal
system will adopt different control strategies and hence exhibit different control characteristics,
multiple potential operating points (named crossovers) may arise due to the interactions
between different control characteristics so that the power and voltage will drift from the
original setting points [16], [17]. This may cause overvoltage or overcurrent, and hence a
failure in the system. The influence of multiple crossovers on the control of cascaded 3L-NPC

converters need to be explored.
1.2.4 Reliable Operation Considering the Thermal Conditions

Reliability have become an important criterion of performance and posed a great challenge to
the design and control of power converters. Fifty-five percentage of power device failures is
caused by abnormal thermal conditions [18]. High mean temperatures and temperature
fluctuations can cause fatigue of package materials of semiconductors, thus leading to damages
such as bond wire lift-off and solder crack. For the cascaded MVDC converters, thermal
stresses among SMs are practically non-identical due to the mismatched component parameters
and individual cooling system conditions of each SM, even though the SMs work at even
loading or voltage sharing control. The lifetime of converter systems is determined by the first
failed SM. As the temperature imbalance may cause premature damages to certain SMs, the

system lifetime will then decrease [19].
1.3 Objectives and Contributions of the Thesis

The objectives and contributions of this work are outlined as:
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Demonstrate the operation of a cascaded 3L-NPC converter-based MVDC link fitted
with suitable control schemes. System operation is verified, step-by-step, following a
hierarchical approach going from switching level to application level. For completeness,
the communication and hardware protection schemes are discussed as well. A 30-kW
laboratory scaled MVDC testbed is used to experimentally validate simulation results
obtained using MATLAB/Simulink. This testbed has been down-scaled from the
ANGLE-DC project, with similar per unit values as those employed in the real system.
Using the experimental testbed, a number of simulation scenarios are experimentally
verified including the start-up/shut-down procedure of the converter system, steady-
state and dynamic performance of DC voltage and power control loops, and transitions
between different control modes.

Analyse the cause of DC voltage imbalance across SMs within a cascaded 3L-NPC
converter and present voltage balancing control methods to address this issue, with and
without communication. It is revealed that the DC voltage imbalance may occur due to
the inversely proportional relationship between the incremental DC voltage and duty
cycle within an SM when under power control. This cause is further confirmed by
analysing the system model, where each SM is represented as an equivalent impedance
as viewed from the DC input terminal. Under DC voltage imbalance, there is an
unstable system pole located at the right-half of the s-plane. Two balancing control
methods are presented to shift the location of system poles and, hence, to mitigate the
DC voltage imbalance: 1) a PI-based control method that requires communication with
a central controller and 2) a communication-less inverse-droop-based control method.
The communication-dependent PI-based method can achieve a precise balancing
control of DC voltages and decoupling from the power controller. Upon loss of
communication, the PI-based method is replaced by the inverse-droop-based method to
prevent an interruption in system operation.

Investigate the multiple crossovers due to the interaction between constant /;. and
P—V,. droop control in the cascaded 3L-NPC converter based three-terminal MVDC
system. The mechanism of the power and voltage drifts caused by the multiple
crossovers are first analysed. It is found that the normal operating point is unstable in
the condition of multiple crossovers. Then, the droop gain is suitably selected
considering both the situation of multiple crossovers and DC voltage balancing

performance, with another secondary power compensator being employed to guarantee
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the power flow accuracy. Therefore, the multiple crossovers are avoided, and
meanwhile, the DC voltage balancing, and power control accuracy are ensured. The
presented solution has been experimental validated through a three-terminal MVDC
testbed based.

e Present the thermal sharing control of the cascaded 3L-NPC converter to balance the
thermal stresses among SMs. A thermal sharing control loop was superposed on the
typical current controller within each SM to regulate the active and reactive power
according to individual SMs’ junction temperatures, with the high-level main controller
used to control the total power and calculate the temperature reference. The thermal
control capability of this topology was discussed. Considering the thermal control
capability, the main controller is used to manage the thermal conditions of the system
by monitoring the temperature of each SM. On the one hand, the main controller
modifies the temperature references once the outputs of SM’s thermal PI regulators
reach the upper or lower boundary. On the other hand, even though thermal sharing
control is implemented, power semiconductors still have risks of exceeding the
maximum allowable temperature in the event of extreme heating conditions. In this
case, the converter would be blocked for protection. System modelling and controller
parameter design were then presented in detail. The effectiveness of the presented

method has been experimentally validated in the cascaded 3L-NPC converters.

1.4 Thesis Outline

The rest of this thesis is organized as follows:

Chapter Two provides a literature review of state-of-art research on MVDC converters.
Different converter topologies of the cascaded DC/DC and DC/AC converters are studied. In
particular, the performance of MMCs and cascaded 31-NPC converter are compared regarding
the cost, efficiency and reliability. Finally, the control of cascaded converters is briefly
reviewed. Two unique issues resulting from using such a type of converter, DC voltage thermal
imbalance are pointed out. The corresponding control methods in previous works have also

been reviewed.

Chapter Three presents hierarchical control strategy for the basic operation of the cascaded
3L-NPC converters. A high-level main controller with communication is used to send

references and commands to converter SMs. The application control loops are included in the
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main controller, while the switching-level and converter-level control loops are embedded in
the SMs. With the use of a developed MVDC testbed, a series of scenarios were adopted to
experimentally verify simulation studies conducted in MATLAB/Simulink.

Chapter Four presents the analysis and mitigation methods for DC voltage imbalance
across cascaded 3L-NPC converter SMs. The mechanism of the voltage imbalance is given,
followed by an in-depth small-signal model-based analysis. Then, two DC voltage balancing
methods are presented, with communication and without communication. For completeness,
the hybrid control structure considering partial SMs fitted with communication and others with
without communication is discussed. The transition between these two control methods is also

given. The effective of the presented method is experimentally validated.

Chapter Five presents the control scheme to eliminate multiple crossovers due to
interactions between different converter stations, and meanwhile, to ensure the DC voltage
balancing within cascaded 3L-NPC converters. This is achieved by suitable controller
parameter design. In addition, a secondary power compensator is presented to ensure the power
control accuracy. The effectiveness of the method has been validated through a three-terminal

MVDC testbed.

Chapter Six presents an active thermal sharing control to improve the reliable operation of
the cascaded converter. The structure of the thermal sharing control loop is presented, with a
main controller used to send references. Based on the intrinsic characteristic of the cascaded
topology, the thermal control capability is investigated. With a detailed system model, the gain
of the thermal controller is suitable selected. The decoupling between the thermal sharing
control and the output power control is also theoretically derived. The analyses and the control

methods are verified in both PLECS simulation and experimental tests.

Chapter Seven presents the conclusions drawn, main findings and recommendations for
future work.
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Literature Review

This chapter presents a literature review on the technologies of
the MVDC converters, including the topologies and control
strategies for the cascaded medium-voltage DC/DC and DC/AC
converters.
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2.1 Topologies of MVDC Converters

2.1.1 Cascaded DC/AC Converters

The cascaded DC/AC converters used in the MVDC applications mainly include MMCs and
cascaded 3L-NPC converters. To accommodate the MVDC operation, MMCs have been
adapted from the HV level to the MV level and adopted in the previous projects. Apart from
the MMCs, cascaded 3L-NPC have been recently used in the MVDC applications such as the
ANGLE-DC project launched by Scottish Power Energy Networks (SPEN). Although both the
types of converters were considered during the planning stage, the cascaded 3L-NPC converter
was finally selected due to its low cost and since its performance meets all industry standards
and requirement of UK’s distribution system such as harmonic distortion, operating losses,
reliability and availability[12], [13] and [20]. In [20], the cascaded 3L-NPC system was
compared with an MMC-based configuration in terms of total cost of the ownership (TCO),
return on investment (ROI), reliability (reflected as a B10 value which represents the time after
which 10% of the components in a population of identical products or systems are expected to
fail due to a specific type of failure mechanism. The larger B10 is, the longer the lifetime is
expected) and efficiency. The main advantage using the 3L-NPC system is its significantly
lower cost, although MMCs have slightly higher reliability and efficiency (e.g., for the £27 kV
DC voltage in Table 2.1, the efficiency and B10 of cascaded 3L-NPC converter are 98.26%
and 1.04, compared to those of an MMC which are 5.91 and 99.13%, respectively). As such,
the selection of the 3L-NPC converter topology can be seen a compromise among several

measures. The detailed comparison provided in [20] is summarized in the Table 2.1.

According to Table 2.1, the TCO of a cascaded 3L-NPC converter is lower than the TCO of an
MMC at any DC voltage level. For instance, for a +27 kV cascaded 3L-NPC the TCO is
$867,535, which is 17% lower than the cost of a +27 kV MMC ($1045,470). This is mainly
due to larger number of power devices (power semiconductors and passive devices) required
in an MMC. Although the ROI of the cascaded 3L-NPC (ROI c3L-npc=0.51) is slightly lower
than that of the MMC (ROI mmc=0.64), this is due to the higher redundancy level in cascaded
3L-NPC converter. The ROI c3L-npc will be higher than ROI mmc if the two types of converters
are at the same redundancy level [20]. This economic benefit makes the cascaded 3L-NPC
converter an attractive option in the industry, where most applications are price driven and very

cost sensitive.
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The cascaded 3L-NPC converter has a slightly lower efficiency and a reduced Bio life. For

instance, at the £27 kV DC voltage level, the efficiency and Bio life of the cascaded 3L-NPC

converter are 98.26% and 1.04 years, compared with 99.13% and 5.91 years of MMC. Hence,

for less cost sensitive applications requiring very high efficiency and Bio life, adoption of

MMCs would be preferable.

TABLE 2.1. CHARACTERISTICS COMPARISON OF MULTI-LEVEL VSCS AT DIFFERENT DC

VOLTAGE LEVELS.
Voltage Topologies Efficiency ROI Redundancy TCO By life
(%) (%) (years)
+10 kV Cascaded 3L-NPC 98.06 0.47 100 422,370 1.12
converter
98.81 0.49 50 603,769 10.65
MMC
+27 kV Cascaded 3L-NPC 98.26 0.51 83 867,535 1.04
converter
99.13 0.64 22 1,045,470 591
MMC
+50 kV Cascaded 3L-NPC 98.48 0.98 80 1,417,603 1.03
converter
99.31 1.09 18 1,699,364 5.64
MMC

The topologies of the MMCs are shown in Figure 2.1, including the half-bridge (HB) and full-

bridge (FB) structures.
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Figure 2.1. MMC topologies: (a) half-bridge; (b) full-bridge.
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For the HB structure, each SM is a modularized HB two-level converter. The SMs switch on
and off in turn during a fundamental period. This means that some SM capacitors are connected
and meanwhile, the rest bypassed. The AC voltage waveforms of the upper and lower arms and
the phase-to-neutral voltage are shown in Figure 2.2. As can be seen, the voltages at both arms
are superposed with a DC offset, while phase angles of the AC components are complementary
(see Figure 2.2(a)). The phase-to-neutral voltage is the difference between the upper and lower

bridge arm voltages (see Figure 2.2(b)).

A

Vier ——————r—T1-——""""""- A
Upper arm

Phase-to-neutral

Lower arm

Figure 2.2. AC voltage waveforms of the MMC.

Compared with the FB option, the HB-MMC has lower power losses and capital cost due to
the less used power semiconductors. However, the fault blocking capability of the HB-MMCs
is inferior to the FB-MMCs. The HB-MMC does not have DC fault blocking capability, thus
relies on AC or DC circuit breakers to isolate DC faults. Thyristors connected in anti-parallel
to the SM terminals can be employed to bypass the short-circuit current and protect the
freewheel diodes. However, this method does not isolate a DC fault and additional devices are
required for fast fault isolation. To address the issues of DC faults, the FB-MMCs can be used
for isolating the DC fault [22]. Also, considering the compromise between the DC fault
blocking capability, power losses and cost, a hybrid structure comprising the HB and FB SMs
were presented [23], [24].

Another fault issue is the single-phase-to-ground (SPG) short-circuit, which is also significant
although the probability of occurrence is low [25]—[27]. The valve-side SPG faults in bipolar
HB-MMCs will lead to grid-side nonzero-crossing currents and overvoltage of the SM
capacitors in upper arms of converters. The grid-side AC circuit breaker (ACCB) may have

difficulty in interrupting such nonzero-crossing fault currents. The upper arm overvoltage may
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damage the SM capacitors and threaten the insulation of the converter. In Figure 2.3(a), when
the SPG fault occurs, all IGBTs will be blocked. However, SM capacitors in the upper arms of
the two non-faulted phases will be charged through the anti-parallel diodes during every
negative half-cycle of the valve-side post-fault AC voltages. Also, due to the free-wheeling
effect of diodes and the small resistance in the current paths, the currents flow through the
lower arms in the two non-faulted phases are always positive. However, the nonzero-crossing
fault currents can be avoided if the FB-MMC:s are used. Figure 2.3(b) shows the current flowing
path of a FB-MMC in case of the SPG fault. It can be seen that the upper bridge arms still
encounter the overvoltage due to the charging of the upper DC capacitors. However, the current
does not flow through the lower arms in the two non-faulted phases since all the diodes in the
lower arms will be reversed-biased. Thus, there is no DC offset of the fault current and ACCB
can be used to interrupt the connection between the converter and grid sides. Therefore, FB-

MMCs are more suitable to be used in the situation where isolation of AC and DC faults are

required.
- r‘m: - _E
B L
Coe smz :J__— =J__—
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VIJ(' = L
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Chpe sm. [ —‘
(a) (b)
Figure 2.3. Current flow paths under SPG faults: (a) half-bridge; (b) full-bridge.

The cascaded 3L-NPC converters are another promising option for the MVDC application. The
MVDOC link in ANGLE-DC is based on two controllable VSC stations, as shown in Figure 2.4.
For each converter station at the end of the DC circuit of the MVDC link, twelve DC series-
connected 3L-NPC SMs are installed to build up the DC voltage to £27 kV. Sets of six SMs
are connected with six-winding isolation transformers (see Tr.ij in Figure 2.4). The isolation
transformer is with a vector group connection of Yd11, where the high-voltage (primary)
winding is star-connected, and the low-voltage (secondary) winding is delta-connected with a

30-degree lead. A grounding resistor is connected in shunt at the midpoint of the cascaded SMs
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to achieve a bipolar operation. Similar to the MMCs, in the case of SPG faults in the AC side
of'a SM, the SM’s DC capacitor will be charged, which causes the overvoltage of this SM. The
fault will be more severe when it occurs at the SM closest to the DC link as the capacitor will
be charged to the DC link voltage [6]. A measure to address this is adding a thyristor branch in
parallel with the DC terminal of each SM to discharge the capacitor, and meanwhile, the AC

circuit breakers of both side converter stations are cut off to eliminate the fault current [6].

Vs2

RV
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Bangor
substation

Llanfair PG
substation

Station 1 Station 2

Figure 2.4. Cascaded 3L-NPC converters [12].

2.1.2 Cascaded DC/DC Converters

The cascaded DC/DC converters are mainly categorized as the modular configuration based
and MMC based types [28] —[31]. The basic constituent submodule of the modular
configuration-based type is a full-bridge dual active bridge (DAB) converter or an LLC
resonant converter which consists of two inductances and a capacitor [32]. As shown in Figure
2.5, both types of converters comprise two full-bridge converters, two DC capacitors, a series-
connected inductor (and an additional series-connected capacitor for the LLC resonant
converter), and a high-frequency (HF) transformer. The HF transformer provides the required
galvanic isolation and voltage matching between two voltage levels. The HF transformer is
used to deliver the HF square waves of AC voltage with tens of kilohertz from one side to
another. Compared with the conventional transformer designed for the sinusoidal waves, the
HF transformer has the advantage of low volume, light weight, low cost, and can also avoid
voltage and current waveform distortion caused by the core saturation of LF transformers. Also,

the soft-switching operation can be achieved in both types to reduce the power losses.
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Vout

(b)
Figure 2.5. Single DC/DC converters: (a) DAB converter; (b) LLC resonant converter.

Individual DAB or LLC converters can be combined at will, to obtain different configurations
of cascaded inverters. This is achieved by connecting individual SMs in parallel and series as
needed. As shown in Figure 2.6, the general cascaded configurations include input-series-
output-parallel (ISOP) and input-series-output-series (ISOS) [33]. The series connection is
used for supporting a high DC link voltage while the parallel connection for withstanding a

large current stress.

N DAB/LLC | +, N DAB/LLC
based SM | | out based SM ¥
Vi, DAB/LLC 9% Vi, DAB/LLC Vout
based SM based SM ou
DAB/LLC DAB/LLC
- based SM - based SM -
(a) (b)

Figure 2.6. Modular configuration of the DC/DC converters: (a) ISOP connection; (b) ISOS

connection [33].

Similar to the cascaded DC/AC converters, the SMs also need to be bypassed in fault conditions
to ensure continuous operation. To achieve this, a thyristor-based protection circuit can be also

paralleled with the DC capacitor to facilitate the bypassing operation upon failures of any SMs
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[34]. [35] proposed a protection method and theoretically analysed the influence of bypassing
operation on the dynamics of the fault and healthy SMs.

Although the DAB and LLC based modular configuration can achieve the high-power density,
set against the advantage is the large potential differences between the primary and secondary
sides, which places large stress on the insulation of the transformer windings and other

components [36].

Another popular choice is using the MMC based front-to-front DC/DC converter (see Figure
2.7). Two half-bridge or full-bridge MMCs are combined to constitute the DC/DC converter.
A medium-frequency transformer with several hundred hertz to several kilohertz can be used
to reduce the transformer size, reactors and capacitors [37]. The soft switching can also be
achieved for this type of converter. Another advantage is that the DC fault can be prevented
from propagating from one side to the other side through suitable control. As traditional HF
square modulation could raise high dv/dt in the transformer, the insulation will be affected.
To this end, quasi-square-wave (QSW) and quasi-two-level (Q2L) operation were proposed to
alleviate the high dv/dt [38]. However, due to the use of two sets of MMCs, the converter

system becomes bucky and the volume is increased, thus reducing the power density.
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Figure 2.7. MMC based DC/DC converters [37].

Additionally, the MMC based topology can be combined with the LLC resonant topology to
form the resonant modular multilevel DC-DC converters (RMMCs) [39]— [41]. RMMCs
inherit the advantages of both types of converters and are suitable for the high step-ratio and

low step-ratio conversions. The high step-ratio conversion is usually adopted in the connection
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between the MVDC and LVDC netwotks, while the low step-ratio conversion is applied in the
connection between two MVDC networks with similar voltage levels. The basic RMMCs with
high and low step-ratio are given in Figure 2.8 and Figure 2.9, respectively. The reader of
interest to the evolution of the high step-ratio converter to the low step-ratio counterpart is

refered to [41].

Resonant stack

WL

— Vout

I 1
JJ:
Ig 1
JJ—

(a)
Resonant stack
Do
vin—l— —
Vout
(b)
Figure 2.8. High step-ratio RMMC: (a) transformer-coupled RMMC; (b) transformer-less
RMMC [41].
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Figure 2.9. Low step-ratio RMMC [41].

2.2 Control of Cascaded MVDC Converters

2.2.1 Voltage and Power Balancing Control

Similar to the general power electronic converters, the MVDC converters can control the active

power and reactive power, and also are able to support voltage and frequency of the grid. The
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MVDC converters can operate under grid following, grid forming and grid supporting control
modes according to different applications[42], [43]. Among the control strategies, the technical
challenges introduced by the cascaded topologies should be particularly focused. A common
challenge for the cascaded converters such as the MMCs and cascaded DC/DC converters is
the voltage imbalance across different SMs’ capacitors. Without suitable control in place, the

stability issue may arise.

For MMCs, the PWM and nearest level modulation are commonly used. Capacitor voltage
balancing control are different regarding the two modulation methods. The PWM methods
include the phase disposition methods [44], [45] and phase shifts methods [46], [47]. The turn-
on and turn-off of each SM are determined by the comparison between the PWM carriers and
the modulation wave. A PI based voltage balancing controller is superposed to the control
variables generated by the current controllers to balance the voltage. The schematic is shown
in Figure 2.10. In this scheme, the average voltage of each phase (v,,) is compared with the
voltage of the m™ SM, the error goes to a PI controller and then generates a compensating
control variable and the corresponding duty cycle D;. Through this closed loop control, the DC

voltage of each SM can trace the average value.

Voltage balancing
controller of SM 1

Eie

dq decoupling > D1
current —> D
controller LD,

Voltage balancing

controller of SM 2 Phase-shift carrier

Voltage balancing
controller of SM n|

Figure 2.10. PWM based voltage balancing control.

However, the PWM methods need a high switching frequency, and thus would lead to large
power losses when the number of SMs increases. Hence, this method is not suitable for the
high voltage applications where a great number of SMs are required. To address this challenge,

the nearest level modulation was presented, and the sorting method was used to balance the
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SMs’ voltages [48]—[50]. For nearest level modulation, the arm voltage reference is divided
by the value of the capacitor voltage to calculate the desired voltage level. The voltage level
decides how many SMs will be inserted as each SM generates one voltage level. As the
calculated number may not be an integer, a rounding function is used to find the closest integer
of the inserted number. A sorting method is then used to balance the capacitors’ voltages. The
principle of the sorting method is [48]:

® When the arm current charges the capacitors, the submodules with the lowest storage

capacitor voltages will be switched on.
e When the arm current discharges the capacitors, the submodules with the highest

storage capacitor voltages will be switched on.

The overall process is shown in Figure 2.11.

Discretising the sinusoidal arm voltage
reference with sampling time 7

Calculated the inserted number :Voltage balancing control
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el (63) :> method } signal
1—» 9
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Figure 2.11. Nearest level modulation with sorting method for voltage balancing.

For the modular configuration based DC/DC converters, a three-loop control strategy using a
dedicated input-voltage controller for ISOP connection was proposed in [51]. A simpler
method which uses common-duty-ratio control was proposed in [52], where the duty ratio to
all the converter modules connected in ISOP configuration is identical (see Figure 2.12). Thus,
only a single closed control loop is enough. The voltage balance can be automatically achieved
due to the common-duty-ratio control. However, the mismatched parameters among SMs may
have adverse impact on the balancing performance. The voltage balancing performance is
analysed by using both a small-signal averaged model and a steady-state DC model of the ISOP
converter. It is hown that the sharing of input voltage is related to the mismatches in various

parameters such as the leakage inductance, input capacitors and turn ratio of transformer.
In order to improve the voltage balancing performance, the input voltage sharing (IVS) and
output current sharing (OCS) loops are added [31], [53]. For the IVS method, the voltage

sharing loop is embedded in each SM with a common output voltage controller, as shown in
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Figure 2.13. Although the modularization has been greatly achieved, an external controller is
still needed to coordinate the sharing control functions of the SMs, thus greatly compromising
the flexibility of the system. In [15], a fully modularized method was proposed to make each
SM able to operate in stand-alone mode. To achieve this, each SM has an own output voltage
regulating loop. As there are mismatches in the voltage references and output voltage sampling
coefficients of the modules, signal diodes should be used to ensure that only one output voltage
regulating loop is active and regulates all the outputs of all modules. The proposed architecture

is shown in Figure 2.14.
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Figure 2.12. Common-duty control for DC/DC converters [52].
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Figure 2.13. Input voltage sharing control for DC/DC converters [31].

The other sharing method named as the OCS is shown in Figure 2.15 [53]. With the control
strategy, the duty cycles of modules with larger output currents will increase and the duty cycles
of modules with smaller output currents will decrease, and finally to achieve OCS. As the

output currents are equal, the input voltage balance is also achieved. Hence, altough the control
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object is different with the IVS control, the final control effect of the two methods is the same.
Another control alternative is the cross-feedback OCS-controlled method [54]. In this method,
a voltage outer loop provides a common reference for the current loops of all SMs. The current
feedback for a SM is not its own but the sum of currents of all other remaining SMs. However,
with increase of the number of SMs, the control strategy will become complex due to the large

amount of signal cables.
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Figure 2.14. Fully modularized control method for DC/DC converters [15].
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Figure 2.15. Current sharing control for DC/DC converters [53].

A common feature of the aforementioned methods is that a central controller is required to send
the input voltage reference to the SMs. The system may malfunction upon the loss of the
communication between the central controller and the SM controllers. To this end, the
decentralized voltage balancing control methods were presented [55], [56]. The decentralized
scheme is shown in Figure 2.16, where a V, — V;,, inverse droop control is employed. Due to
the droop characteristic, the operating point will move back to the original point during a

perturbation in DC voltage. It can be seen that the larger the droop gain, the better the input
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voltage sharing accuracy. However, a larger droop gain leads to the deterioration of the system
output voltage regulation performance. This trade-off between the input voltage sharing and
the output voltage regulation performance was addressed in [57] by using another voltage

shifting loop.
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Figure 2.16. Decentalized voltage sharing control.

2.2.2 Decentralized Control with Multiple Droop Characteristics

The decentralized control strategies are promising to be widely used in the MVDC systems
[58]-[60]. The power feeding and voltage support can be automatically shared by power
converters thus improving the voltage and power regulation, and meanwhile, decreasing the
risk of system failures compared with the centralized control. Traditional decentralized control
such as the power versus voltage droop method usually adopts a single droop slope [61]. Such
control typically has a shallow droop (e.g. 5%) and thus acts like a voltage source more than a
current source. In this case, the accuracy of power control is significantly impacted by any DC
voltage disturbance. A slight DC voltage offset AV, (e.g. caused by measurement errors of
sensors) will cause a huge mismatch of power flow AP as shown in Figure 2.17(a). Further
increasing the slope of the droop will mitigate the inaccuracy but could lead to voltage
instability in dynamic events (e.g. change of loads), which actually imposes greater threats to

the MVDC systems.
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Figure 2.17. Control characteristics in power versus voltage (P— V,) droop. (a) Conventional

droop cure with a single droop slope. (b) Improved droop curve with multiple droop slopes.
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A popular solution to overcome this problem is to adopt multiple droop characteristics with
one converter thus to precisely control the power while well stabilize the system in dynamic
events. The control with multiple droop characteristics is shown in Figure 2.17(b). It features
a narrow droop range (with a steep droop Kgr0p ) around the desired operating point [62].
Hence, the characteristic of the droop curve within this range is close to a current source. The
power flow accuracy at dynamics is improved due to the less sensitivity of the high droop slope
k 4roop2 to the voltage disturbance. If there is a large voltage or power change which exceeds
the narrow band, the droop slope is changed to a smaller one (K400  and Kgroop3), in order

to support DC voltage.

Although the advantages of the multiple-slope based decentralized control have been reported
in [63]-[65], the concerns of consequent adverse effects also arise. One of the adverse effects
is the risk of multiple crossovers caused by the interactions between different converter stations
and has been reported in limited resources such as [66], [69]. This may result in the shift of DC
voltage and unintended power imbalances at converter stations. In [66], the multiple crossovers
caused by the control characteristics was first discovered in a high-voltage direct-current
(HVDC) link, where one converter station operated with constant power control and the other
station with current versus voltage droop (lue— Vac) control. In [69], the multiple crossovers
resulted from another typical control strategy— constant current and power versus voltage
droop (P— Vac) control was studied. This type of control strategy has been widely used in the
DC distribution networks where parts of converter stations are with droop control to regulate
the DC voltage and the converters connected to renewable energies are with current control
[70], [71]. The effects of multiple crossovers have been experimentally assessed through a
MMC based HVDC link. Also, a guideline on how to select a suitable droop slope to avoid the
multiple crossovers were given. However, the mechanism of the power and voltage drifts
caused by the multiple crossovers remains unexplored. On the other hand, although multiple
crossovers can be avoided by reducing the droop slope following the guideline in [69], this is
in sacrifice of the narrow droop range — the power control accuracy at dynamics is decreased

when the system is subjected to a perturbation in either DC voltage or current.

When the cascaded 3L-NPC converters adopt the multiple-slope based droop control, DC

volatge balancing control should be properly designed in consideration together with the
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multiple crossovers and power control accuracy. In Figure 2.17, the smaller the slope is, the

better the DC voltage balancing would be, but the power control accuracy will be affected.

Therefore, to achieve better suppressions of DC voltage imbalance and multiple crossovers,
the droop gain should be decreased. However, this is contradictory to the power control
accuracy. Thus, how to find a control solution that takes into account these three factors is a

challenge.

2.2.3 Active Thermal Control
Apart from high efficiency, high power quality, and fault-ride-through capabilities offered by

the power electronic converters, reliability is an important performance criterion affecting their
design and control [72], [73]. Around 55% of the failures in power electronic converters are
caused by temperature-related issues [18]. High mean temperatures and temperature
fluctuations can cause fatigue and damage in the packaging of the semiconductor materials—

leading to bond wire lift-off and solder crack.

Power converters are normally connected in parallel or in series to achieve high current or high
voltage ratings. Even when all submodules (SMs) within a converter may operate at even
loading or under voltage sharing control, the thermal stress may be different for each SM. This
may be due to a mismatch in component parameters and different individual cooling system
conditions [74]. Given that the lifetime of converter systems is determined by the first failed
SM, temperature imbalance may lead to premature damage of certain SMs—decreasing the

overall lifetime of the system [75].

Active thermal control addresses the reliability issues just discussed [76]. An often-adopted
approach is to modify the switching modulation of a single SM by using discontinuous pulse-
width modulation (D-PWM) [76] and zero-sequence current injection [77]. By altering the flow
path of the current, the semiconductor device that exhibits the highest temperature is prevented
from conducting and being switched on. As a result, the burden of thermal stress is distributed
to other switching components in the same SM. However, by incorporating D-PWM, the

harmonic performance of the output current/voltage may be affected [77].
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For the thermally oriented converter control, the switching frequency and controller limits are
modified to avoid exceeding the maximum temperature [78], [79]. The schemetic is shown in
Figure 2.18. As can be seen, both the mean teperature and the temperature cycling can be taken
as the control targets. The junction temerature was first estimated, and then two PI regulators
were used to reduce the switching frequency and current to prevent the device from
overtemperature (see Figure 2.18). Another control method is the minimum DC voltage control
[80]. On the basis of meeting the requirements of the grid codes, the DC voltage is ajusted to
its minimum value to reduce the thermal stresses. Compared with the switching modulation
based methods, the disadvantage of the converter control is that the thermal stresses in specific
devices can not be dedicatedly controlled. To address this, [81] proposed a thermal based finite
control set model predictive control (MPC) method. A cost function, which includes the current
control error, junction temperature of specific devices and power losses, were employed. The
suitable switching vectors which minimise the cost function were selected. Sets against the

advantage are the complex computation and harmonics due a varying switching frequency.
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Figure 2.18. Thermal control by regulating the switching frequency and sturation of current

controller [78].

Another method, named power routing, redistributes the power among different SMs according
to their thermal conditions [82]. The SM with the highest temperature is allocated with the least
power and vice versa, enabling thermal stress to be shared equally among SMs. The SM with
the highest temperature is allocated the least power and vice versa, enabling thermal stress to
be shared equally. The junction temperature a device is estimated based on its power losses
and thermal impedance [83]. The conduction loss is mainly related to the current and voltage
drop across the device, whereas the switching loss is related to the switching frequency and
DC voltage [84]. This concept has been adopted in the cascaded H-bridge converter-based

smart transformers and interleaved DC-DC converters [82], [85]. The power references sent to
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the input-parallel-output parallel converters are proportional to the SM individual accumulated
damage which represents the life consumption. Firstly, the accumulated damage is estimated
through rainflow counting and Miner’s rule. The accumulated damage is updated after a fixed
time period. Then, the virtual resistor, which is the function of the accumulated damage, is used
to distribute the power references to the SM controller. The schematic is shown in Figure 2.19.
In [86], the juntion temperature of the SM was stabilized by regulating its reactive power (see
Figure 2.20). The injection of the reactive power modifies the magnitudes and phase angles of
both the output voltage and current, thus changing the thermal conditions of specific power
devices. For example, the temperature cycling of neutal-point clamped diodes is mitigated with
underexcited reactive power injection, although the temperature of other power devices are
slightly increased [86]. The reactive power is made circulating inside the parallel converters

and not output to the grid.
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Figure 2.19. Power routing control stategy [85].
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Figure 2.20. Thermal control by injecting circulating reactive power [86].

In [87], the discontinuous modulation combined with the power routing was proposed
considering a more complex configuration in a smart transformer - each buliding block
comprises both cascaded H-bridge (CHB) and DAB converters, as shown in Figure 2.21. The

power routing can only address the first case in Figure 2.21(a), where the weak CHB cell and
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DAB cell are in the same building block, but cannot address the second case in Figure 2.21(b),
where the cells with weak reliability (highlighted in yellow) are not in the same block. To this
end, the D-PWM is adopted. The weak CHB cell is thermally compensated by adjusting the
clamped phase angle of the D-PWM to reducing the switching losses, while the DAB cell is

compensated by reducing the power.
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Figure 2.21. Thermal stresses in cascaded CHB-DAB converters [87].

For the MVDC converters, thermal imbalance among SMs could be more than 20% in MMCs
[72]. Thermal balancing control strategies have been presented in [74], [88]. However, this
topic regarding the cascaded 3L-NPC converters has not been investigated so far and only DC
voltage and power balancing control have been presented in recent studies [89], [90]. For
MMCs, the sorting method presented in [74] optimizes thermal balancing by considering a
weighting trade-off between the capacitor voltage and thermal balancing control loops. By
using this thermal control method, the lifetime of the first failed power semiconductor device
may be increased by 50%. In [88], a PI controller is used to balance the junction temperature
of SMs in an MMC. This control loop is superposed on the capacitor voltage controller to adjust
the DC voltage of the SMs and, hence, adjusting the power losses. However, the conduction
losses in MMC:s are dictated by the arm current magnitude and are nearly equal in all SMs, so
only the switching losses can be adjusted by regulating the DC voltage. Conversely, as each
SM in a cascaded 3L-NPC converter is an individual converter, both conduction and switching
losses may be adjusted by controlling the active/reactive power and DC voltage of each SM.
On the other hand, unlike the MMCs where the DC voltage of the SMs can be reduced to zero,
there is a minimum limit for the DC voltage of each 3L-NPC SM as the DC/AC converter is a
boost-type circuit from the AC side to DC side.

Apart from the cascaded converters, in microgrids where converters are parallel-connected, the

temperature dependent droop control strategies were proposed in [91], [92] to achieve equal
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thermal distributions. In [91], a lifetime oriented droop controller was developed based on the
relationship between the temperature and power relationship. In [92], the droop coefficient of
the converter was adjusted through online monitoring of the line frequency thermal stresses.
Thus the reliability is enhanced compared with the conventional decentralized power sharing

strategies.

2.3 Summary

In this chapter, the topologies and control of modular DC/DC and DC/AC converters in MVDC
applications are reviewed. For DC/DC converters, the input-series topologies based on DAB
and LLC converters are popular choices due to their high modularity and mature control
technologies. For the DC/AC converters, MMCs dominated in the HVDC and MVDC
transmissions. In addition, a novel cascaded 3L-NPC converter is also a promising candidate

for the MVDC application due to its lower cost compared to MMCs.

Although the control methods for the modular DC/DC converters and MMCs have been well
developed, the suitable control methods for the cascaded 3L-NPC converters are yet to be
explored. Therefore, a hierarchical control schematic suitable for this type of converter are
presented in this study (see Chapter 3), where a communication-based control structure is
developed to control the SMs through a high-level main controller.

A common challenge faced by MVDC converters may be stability and reliability issues caused
by cascaded topologies in which multiple SMs are connected in series. The stability issue arises
due to the imbalance power and voltage sharing in each SM. Different control methods to
address the power and voltage imbalance are reviewed. This type of approach is moving
towards high modularity (not relying on communication) through decentralized control.
However, the controller design is based on the converter topology. Directly transferring the
methods to the cascaded 3L-NPC converters should be done with care. In this study, the voltage
and power sharing control are particularly designed for the cascaded 3L-NPC converters, for

being with and without communications (see Chapter 4).

The performance of power and voltage balancing control is coupled with other factors (e.g.
power flow accuracy and multiple crossovers between different converter stations) when the
system is extended to a multi-terminal system. Traditional balancing control methods only

focused on SMs in a single cascaded converter while the coupling of other factors in converter
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systems were not considered. In this study, the voltage balancing control is considered together
with the multiple crossovers and power control accuracy. An improved control method is
presented to make a good trade-off between the voltage balancing, multiple crossovers and

power control accuracy (see Chapter 5).

The active thermal control can mitigate the thermal stresses of semiconductors, thus extending
the converter lifetime. The PWM modulation and current controller can be optimized to
mitigate the conduction and switching losses. Thanks to the cascaded topology, the power
routing concept was presented, where the load of an over-heated SM is redistributed to other
SMs to achieve equal thermal sharing. As a consequence, the overall lifetime of the converter
system is extended. The previous control methods are always topology-dependent and most
thermal control methods were performed by only adjusting the active power. In this study, the
suitable thermal sharing control methods for the cascaded 3L-NPC converters are presented,

the thermal stresses are equally shared by concurrently adjusting the active and reactive power.
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Laboratory
Demonstration of
Cascaded 3L-NPC

Converters

This chapter presents the hierarchical control methods and
hardware design for the cascaded 3L-NPC converters. The
laboratory demonstration is performed through a MVDC testbed
down scaled from the ANGLE-DC project.
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3.1 Introduction

The control and operation of cascaded 3L-NPC converters in MVDC applications is still an
under-researched topic, which has only been presented in selected references, and often
through desktop simulation exercises [89], [93]. Comprehensive studies dedicated to system

control and operational issues remain to be assessed and experimentally validated.

This chapter demonstrates the operation of a cascaded 3L-NPC converter-based MVDC link
fitted with suitable control schemes. System operation is verified, step-by-step, following a
hierarchical approach going from switching level to application level. A 30-kW laboratory
scaled MVDC testbed is used to experimentally validate simulation results obtained using
MATLAB/Simulink. This testbed has been down-scaled from the ANGLE-DC project, with
similar per unit values as those employed in the real system. Using the experimental testbed, a
number of simulation scenarios are experimentally verified including the start-up/shut-down
procedure of the converter system, steady-state and dynamic performance of DC voltage and

power control loops, and transitions between different control modes.

3.2 Hierarchical Control Design of the System

The switching, converter and application control layers of the cascaded 3L-NPC converters are
presented in this section. The switching-level control layer includes the Carrier Disposition-
based Sinusoidal PWM (CD-SPWM) method. A closed-loop current controller is implemented
in the converter-level control layer. For the application-level control, different control modes
are available and can be selectively used according to the practical requirements of the system.

The complete control schematic is shown in Figure 3.1.
3.2.1 Switching-level Control

The most used modulation methods are the Sinusoidal PWM (SPWM) and Space-Vector PWM
(SVPWM) methods. Although SVPWM provides a better harmonic performance and a higher

DC voltage utilization, CD-SPWM is adopted due to its ease of implementation. In orange
block of Figure 3.1, it can be observed that the phase voltage v,,, switches between % and 0
when the modulation wave is positive, and between 0 and —% when modulation wave is

negative. It should be noted that a neutral-point voltage balancing controller is embedded

within each SM as a 3L-NPC converter exhibits neutral-point voltage imbalance. To address
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this problem, a common-mode signal is calculated by a PI controller, and this is added on the

three-phase sinusoidal modulation signals, as seen in the red rectangle in Figure 3.1.
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Figure 3.1. Control schematic of the cascaded 3L-NPC converters.

3.2.2 Converter-level Control

The current controller operates in a d-g synchronous reference frame following a coordinates
transformation. This enables the active and reactive power to be decoupled and thus controlled
independently. To this end, PI controllers are used. The parameters of the PI regulators can be
designed based on a second-order transfer function for a linear system. The decoupling terms
—wLig and wLigz can be added to decouple the current components at d-axis and g-axis.
Voltage feedforward ey, can be also used to improve the dynamic performance of the current

controller.

The traditional current controller regulates positive-sequence current and works effectively if
the voltage of connected grid is balanced. However, if the voltage imbalance occurs, both
positive-sequence and negative-sequence currents will exist. Dual current controller regulating
both positive-sequence and negative-sequence currents will be needed as shown in Figure 3.2

[94].
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Positive-sequence Iy

Figure 3.2. Dual current controller for positive and negative sequence control.

To control the negative-sequence current to zero, the current references are set as izﬁ =0.In
this control scheme, the positive-sequence components Flfﬁ = [Vgﬁ iZﬁ] and the negative-
sequence components Fo’fﬂ = [Vgﬁ izﬁ] need to be extracted from Fyz = [Vap igp]. Fgﬂ

and F;}B can be obtained by misplaced subtraction as
P 1 ;
Fag (t) = E [Faﬁ (t) + ]Faﬁ (t - T/4)]

Fap(6) = 5 [Fap(t) — jFap(t — T/4)] (3-1)

Thus, the phase angles 8} and 82 in Figure 3.2 can be obtained by locking the phases of the

vgﬂ and v, separately.

As the structure of the dual current controller is complex, a resonant controller with a transfer
function of ks/(s? + (2w)?) can be superposed on the PI controller, since the negative-
sequence components present second-order harmonics at the d-¢g frame (the negative-sequence
k™ harmonics at stationary reference frame present (4+1)” harmonics at the synchronous
rotating reference frame [67]). The gain parameter k is tuned through trial and error until the
controller achieves desired dynamic response and steady performance. In addition, considering
that the bandwidth of the current controller does not eliminate potential harmonics introduced
by the non-linear characteristics of the converters or distortions in the grid voltage, including
resonant controllers in parallel to each PI controller can also improve the harmonic

performance (see the purple rectangle in Figure 3.1). For example, to mitigate the intrinsic 5"
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and 7" harmonics of converters, a resonant controller with a transfer function

ks/(s? + (6w)?) is added to the PI controller in the d-g frame.
3.2.3 Application-level Control

For MVDC operation, the control modes include constant DC voltage control (Va/Q), constant
power control (P/Q) and droop control (Va. -P/Q). The droop control is adopted to improve the
regulation of the DC voltage and to guarantee system operation upon failures at the converter
stations. A control structure combining the three control modes is employed [95], which is
shown in Figure 3.1 (enclosed by the green rectangle). By setting suitable values to a,  and
¥, control mode transitions can be achieved, as shown in Figure 3.3, where k = /a is the
slope of the droop curve and y = —aV. o — BPy, where V. o and P, are the normal operating

points.

It should be noted that there is a risk of communication failure in the SMs of the MVDC system
when the hierarchical control structure discussed in this section is adopted. If not properly
addressed, communication failures may lead to instability. To this end, the algorithm shown at
the bottom right of Figure 3.1 is implemented. The control modes are selected with the
‘SWITCH’ command. The SM controller is enabled when ‘SWITCH = 1°. To achieve this, the
flag ‘Status 1’ is returned from the SM’s controller to the main controller. If all ‘Status i = 1",
the communication is assumed as normal, and ‘SWITCH’ is set to 1 by the main controller.
Otherwise, there is a communication failure in the SMs. In this case, ‘SWITCH’ will be set as
zero to trigger the SM protection. The SMs that lose communication will automatically trigger

their protection.

Constant DC
Voltage Control

Figure 3.3. Control schematic of the cascaded 3L-NPC converters.
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3.3 Configuration of the MVDC Testbed

3.3.1 Laboratory-scale Testbed with Cascaded 3L-NPC Converters
The operation of ANGLE-DC is demonstrated by a scaled-down MVDC testbed. The

experimental platform is shown in Figure 3.4(a), which aimed to resemble the real practical
configuration as much as possible. There are two converter cabinets, labelled Stations 1 and 2,
which constitute the back-to-back converter system. The power of each cabinet is supplied by
a power amplifier (PA-3*3000-AB/260/2G) which emulates the AC grid, shown in Figure
3.4(b). Figure 3.5 shows the internal structure of the cabinet as well as the hardware board
within each SM. Figure 3.5(a) shows the twelve 3L-NPC cascaded SMs, a high-level main
controller and the isolation transformers. The main controller is used to coordinate and monitor
the operation of the SMs. Figure 3.5(b) shows the top layer components of a single SM, which
includes three-phase IGBT power modules, SM controllers based on DSP 28335 and the power
supply to the microcontroller. Other components such as the inductor, relay and cooling fans

are under the bottom layer.

Power
amplifier
.

2

(b)
Figure 3.4. Laboratory scaled MVDC platform: (a) back-to-back cascaded 3L-NPC converter;
(b) connection between the converter and a power amplifier.

The leakage inductance of the transformer in real system can provide filtering of the harmonics.
Since the leakage inductance of the transformer for the testbed is significantly smaller than that
of the real system, an additional L-type grid-connected inductor is used. The values of the L-

filter and DC capacitors are calculated as:

2 2

Lp_u_ — LsNTy, /12 — WpaseLsNTr. /12 — 022 p W (3_2)
Lpase Zac_base

Cpu, = L2 = 42— =55pu. (3-3)

®paseZdc base
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2
_ VAC,base

where Z,; pase = (Spase =S, Vac pase = V), Wpgse = w, and Nr,. 1s the turns ratio of

Shase

the isolation transformer.

(b)

Figure 3.5. Internal structure of the MVDC station and each SM. (a) MVDC station: 1) twelve
3L-NPC SMs, 2) high-level main controller, and 3) isolation transformers. (b) Each SM: 1)
power supply to the microcontroller, 2) DSP28335 controller board, and 3) three-phase IGBT
power modules.

A parameter comparison between the experimental testbed and the real ANGLE-DC system is
provided in Table 3.1. As illustrated, except for the DC capacitance, the selected parameters of

the testbed in per unit values are similar to those of the real system.

TABLE 3.1. PARAMETER COMPARISON BETWEEN THE ANGLE-DC CONFIGURATION AND THE
EXPERIMENTAL TESTBED [96].

Parameters ANGLE-DC station Per unit value MVDC testbed
Power rating S 33 MVA (2.75 MVA*12) 1 p.u. 30kVA (2.5 kVA*12)
AC voltage V (rms of 33kV Ipu 415V
V1)
DC link voltage Vp +27 kV 1pu. 540V
Transformer rating 2x17 MVA (Y-33 kV/A-2.1 Ipu 2x15 kVA (Y-415 V/A-
kV) 41.5V)
Transformer impedance 0.2 p.u. 0.2 p.u. —
Filter inductance (per — 0.22 p.u. 0.5 mH
VSC)
DC capacitance (per 2300 mF 532pu./5.5 5400 mF
VSC) p-u.
Switching frequency 750 Hz — 10 kHz

3.3.2 Signal Measurement and Hardware Protection

42



Representative block diagrams summarising signal measurement and hardware protection are
provided in Figure 3.6. The current and voltage of each SM are detected by the SM controller.
Once the maximum value limit is reached, the SM protection is triggered. At the same time,
the PWM driving signals are blocked immediately and the relay at the AC side is opened. As
the sampling of the Analogue-to-Digital Converter (ADC) is not quick enough (the signal is
sampled once per PWM period, which is 100 us), an edge detection method is used. At the
comparator, if the measured signal is greater than the reference voltage, the output voltage
changes from low to high. This method can detect the fault signal within 10 us, thereby

improving the speed of response of the protection scheme.

Nialrlll + Controt mode SM _ Contactor trigger
controtier o Start and stop command | _controller 5y triggér
T o Operation status T t |
A/D & D/A
/A/D & D/A| [A/D & D/A| A/D & D/A ol il
and edge detection| detection

Jabe P ' it Vabei @y labei Dead tilne Vel

Figure 3.6. Signal measurement and hardware protection diagram.

3.3.3 Communication

The communication diagram for the MVDC experimental testbed is shown in Figure 3.7. The
main controller dispatches control commands and sends suitable references to each SM. Data
communication is achieved using an RS485 cable and the Modbus protocol. Also, a digital
signal is sent to the SMs for PWM carrier synchronisation. The main controller additionally
communicates with a PC in real time to monitor the status of the system operation. To facilitate
implementation, the control system (including the ADC sampling, phase-locked loop,
Proportional-Integral (PI) controller and protection) was built in MATLAB/Simulink. Then,
executable Code Composer Studio (CCS) codes were translated from this MATLAB/Simulink
model and downloaded to the DSP 28335 based microcontrollers.
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Functions of main controller:
e PWM carrier synchronization (I/O port);

ds (start/stop);
Main Controller *  Commands (start/stop); )
e References (voltage and power);~ RS 485
Y l e System protection.
I/O port ¢
9| SM Controller 1
RS 485
Functions of sub controllers: =
e Voltage and power control; P SM Controller 2
e  Measurements feedbacks; R
e  Self protection; ¢—
e Gatedrives;
P SM Controller n

Figure 3.7. Communication diagram.

3.4 Simulation and Experimental Validation

3.4.1 Simulation Results

The simulation results are shown in Figure 3.8 to Figure 3.11. The references of DC voltage
active and reactive power are set as the rated value of the real ANGLE-DC project. Figure 3.8
shows the results of the step change of active power. The DC voltage is first increased to 5400
V after 0.03 s (see Figure 3.8(a)). At time 0.1 s, the reference of active power is changed from
zero to 30 MW (i.e., 1 p.u.). The total current at the primary side of the transformer is shown
in Figure 3.8(b). Figure 3.8(c) and Figure 3.8(d) show the individual AC current and DC
voltage of each SM. It can be seen that the power and DC voltage of SMs can be shared equally.

Figure 3.9 shows the condition when power factor is set as zero (i.e., the system is operated
with only reactive power). It is seen that the system can work well under reactive power control

mode.

Figure 3.10 shows the results under unbalanced grid voltage. A 0.1 p.u. negative-sequence
component is added in the grid voltage (see Figure 3.11). To control the current as balanced
sinusoidal waveform, the dual current controller in Figure 3.2 is used. As seen in Figure 3.10(b),
the output current has been balanced. Due to the interactions between the positive-sequence
current and the negative grid voltage, there is a slight 2" order ripple in the DC voltage (see

Figure 3.10(c)).

Figure 3.11 shows the results when droop control is adopted in the two-terminal converter
stations. At time 0 s to 0.07 s, the system is operated at the desired operating points. At 0.07 s,

one converter station is blocked due to a contingency. The DC voltage is increased to another
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steady-state point according to the droop curve. Thus, the droop control can ensure the

regulation of DC voltage when a converter station encounters fault condition.
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Figure 3.8. Step reference change of the active power under unit power factor: (a) DC link

voltage; (b) Total AC current; (c) Current of SM 1; (d) SMs’ DC voltages.
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Figure 3.9. Step reference change of the reactive power under zero power factor: (a) DC link

voltage; (b) Total AC current; (c) Current of SM 1; (d) SMs’ DC voltages.
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Figure 3.10. Performance under unbalanced grid voltage with 20% negative-sequence voltage.

(a) Grid voltage; (b) Total AC current; (¢) DC link voltage.

3.4.2 Experimental Results

The MATLAB/Simulink simulation model of the cascaded 3L-NPC converter system
presented in the previous sections was experimentally validated using the MVDC testbed. For
the experimental tests, as the power provided by the power amplifier was limited to 9 kVA,
eight SMs were cascaded to build a 720 V DC link voltage (+360 V) instead of twelve (see
Table 3.1). Four SMs were connected to the upper transformer (Tr.i1) and the other four to the
lower transformer (Tr.i2), with a grounding resistor at the midpoint of the SMs. The controller
parameters in per-unit values for both the simulation model and the experimental testbed are
given in Table 3.2. Even when a reduced number of SMs was used, the control methods can

still be validated using the experimental testbed.
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Figure 3.11. Droop control under fault conditions. (a) Total AC current; (b) DC link voltage.

TABLE 3.2. PER UNIT VALUES OF CONTROL PARAMETERS.

Proportional gain of the Pl-based d- | 4.29 Proportional gain of the PI-based neutral- 1
axis current controller (kp;q) point voltage controller (ky, yp)

Integral gain of the Pl-based d-axis 10 Integral gain of the PI-based neutral-point 0.5

current controller (k;;4) voltage controller (k; yp)
Proportional gain of the PI-based 4.29 Proportional gain of the PI-based DC 6
g-axis current controller (kp;q) voltage balancing controller (kpyqc)
Integral gain of the PI-based g-axis 10 Integral gain of the PI-based DC voltage 120

t controller (k;;
current controller (kiiq) balancing controller (k;y,4c)

The energization process of the hardware is shown in Figure 3.12. Firstly, the relay of the
control circuit is closed, and the DC capacitance used for supplying the power of control circuit
is charged to 300 V. Then the 300 V is divided into 5 V, 8V and 15V for different uses such as
power supplies for DSP board and gate driver. After the energization process of the control

circuit is finished, the main AC circuit breaker is closed so that the converters are connected to
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the AC grid. DC link capacitance is then charged through the anti-parallel diodes of the three-

phase converter. When DC link capacitance is fully charged, the controller in the converter

allows to be enabled.

Power up the control circuit (main
controller and SM controllers)

"""”; """""""""""" l’ —

.

Increase the output AC voltage of
power amplifier to 230 V (L-N)

J

!

(" Close the main AC circuit breaker to
charge the DC link capacitance
\___through current limiting resistors

J

~

.

Bypass the current limiting resistors
after DC link capacitor is charged

~

J

Control circuit
energisation

| Main circuit
energisation

Figure 3.12. Energisation process of the equipment.
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Figure 3.13. Flow chart of the DSP28335 code.
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Figure 3.13 shows the flow chart of the programming code. The ADC sampling, calculation of
the controllers and PWM run in the PWM Interrupt program due to their rigorous requirements

of refresh cycle. In addition, the protection program is put in the External Interrupt to achieve

fast fault detection and clearance.
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Figure 3.14. Start-up and shutdown procedures: (a) normal condition; (b) overcurrent
condition.
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Figure 3.15. Comparison of simulation and experimental results of reference step-changes: (a)
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Figure 3.14 shows the start-up and shut-down procedures of the testbed, where Figure 3.14(a)
shows the start-up and shut-down procedures under normal operating conditions and Figure

3.14(b) shows the shut down procedure under fault conditions. The power or voltage can
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increase or decrease following a ramp function to avoid large overshoot. However, if a fault
occurs, the system should be shut down as soon as possible to protect power electronic devices.
Thus, the shut-down operations for the normal and fault conditions are different. In normal
conditions (see Figure 3.14(a)), the voltage control acts before the power control, and the
voltage reference follows a ramp function for both the start and shutdown stages. For
contingencies such as an overcurrent condition (see Figure 3.14(b)), the system protection is
triggered, during which the PWM driving signals are blocked and the AC coil relays in the
three-phase AC circuits are opened. Then, the electric charge stored in the DC capacitors is

discharged through a discharging resistor.

Figure 3.15(c) shows the variations in AC current following the reference change in DC voltage
shown in Figure 3.15(a). Conversely, Figure 3.15(d) shows the variations of DC voltage under
the power reference change shown in Figure 3.15(b). It is seen that the DC voltage and power
are controlled well during both transient and steady-state regimes. In addition, the responses

obtained from the simulation and the experimental testbed agree on well.

' Time [40 ms/div]

(@) (b)

Figure 3.16. Phase-A current waveforms: (a) without resonant controllers in place; (b) including

resonant controllers to mitigate 5™ and 7" order harmonics.

The harmonic performance is explored in Figure 3.16. To this end, results without resonant
controllers to eliminate 5th and 7th harmonics are compared with results when the resonant
controllers are in place. As can be seen in Figure 3.16(a), there are waveform distortions when
the resonant controllers are not used. The improved waveform with the resonant controller in

place is shown in Figure 3.16(b), which, as it can be seen, is closer to a sinusoidal.

A final test considers a control mode transition (see Figure 3.17). The two converter stations
are under constant DC voltage and constant power control before time T1. Station 1 changes

from DC voltage control to droop control at time T1 while the Station 2 is kept at the constant
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power control between T1 and T2. To achieve a smooth transition, coefficient a slowly
decreases from 1 to a predetermined value a, (@, € (0, 1)) during a smoothing time Tsmooth =
10 ms, while B slowly increases from 0 to B, (B, € (0,1)). At time T2, Station 2 changes from
constant power control to droop control. Thus, the control modes have been completely
switched from the constant power/voltage control to the droop control after T2. It is seen that
there are no obvious fluctuations of power and DC link voltage during the control mode

transitions.
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Figure 3.17. Control mode transitions.

From the experimental scenarios, it can be seen that the system is well operated with the given
controller parameters. However, the real system features a point-to-point configuration while
in this paper, the demonstration system is simply modelled as a back-to-back configuration due
to the lack of knowledge of the transmission line impedance. The effect of DC impedance is
initially considered in [68], where the results of the simulation indicate that the primary sources
of contribution are the odd order harmonics, with the 13" to 19" harmonics being particularly
dominant. The line impedance may have an impact on the control which is performed using
the controller parameters given in this paper. Thus, the line impedance should be included in

the analysis when its value is known, to achieve a better controller design.

3.5 Summary

In this chapter, a simulation model of a cascaded 3L-NPC converter-based MVDC link was
verified through an experimental testbed. A hierarchical controller design, from the switching-

level to an application-level, was presented. A unique feature of the cascaded 3L-NPC
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converter is that each SM is also a standard individual 3L-NPC converter. To coordinate all the
SMs, a high-level main controller with communication is thus required. The switching-level
control and the converter-level control are implemented in the SM controller, and the
application-level control is performed in the main controller. An MVDC testbed with similar
per-unit values as the real converter system of ANGLE-DC was developed. With the developed
experimental facilities, typical operating scenarios have been verified, including system start-
up/shut-down procedures, voltage and power control performance, transition between control
modes, and system protection. The results obtained from the experimental testbed and the

simulation model based on the real system are in good agreement.
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Active DC Voltage Balancing
Control for Submodules of a
Cascaded 3L-NPC Converter

This chapter presents the analysis and mitigation methods on the
potential voltage imbalance across SMs. The design of the
voltage balancing control and the system stability is performed
based on the small-signal system model.
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4.1 Introduction

For the cascaded 3L-NPC converters, a special technical issue exhibited by the cascaded
topology is DC voltage imbalance, which should be considered in particular during the design
of controllers. Given that the DC terminals of SMs are connected in series, their shared DC
voltages may be different. This may cause SM overvoltage and, potentially, an unstable system
operation. Further to the generic control design in Chapter 3, in this Chapter, the cause of DC
voltage imbalance was analysed, and DC voltage balancing control was presented in detail. It
is revealed that the DC voltage imbalance may occur due to the inversely proportional
relationship between the incremental DC voltage and duty cycle within a SM when under
power control. This cause is further confirmed by analysing the system model, where each SM
is represented as an equivalent impedance as viewed from the DC input terminal. Under DC
voltage imbalance, there is an unstable system pole located at the right-half of the s-plane. Two
balancing control methods are presented to shift the location of system poles and hence, to
mitigate the DC voltage imbalance: a PI-based control method that requires communication
with a central controller and a communication-less inverse-droop based control method. It is
shown that the communication-dependent PI-based method achieves a precise balancing
control of DC voltages and decoupling from the power controller. Upon loss of communication,
the PI-based method is replaced by the inverse-droop based method to prevent an interruption
in system operation. In the presented methods, only an additional PI/inverse-droop controller
is required in each SM, and no other hardware is required except for a DC voltage sensor. Thus,

the extra cost to the entire system will be limited.

The presented DC voltage balancing control methods are verified through simulations
conducted with MATLAB/ Simulink based on the system parameters of the ANGLE-DC
project. The effectiveness of the control methods is also experimentally validated using a

laboratory-scale MVDC testbed, which is down scaled from the ANGLE-DC project.

4.2 Analysis of DC Voltage Imbalance

4.2.1 Physical Mechanism of DC Voltage Imbalance

A cascaded 3L-NPC converter topology consisting of two SMs is used as an example to analyse

the DC voltage imbalance.
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For simplicity of analysis, AC voltages in secondary transformers and power factors for SM 1
and SM2 are assumed to be equal. If AC power is equally shared by both SMs, then iy; = ig,.
For each SM, the AC output power is equal to the DC input power. Thus, at steady-state, V.1 =

V4c2, and no current flows through the DC capacitors of the SMs, as shown in Figure 4.1(a).

However, in practice a slight voltage difference between SM1 and SM2 may appear under
transients due to the asynchronous update of control variables, sampling and mismatched
component parameters. For example, if Cy.q4,; 1s smaller than Cy;,, ; due to the manufacturing
tolerance or component degradation, v4.; will be slightly higher than v,., during a

perturbation in the DC link voltage, as shown in Figure 4.1(b).
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Figure 4.1. Cascaded 3L-NPC converter circuit. (a) Voltage balance at steady-state.

(b) Voltage imbalance under a perturbation.

However, the voltage imbalance will not occur if the power flows from the AC side to the DC
side. Although the duty cycle is still inversely proportional to the DC voltage, the higher the
DC voltage of a SM is, the smaller the duty cycle is and, the less time required for charging
time by the AC current. Thus, the DC voltage will be automatically decreased.
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This voltage difference between SMs may lead to a further DC voltage imbalance. As the AC
power of each SM is regulated by a current controller, equal power sharing can still be achieved
under DC voltage perturbations due to the high bandwidth of the current controller. If power
flows from the DC side to the AC side, the duty cycle of SM1 (D, ) with a higher voltage (V;.1)
will be reduced by the current controller, whereas the duty cycle of SM2 (D,) with a lower
voltage (V4. ) will increase. The inverse relationship between duty cycle and DC voltage will

inevitably cause V;,. to continue increasing and conversely, V., to continue reducing.

For MMC:s, the uneven charging and discharging processes are caused by the SMs being turned
on and off during a fundamental period. This means that only a certain amount of SM capacitors
is connected at any time while other capacitors are bypassed [97]. As the instantaneous arm
currents flowing through the SMs will be different at different phase angles of a sinusoidal
cycle, the charging to the SM capacitors is also different, which leads to the voltage imbalance

of the MMC.
4.2.2 Analysis based on the Small-signal Model

The input-to-SM-output transfer matrix for the i SM at the inverter station is obtained from a
state-space representation following linearization of the nonlinear system model [98]. The
current controller and the converter plant in a dg reference frame are included in the state-space
model. It is assumed that the grid voltage v is constant and the phase-locked loop (PLL) is
ideal; thus, the PLL dynamics that describe the response of system to changes in the input

signal or other external factors in order to maintain synchronization are not taken into account.

In this chapter, the neutral-point voltage is controlled by a common-mode modulation signal
m, [99]. This signal is generated by the voltage difference between the upper and lower
capacitors through a PI controller, and then superimposed on the three-phase modulation wave
generated by the current controller. The average neutral-point current can be regulated to zero
using this method, so the DC offset of the neutral-point voltage can be eliminated. As m, only
influences the common-mode voltage, the dynamics of the neutral-point voltage are decoupled
from those of the terminal voltages [100]. Thus, the DC voltage controller can be designed
independently from the neutral-point voltage controller. As only the DC voltage imbalance
resulting in the cascaded topology is the main scope of this thesis, the dynamics of the neutral-

point voltage are not considered in the system model.

The voltage equations of the AC side at dgq frames are:
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vy =2 = Riy + LS4 — wliq + v, (4-1)

vy = ”dfq Rig + L <+ wliy (4-2)

where 84 and &, are the duty cycles calculated by the current PI controllers:
2 L% , t, .4 i .
60 =7 |pia i = ia) + kiia [y (i — 1a)dt — wLiq +vs|  (4-3)

e . t, .. 3 .
Oq = Vidc [kpiq(‘q —ig) + ki fo (ig —igdt + ‘Ule] (4-4)

where i = and g = ZQ are the current references.

The DC side equations are:
. 3 . .
Vacldc_conv = 3 (vdld + vqlq) (4-5)

dvd . .
< =lge — Ldceony (4-6)

Cdc

Based on the equations of (4-1)—(4-6), the state-space representation for the i SM is given by

Axiq g Axiq g
*
Axiq_l Axl-q_l APL
—| Big |=A| Aig |+B|AQ; (4-7)
Aig; Aig; Aige
N—_——
AVd::i Avdci u
N —’
X
y = Cx (4-8)
where
0 0 kiid 0 0 )
0 0 0 kiig 0
1 0 _R _ kpia 0 Vs+RIg-wllg
Ls Lg Lg LsVgc
)
0 1 0 _ R kpiq Rlg+wLly
Ls Lg Lg LsVqc
-3y -3q _3Vs#3(R—kpia)la _ 3(R—kpiq)lq 0
2CqcVae  2CacVdc 2CacVdc 2CacVac -
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2Kiiq ]
3V, 0 0
Zkiiq
0 3V 0
B=| Zrud 0 ofc=[ 0o 0 0 1
- 3LsVs s - [ ]
2k
piq
0 3LsVs 0
__ kpiala _ kpiglq 1
- CacVacVs CacVacVs  Cdc

In the state-space representation, u = [AP” AQ; Aigz]" is the input vector, Av,,; is a scalar

output, and X = [Axid_, Axiq ; Alg; Aig; Avdci]T is the state vector. In the adopted notation,
uppercase variables represent RMS values (or average values) and ‘A’ stands for perturbed
variables. P;" is the reference of active power, Q; is the reference of reactive power, i 4. is the
DC link current, iy4; is the d-axis current, ig; is the g-axis current, and v4; is the DC voltage.
Lg, R and C,4. are the transformer leakage inductance, AC circuit resistance and DC
capacitance of each SM, w is the grid frequency, ky;q 4 and k;;4 4 are the proportional and
integral gains of the PI controller, and Ax;4 ; and Ax;, ; are the outputs of the integral action

of the PI controller.

Based on (4-7) and (4-8), the transfer matrix representation in the Laplace domain is given as

adj(sI-A)

Y(s) = [C(sT — A)7'B]U(s) = Caetioa)

BU(s) = G(s)U(s) (4-9)

where s is the Laplace variable, ‘adj’ stands for the adjoint matrix of (sI — A), ‘det’ for its

adj(sI-A)

TetGI-A) B is the transfer matrix, and det(sI — A) is the characteristic

determinant, G(s) = C

polynomial. From (4-7)—(4-9), Av,.; can be expressed as

Avgei = Gp(S)AP] + Go(s)AQ] + Gigc(s)Aige (4-10)

where

i . T
Gy(s) = C(sT— A)™" [ 0 Hpia ) __Fpidla | Go() = cCs1 -

3LsVs CacVacVs

y . . T T
A)_l [0 2kiiq 0 2kpiq  _ kpiglq ] ,andGl-dc(S)=C(Sl—A)_1 [0 0 0 O L]

3Vs 3LsVs CacVacVs Cac
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As a single SM is modelled, the relationship between different SMs is obtained by analysing
the equivalent DC circuit consisting of cascaded SMs. Assuming the parameters for each SM
are identical, the voltage equations for an N SM-cascaded converter are represented as:

Avge, = GP(S)Apl* + GQ (S)AQI + Gigc(s)Aige
Avge, = GP(S)APZ* + GQ (S)AQ; + Gigc(s)Aige

: (4-11)
Avgey = GP(S)APITI + GQ(S)AQ;\} + Gigc(s)Aige
Yl 1 Avaci = Avac tink
For an equal current sharing in each SM, AP{ = AP, = -+ = APy = A% and AQ; = AQ; =

o= AQy = ATQ*. An equivalent DC circuit for such conditions is shown in Figure 4.2.
In Figure 4.2, Zg.(s) = Giac(s) , Da(s) = Gp(5)/Giac(s) » Dg(s) = Go(s)/Giac(s). A
relationship between the neighbouring SMs is obtained from the equivalent DC circuit as
follows:

Dg(s)AP*+Dq(s)AQ”
N

Mvgei  Avgeiva
zk () zh (9

= Aig, — (4-12)
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Figure 4.2. Equivalent DC circuit for equal current sharing in each SM.

Based on (4-9) and (4-12),
det(sI — A) (Avge; — Avgeiy1) = (ass® + ags* + ass® + azs? + ags + ag) (Avge,; —
Avgei1) =0 (4-13)
where ay, a4, a,, as, a, and as are given in the Appendix A. From (4-13), ensuring an equal
voltage sharing between SMs and the speed to achieve this are dictated by the eigenvalues of
system matrix A (i.e., the poles of the Z5.(s)). The root locus of Z5.(s) with varying operating
points is shown in Figure 4.3. System parameters in Table 3.1 are used to plot the root locus.

As the system has five poles, only the dominant poles are displayed for clarity. Figure 4.3(a)
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shows the trajectory of the dominant poles when P changes from -1 p.u. to 1 p.u. with Q equal
to zero. As it can be seen, a right-half-plane pole is introduced when the active power is
changed from a negative value (rectifier mode) to a positive value (inverter mode), which is
the cause of the DC voltage imbalance. The dominant pole moves from the coordinate (-60, jO)
to around (60, j0) on the s plane with the increase of active power. Thus, as the power increases,
the dominant pole moves further away from the original point and hence DC voltage diverges
faster. Figure 4.3(b) shows instead the trajectories when Q changes from -1 p.u. to 1 p.u. and
P is set to zero. It is observed that the DC voltage balance is not affected by Q as the pole is
always located at the left-half of the s-plane, although the response time for voltage balancing

would slow down as the pole moves closer to the imaginary axis.
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Figure 4.3. Root locus of dominant poles (obtained by solving equation (4-13)) for different power
operating conditions. (a) P changes and Q = 0. (b) Q changes and P = 0.

4.3 Voltage Balancing Control Methods

Two control methods to achieve a balanced DC voltage are presented in this section. Firstly, a
Pl-based method relying on communications is presented. Then, a droop-based control method,

suitable upon loss of communication, is discussed.

4.3.1 PI based Control with Communication
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A block diagram for this control method is shown in Figure 4.4.
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Figure 4.4. PI-based voltage balancing controller with communication.

The PI-based DC voltage balancing controller is added to each P/Q controller at the inverter
station. A high-level central controller measures the DC link voltage and sends the
instantaneous DC voltage (Vg4 jink) and power references (P ,of and Q ,.5) to the low-level
controller at each SM through the RS485 communication interface, as shown in Figure 4.4.
The low-level controller uses the average DC voltage and compares it with the DC voltage of
each SM. A PI controller is used to generate a compensating current reference to adjust the DC
voltage. Through this feedback structure, the DC voltage of each SM can converge to the
average value. As reactive power has a negligible effect on the voltage imbalance, the PI-based
structure is added to the d-axis control loop only (i.e., superimposed with the active power
controller). In addition, a PI-based neutral-point voltage control method is used to balance the
neutral-point voltage of each SM. The output of its PI controller acts as the zero-sequence

variable which is added on the three-phase sinusoidal modulation waveforms.

Due to the integral action of the PI controller, the steady-state error of DC voltage difference
is driven to zero. In addition, as the central controller sends the instantaneous DC link voltage

value to each SM, the sum of the compensation currents supplied by the PI controllers is zero
(.e. Xy ia compi = Gpr(s) LIy (%Nﬂ - vdci) = 0 and Gp;(s) is the transfer function of
the DC voltage balancing PI controller). Therefore, the voltage balancing control method does

not affect the output power, which means it is decoupled from the power control.

To verify the decoupling between the DC voltage balancing control and the neutral-point
voltage balancing control, a set of comparative simulations was conducted. Figure 4.5(a) shows
the neutral-voltage when a single 3L-NPC SM is used (without cascading other SMs), while
Figure 4.5(b) shows the neutral-point voltage of one SM in the case of four cascaded SMs. The
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neutral-point voltage in both cases shows similar values with regards to the DC offsets and the

3 order voltage ripples.
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Figure 4.5. Neutral-point voltage waveforms: (a) waveforms without DC voltage balancing

control; (b) waveforms with DC voltage balancing control.

Controller parameters should be properly selected for the presented voltage balancing
controllers. The selection can be performed through small-signal analysis and pole placement.

The system poles should be placed in the left-half plane to guarantee system stability.

With the use of DC voltage balancing control, the voltage equation (4-10) is rewritten as

* , Avge,. .

Bvae; = Gp($)E" + Gp(5) Gy (5) (22 -tz ) + Giae (5)Aie (4-14)
where the current source generated from reactive power has been omitted due to its negligible
influence. In (4-14), Gp(s) = 25Gp(s) and Gp,(s) = M Based on [101], kjyac =
200k,yq. is adopted. Letting ZG.(s) = (;P(?)i—(c;(:,)(s)’ the equivalent DC circuit of the cascaded

topology is shown in Figure 4.6.
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Figure 4.6. Equivalent DC circuit with PI controller.
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From Figure 4.6, as each SM works with communication and all SMs have the same parameters,
the equivalent DC circuit of each SM is identical. The input DC impedance ZY.(s) of each SM

is obtained by setting the output of the voltage and current sources to zero, resulting in

Z3:(s) = Z§.(8)/ [ ZE(s) = —iae®__ (4-15)

1+Gp(s)Gpy(s)

where symbol ‘//° stands for a parallel connection. The relationship between the neighbouring

SMs in Figure 4.6 is given by

2Kiig
3V

0
. 2k i
det(sI — A) s — Cadj(sI — A) pid (kpudcs + kiudc) X (Avdc‘i — Avdc’iﬂ) =

3LVs

0
. 3kpid1d
L 2CacVac-

Gu,l(s)

(ags® + ags® + ajs* + ays® + ays? + afs + ap) (Avge iAvaeivr) =0 (4-16)

where ag, ai, aj, az, ay, as, ag are given in the Appendix A. G, ; () is the denominator term
of ZY.(s) following suitable algebraic expansion. Thus, the eigenvalues of G, ;(s) are the

poles of Z3.(s). The root locus of the dominant poles of ZY..(s) is shown in Figure 4.7 for both
positive and negative power flows. The eigenvalue trajectories are plotted for rated power (i.e.,

P =1 p.u.) as proportional gain k4. increases from 0 to 50 p.u., with a base value Zg. pa5e =

Vl%C base
S (Spase = S, VDC_base = Vpe)-
base

For an inverter mode, shown in Figure 4.7(a), the poles move to the left-half of the s-plane as
kpuac increases, thus demonstrating the effectiveness of the voltage balancing method.
However, the value of k4. should not be too large; otherwise, the poles may become unstable

when power flow is reversed, as shown in Figure 4.7(b).

To ensure an acceptable damping ratio of complex conjugate dominant poles (= 0.5), these
poles should lie inside a specific region of the complex plane within a radial line drawn from
the origin and its reflection across the real axis. The radial line is at an angle of 60° with
reference to the negative real axis [102]. This condition is achieved if the proportional gain of

the PI controller is selected as kpyq. = 25.
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Figure 4.7. Root locus of dominant poles (obtained by solving equation (4-16)) with increasing

kpuac under PI controller. (a) Positive power flow. (b) Negative power flow.

4.3.2 Inverse-droop based Control without Communication

Communication may be lost during operation. Under such conditions, the high-level central
controller would not be able to send DC link voltage information to the SMs—thus making the
system vulnerable to instability. To prevent this, a self-balancing control method without the
need for communication is presented. The method is inspired by the droop control strategies

employed in DC/DC converters [103] and adapted to control the cascaded 3L-NPC converter.
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Figure 4.8. Droop curves for voltage balancing control. (a) 4. cony — iy curve. (b) vy, — iy

curve.
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Two potential control implementations are discussed. In the first one, shown in Figure 4.8(a),
the current reference ij is adjusted by ig. cony, Which is the DC current entering the converter
after passing through the DC capacitor (see Figure 4.1). Current iy, cony, could move from the
equilibrium point /.o to I;.4 following a perturbation, which discharges the DC capacitor.
According to the droop curve, i; will decrease to prevent the DC capacitor from discharging
so that the operating condition moves back to the equilibrium point. The advantage of using
this method is that it does not require DC voltage sensors. However, the reconstruction of

lac cony through AC currents may introduce noise interference, which is not desirable.

The second method, called the inverse-droop controller, is shown in Figure 4.8(b). When vy,
changes from the equilibrium point V;.o to V4.4 following a perturbation, ij increases
according to the curve shown. Thus, the discharge of the DC capacitor will be accelerated to

move the DC voltage down to the equilibrium point.

Since the noise introduced by the reconstruction of current in the first method may deteriorate
the control performance, the inverse-droop controller is adopted instead. Its schematic is shown
in Figure 4.9. It should be noted that due to the fixed reference point V¢, the sum of iy compi
is not guaranteed to be zero (i.e., Y14 lg_compi = Karoop YN Waci = Vaco) # 0). This means
the DC voltage balancing control is coupled to the power control loop. Due to this, it is

recommended that the inverse-droop controller is adopted as a replacement of the PI-based

controller only upon communication failure.

< PWM

Figure 4.9. Inverse-droop based voltage balancing controller.

The gain of the droop-based voltage balancing controller is tuned based on the small-signal

analysis. The voltage equation for SMs without communication is given by
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AP* , .
Avge = Gp (s) N + Gp (S)kdroopAvdci + Gidc(s)Aldc (4-17)

where Z52(s) = k(;id—cés,)(s). Figure 4.10 shows the equivalent circuit for this condition, from
droop“p

where the DC equivalent impedance with inverse-droop controller is obtained as

292(s) = 2§2(s)/ /25, (s) = — D __ (4-18)

1+kdroopG1,J(5)
The voltage equation of neighbouring SMs is given by

[ 2Kiig T
3Vs

0

2k

det(sI — A) — Cadj(sI = A) | S22 [Karoop | X (Avge; — Avgeiyq) =
0

_3kpidla
L 2CqcVacA

Gy,2(s)
(ads® + a)s* +ays® +ays? +afs + a(’)’)(Avdai - Avdc,iﬂ) =0 (4-19)

where ag, ai, ay, a3, aj, as are given in the Appendix A. G, ,(s) is the denominator term of

ZJ1(s). The root locus of the dominant poles as the droop coefficient k 4ro0p 18 increased from

0 to 50 p.u., for P =1 p.u., is plotted for both positive and negative power flows.
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Figure 4.10. Equivalent DC circuit with inverse-droop controller.

As shown in Figure 4.11, increasing the value of k4,40, Will guarantee the system is stable for
an inverter operation. However, k4,0, should not be larger than 40 to preserve stability for
rectifier operation according to Figure 4.11(b). Although a larger kgy0p €nsures a better

voltage balance characteristic, it may affect the accuracy of the output power [55]. Thus, an
appropriate value should be carefully selected considering both the performance of voltage

balancing and the impact on the power control. The value of the droop coefficient kgyqop 18 set
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as 10 to maximize the voltage balancing performance and to restrict the influence on the power

control.
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Figure 4.11. Root locus of dominant poles (obtained by solving equation (4-19)) with increasing

K roop under inverse-droop controller. (a) Positive power flow. (b) Negative power flow.

4.3.3 Hybrid Control combining PI and Inverse-droop based Control
Methods
If the number of SMs with communication is m and the number of SMs without communication
is [ (with /= N - m), then
MAvge; + Avge j = AVgc 1ink (4-20)

where Avy.; and Avg; denote the DC voltage of the i SM with communication and the DC

voltage of the /" SM without communication, respectively. Combining equations (4-16), (4-

19) and (4-20), a relationship between Avg,; and Avg, ; is obtained as

. T
Cadj(sI — A) [0 0 0O %“] ((N —m)Gy1(S) + mGy (s)s)(Avdc‘i — Avdc,j) =0
(4-21)
where G, ;(s) and G, ,(s) are the same as in (4-16) and (4-19). Figure 4.12 shows the root

locus of the dominant poles p; (i =1, 2) as m varies from 1 to 11, with the active power being
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kept at 1 p.u. The controller parameters are selected according to the analyses in Sections I11-
B-1 and III-B-2, where k4. = 25 and kgrp0p = 10. As it can be seen, one of the poles moves
close to the imaginary axis as m is increased, which means that the difference of DC voltage

between SMs converges to zero at a decreased rate. The worst case happens when m = 11.

To have a comprehensive understanding of the hybrid control structure, the Bode diagram of a

. Mgei(s)—Avgci(s) . . D e
transfer function G4(s) = vd;fs) v(i C)’ ©) is used to analyze the disturbance rejection ability of
dClink

the cascaded converters. G4(s) reflects the impact of the DC link voltage perturbation on the
voltage difference between SMs. The smaller the amplitude of G,(s) is, the better the

disturbance rejection.

Both cases for m=1 and m=11 are studied, and the Bode diagram is shown in Figure 4.13. The
voltage balancing performance for both cases is influenced by the perturbation of the DC link
voltage. However, the magnitude in the Bode diagram for the case when m=1 (i.e., 1 PI
controller and 11 inverse-droop controllers) is lower than that for the case when m=11 (i.e., 11
PI controllers and 1 inverse-droop controller) at frequencies below 400 rad/s, which implies
that a larger DC voltage error may appear resulting from the perturbation as m increases. This
illustrates that the disturbance rejection ability is decreased as more Pl-based controllers are

used in the hybrid structure.
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Figure 4.12. Root locus of dominant poles (obtained by solving equation (4-21)) with increasing

values of m, with k4. = 25 and kg,.90p = 10.

On the contrary, if all the SMs work under the same control strategy (either PI-based control
or inverse-droop based control), they will exhibit a similar dynamic performance regardless of
the number of cascaded SMs. Thus, it is recommended that all the SMs should automatically

switch to communication-less control if communication with any SM is lost.
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Figure 4.14. Overall control structure combing both control loops.

Both DC voltage balancing control methods combing their mode switching are integrated into
Figure 4.14. To switch from the Pl-based control scheme to an inverse-droop scheme, the
Modbus protocol between the central and SM controllers is used. The control modes are
selected by the SWITCH command. The PI-based voltage balancing control is used when
SWITCH = 1 and switches to the droop-based control with SWITCH = 0. To achieve this, the

Status 1 is returned from the SM’s controller to the main controller. If all Status 1 equal 1, the
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communication is assumed as normal, and SWITCH is set as 1 by the main controller.
Otherwise, there are communication failures of SMs. SWITCH will be set as zero to switch the
SMs to the droop-based control mode. The SMs which lost communication will automatically

switch their control mode.
4.4 Simulation and Experimental Validation

4.4.1 Simulation Results

The control methods presented in Section 4.3 were verified by conducting simulations in
MATLAB/Simulink, with results shown in Figure 4.15 and Figure 4.16. Operation for twelve
cascaded SMs is simulated, and the simulation parameters are provided in Table I. The
performance of the voltage balancing control methods is assessed for step changes in the DC
link voltage, with results presented in Figure 4.15(a) when communication is available (PI-

based control) and in Figure 4.15(b) when communication is lost (inverse-droop based control).
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Figure 4.15. DC voltages of SMs 1 to 12. (a) with PI-based control. (b) with inverse-droop based
control.

From the results, it can be seen that both control methods successfully achieve DC voltage
balancing upon step changes in the DC link voltage (see how the traces for all SMs exhibit a

similar behaviour). This is consistent with the eigenvalue analysis presented in Section 4.3.
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Figure 4.16. DC voltages of SMs 1 to 12 for a hybrid control structure. (a) 1 PI controller plus
11 inverse-droop controllers. (b) 1 inverse-droop controller plus 11 PI controllers.
For completeness, system performance is also verified for a hybrid control structure
considering some SMs with communication and the rest without it, as described in Section
4.3.3. For simplicity, only the extreme cases are provided: the results shown in Figure 4.16(a)
correspond to the case when m =1 (i.e., a single SM has communication and 11 SMs feature
the communication-less inverse-droop controllers), whereas results in Figure 4.16(b) show the
case form =11 (i.e., 11 SMs have communication and 1 SM features the communication-less
inverse-droop controller). As it can be observed from these results, an increase in the number
of SMs with PI-based control in the hybrid structure will aggravate the DC voltage imbalance

under dynamic conditions.

4.4.2 Experimental Results

The system configuration used for experimental test is same as that in Chapter 3, where eight
SMs are cascaded. For the experiments, the performance of the voltage balancing methods is
assessed for reference changes in the set points of active power and DC voltage. Figure 24
shows representative experimental results for the PI-based control scheme. The top purple trace

shows the DC link voltage, the red trace (second layer from the top) shows the DC link current,
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and the green, orange, pink and dark blue traces (third layer) show the DC voltages of four
SMs. The bottom blue trace shows the current of phase a. At the start of the experiment, the
DC link voltage is increased by the rectifier station to the rated value (i.e., 720 V). After the
rated DC link voltage is reached, the inverter station begins to regulate power according to the
active power references (at around 4.2 kW) sent by the high-level central controller. At this
point, the PI-based voltage balancing controller is enabled. Figure 4.17(a) shows results for a
reference change in power, whereas Figure 4.17(b) shows results for a reference change in DC
voltage. The references are modified using ramp functions with slopes of 750 W/s and 10 V/s,
respectively, to achieve a smooth dynamic behaviour, as opposed to step changes. For
simplicity, DC voltage traces for 4 SMs (SM1, SM2, SM5 and SM6) are shown only. It can be
observed that all SMs exhibit a balanced DC voltage performance for both types of reference

change.
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Figure 4.17. Operation with PI-based DC voltage balancing controllers. Results for: (a) active

power reference change; (b) DC link voltage reference change.

Figure 4.18 shows the system performance when communication is lost. Under such conditions,

the DC voltage balancing control is disabled altogether. The DC voltages of the SMs diverge
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afterwards, although the total DC link voltage is kept constant. To avoid overvoltage at some
SMs, the system protection is triggered, during which the PWM driving signals are blocked

and the AC coil relays in the three-phase AC circuits are opened.
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Figure 4.19. Operation with droop-based DC voltage balancing controllers. Results for: (a)

active power reference change; (b) DC link voltage reference.

A final experiment is conducted for the case of invalid communication. In this case,

communication-less inverse-droop based control will be activated in place of the PI-based
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control requiring communication. Figure 4.19 shows the experimental results when all SMs
operate with the inverse-droop controllers. Similar experimental conditions as for the PI-based
control method are used, with the results presented in Figure 4.19 showing the system
performance upon ramp reference changes in active power and DC link voltage as previously
discussed. As it can be seen, the inverse-droop based method ensures system stability when

communication is not available.

However, as the given voltage reference employed is the historic value just before
communication is lost, the inverse-droop controller will influence the output power accuracy
during the reference change of DC link voltage, regulated by the rectifier station, as shown in
Figure 4.19(b). This demonstrates the coupling between the voltage balancing controller and
the power controller, as discussed in Section III. Given that the main focus of this chapter is to
address DC voltage imbalance, compensation for power accuracy falls out of the scope of the
work. The interested reader is referred to [57], where a suitable control method to mitigate this

disadvantage can be found.

The experimental performance of a hybrid control structure combining both DC voltage
balancing methods is shown in Figure 4.20. Two extreme cases are studied: one Pl-based
controller and seven inverse-droop based controllers (with results shown in Figure 4.20(a)) and
seven PI-based controllers and one inverse-droop based controller (with results shown Figure
4.20(b)). It can be seen that the DC voltage balancing performance worsens as the number of
PI-based controllers in a hybrid structure increases. Since the hybrid control method influences
the DC voltage balancing performance, it is recommended that all SMs change from PI-based
to the inverse-droop based control once communication fails at any SM. For completeness,

Figure 4.21 shows the transition between the control modes.

Tests are also conducted to explore the influence of the DC voltage balance control on the
neutral-point voltage control. The neutral-point voltages (upper and lower DC capacitors’
voltages) of the SM1, 2, 5 and 6 are shown in Figure 4.22. It can be seen that the neutral-point
voltage of any SM is still balanced under the presented DC voltage balancing control. To
further validate the decoupling between the DC voltage balancing control and neutral-point
voltage balancing control, an experimental test has been conducted with results shown in
Figure 4.23 (the performance of 4 SMs is shown only). At the beginning of the test, the SMs

are equipped with both neutral-point voltage balancing control and DC voltage balancing
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control. At time 0.8 s, the DC voltage balancing control is disabled. As it can be seen, a
divergent DC voltage imbalance occurs afterwards. However, neutral-point voltage balance is

still maintained although the DC voltage is unbalanced.

(b)
Figure 4.20. Operation with hybrid DC voltage balancing control methods. (a) one PI-based
controller and seven inverse-droop based controllers. (b) seven PI-based controllers and one

inverse-droop based controller.

— PI control —>|<— droop control

"""" d&'lin'/[[SA'/d"’]""“"“
mm ---------- o

——————————————————————————————————————————————————

_________________________________________

R6/-és 6s -4s 2s 2's 4s 6s 8's

Figure 4.21. Waveforms under mode transition.
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Figure 4.22. Upper and lower DC voltage waveforms of SM1,2,5,6 under DC voltage balancing

control.

It should be emphasized that the controller parameters in the experimental tests are smaller
than the ones used in the simulations. The reason is that the voltage imbalance is not too severe
due to the restricted power condition used in the experiments. Thus, the controller parameters

have been selected smaller than the set of parameters used for rated power.
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Figure 4.23. Upper and lower DC voltage waveforms of SM1,2,5,6 under DC voltage balance

and imbalance.

4.5 Summary

For the cascaded 3L-NPCconverters, DC voltage imbalance across SMs is a special issue which
may pose challenge to the system operation. This should be focused when designing the control
system. This chapter reveals the cause of imbalance and presents two control methods to
balance the voltages among SMs. Through detailed modelling of the 3L-NPC converter, it is
found that DC voltage imbalance is exhibited due to a right half-plane pole in the system. A

conventional PI-based method is effective to counteract it. This relies on communications
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through a central controller, and real-time DC link voltage data is sent to each SM. As the sum
of control variables from all POI controllers within SMs is zero, the DC voltage balancing
control is decoupled from the power control. Due to this advantage, the PI-based method is
adopted as the default controller for voltage balancing. However, there is always the risk to

lose communication and, thereby, to exhibit stability issues.

Upon loss of communication, it is shown that an inverse-droop based method may take over
the voltage balancing control, offering a good performance. Here, DC voltages are
automatically balanced according to the droop characteristics of SMs. This alternative method
ensures the continuous operation of the system at the expense of accuracy of output power.
Although hybrid configurations featuring PI and inverse-droop based controllers in the same
converter station can be adopted, all SMs should be switched to the droop control mode
concurrently upon loss of communication at any SM to ensure good transient performance of

the system.

The DC voltage balancing control schemes presented in this chapter have been verified with
simulation results in MATLAB/ Simulink. The effectiveness of the presented control schemes
has also been demonstrated using an MVDC experimental testbed with similar per unit values

as those of the ANGLE-DC project.
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Decentralized Control for Multi-
terminal Cascaded 3L-NPC
Converter Systems Considering
Multiple Crossovers

This chapter investigates the multiple crossovers due to
interactions between different converters in a three-terminal
MVDC system. Suitable control methods are presented to
eliminate multiple crossovers and meanwhile, to ensure the

power flow accuracy and DC voltage balancing of each cascaded
3L-NPC converter.
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5.1 Introduction

Applying cascaded 3L-NPC converters in a multi-terminal MVDC system requires
consideration of both the DC voltage balance within individual converters and the interactions
between different converter stations. Decentralized control using multiple droop characteristics
is a promising approach for coordinated operation, but interactions between the stations may
result in multiple crossovers that cause the system to deviate from the set-point and lead to
power and voltage drifts. However, the mechanism behind these drifts caused by multiple
crossovers in cascaded converters with multiple slopes based decentralized control has not been
studied, and simultaneous consideration of DC voltage balance, multiple crossovers, and power

control accuracy requires appropriate control strategies.

This chapter firstly revealed the mechanism behind the power and DC voltage drifts. It is found
that the normal operating point is unstable in the condition of multiple crossovers. Secondly, a
control scheme that seeks to guarantee the power control accuracy and DC voltage balancing
and, concurrently to avoid the multiple crossovers, was presented. To achieve this, the droop
gain is suitably selected considering both the DC voltage balancing performance and
occurrence of multiple crossovers, with another secondary power compensator being used to
guarantee the power flow accuracy. The presented control scheme has been verified in
MATLAB/Simulink simulation and also experimentally validated in a three-terminal MVDC
testbed integrated with cascaded 3L-NPC converters.

5.2 Decentralized Control with Multiple-slope Characteristics in

Cascaded 3L-NPC Converters

5.2.1 Configuration of a Three-terminal MVDC System

In Figure 5.1, the renewable energies or electrical loads of the third terminal can be connected
to the point-to-point MVDC link through a DC/DC or a DC/AC converter station (Station 3),
which may work under DC current control mode. For example, a three-terminal simulation
model was presented, where energy storage system (ESS) is incorporated in the system to
improve the power quality, efficiency and reliability of the transmission system [104]. The ESS
is installed at the VSC station on the mainland of North Wales. It provides a feasible solution

to mitigate the intermittency and unpredictability of wind power. The other two cascaded 3L-

80



NPC converter stations work under droop control to regulate the DC link voltage. However,

there are potential adverse interaction effects due to the coupling of different converter stations.
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Figure 5.1. Cascaded 3L-NPC converter based three-terminal MVDC link.

5.2.2 Multiple crossovers due to interactions between Different Control

Characteristics

The multiple crossovers may exist if the Station 3 adopts the constant I;. control while the
cascaded 3L-NPC converter stations (Station 1 and 2) adopt the P—V,;. control. This control
scheme is one of typical options in the multi-terminal conditions, where a part of converters
adopt droop control to concurrently participate in the DC voltage regulation and the remaining
converters that are connected to the renewable energies are operated at the current source mode
[69]. The interactions have been displayed in Figure 5.2, where Station 1,2 and 3 are illustrated.
The blue solid line represents the droop curve of Station 1 and 2, while the red solid line
represents the curve of Station 3. It can be seen in Figure 5.2(a) that there is no interaction
between I;. and P—V,, control in the positive power flow (the positive power and current of

the three converter stations are defined by the red arrow directions in Figure 5.1).

However, multiple crossovers may exist in the reverse direction of power flow, which indicates

the occurrence of the multiple crossovers. As seen in Figure 5.2(b), there are three intersection
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points of the two curves, denoted as 04, O, and O5. The adverse impacts caused by the multiple
crossovers can be the deviations of the voltage and power from the desired operating points,
thus deteriorating the performance of system or even making the system unstable due to the

large deviations of voltage and power.

A
Ve Lic control

(a) (b)
Figure 5.2. Multiple crossovers caused by different control characteristics. (a) Positive power
flow condition. (b) Negative power flow condition.

As seen in Figure 5.2, the larger the droop gain is, the more accurate the power control can be
achieved. However, it is also shown that the droop gain should be decreased to avoid multiple
crossovers. In addition, as discussed in Chapter 4, the droop slope is also associated with the
and DC voltage imbalance. In Figure 5.2, the smaller the droop gain is, the closer to the voltage
source characteristics the converter is, and thus the better DC voltage performance. Therefore,
only by optimizing the droop gain cannot balance the three aspects (i.e., DC voltage balancing,

power flow accuracy and multiple crossovers), and suitable control methods are required.

5.2.3 Analysis of Power and Voltage drifts in Multiple Crossovers

The mechanism of the power and voltage drifts due to the multiple crossovers is given in this
Section. As can be seen in Figure 5.2, multiple crossovers are caused by the interaction between
I4. and P—V,. droop control. There are three intersection points (0, O, and 03), so the
operating point is likely to oscillate between the intersections. However, through the simulation
and experimental studies in the previous work [69], the operating points will be located at one
point (e.g., either O; or O3) at steady-state. This means that O, is an unstable point. The

mechanism behind this phenomenon has not been given so far.

To study this phenomenon, two cases are discussed, regarding the changes of the DC current

and DC voltage, respectively. These changes are caused by either changes of given references
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or disturbances due to the environmental factors, circuit components, or external factors. Figure
5.3(a) shows the shift of the operating point when the system is subjected to a DC current
change, while Figure 5.3(b) shows the case under a DC voltage change. Assume the original

operating points of Station 1, 2 and 3 are O, in Figure 5.3.
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Figure 5.3. Power and voltage drifts under a disturbance. (a) The case under a DC current
disturbance. (b) The case under a DC voltage disturbance.

In Figure 5.3(a), the DC current is slightly increased in Station 3 (the DC current curve is
changed from the red solid line to the red dashed line). Following the DC current change, the
operating point of the Station 3 fitted with constant current control jumps from the original
point O, to a new point 0;. The operating point of Station 1 with P—V,;, control is maintained
at 0, in this case. As it can be seen, the power at 0 is P44, which has a greater absolute value
than the power Py at O,. This means that the AC power absorbed by the Station 3 is larger
than the power output from DC to AC side in Station 1. According to the power balance
relationship in (5-1), it is obtained that the DC link capacitor is charged in this case. Then, the

DC voltage is increased. The operating point of Station 3 moves in the direction of the line

arrow E), while the operating points of Station 1 in the direction of the line arrow l_l) The
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absorbed power remains lager than the output power until operating points reaching at 0;.

Hence, a new stable operating condition is achieved at 0.

dvgc
Cdcvdcd_;i = |Pdrp,1| - |Pidc,3| (5-1)
where Cg is the equivalent DC link capacitance, Pg;p ¢ is the power of Station 1 and P;, 5 is

the power of Station 3.

In Figure 5.3(b), the DC voltage slightly changes from the original point (the DC voltage drops
from the grey dashed horizontal line to the red dashed horizontal line). Following the DC
voltage change, the operating point of Station 1 jumps from the O, to a new point 03, while
the operating point of Station 3 jumps to 0;'. As |Pd,p_1| < |Pl- do3|, the DC link capacitor is
discharged based on (5-1) and the DC voltage will be decreased. Then, the operating point of

Station 3 moves in the direction of E, while the operating points of Station 1 in the direction

of l_l> The absorbed power remains lower than the output power until operating points reaching
at 05. Thus, the new stable point will be located at the position of 0. Through the analysis in
Figure 5.3, it is obtained that the operating point O, is unstable when the multiple crossing
occurs. It may shift to the O, or O3 depending on the disturbance. The adverse effects are the

voltage and power drifts which need to be addressed.

5.3 Presented Decentralized Control Scheme

5.3.1 Decentralized Control Schematic

To improve the performance of DC voltage balancing and power control accuracy, and
concurrently to mitigate the adverse interactions, an improved control method is presented, as

seen in Figure 5.4.

For the cascaded 3L-NPC converter station in Figure 5.4(a), predetermined given references
are dispatched by a high-level controller which is not shown in the Figure. Each SM controller
works at the P; — V;; droop control mode, so the external characteristic of the converter station
is also exhibited as the droop control. A droop gain kgq0p 18 used in the P; — Vy; droop
controller. The normal operating points of each SM are P, ; and V. ;. Output signals from the
droop controller are the current references which are forwarded to the current controller

performed at the dg frame. A PLL is used for grid frequency synchronization.
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Figure 5.4. The decentralized control schematic of the system. (a) Droop control for C3L-

NPC converters. (b) DC current control for DC/DC converters.
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The constant current control for the current-controlled converter in Station 3 is depicted in
Figure 5.4(b). As can be seen, a closed-loop current controller is used to control the inductor
current to trace the given reference. As the kdroop2 in the narrow band is the cause behind the
multiple crossovers, the optimal design for kdroop2 is particularly presented in this section.
The kdroop1 and kdroop3 adopt a normal droop setting with a 5% slope [105]. It is noted that
droop parameter in Figure 5.4 only stands for kdroop2 while kdroop1 and kdroop3 are omitted

for simplicity.

5.3.2 Droop Gain Selection

1) Droop gain selection considering the multiple crossovers: As can be seen in Figure 5.3, the
slope of droop curve in the narrow band should be less than the DC current to avoid the

intersections.

The conclusion can be extended to multi-terminal conditions, assuming that there are m stations
with droop control and /4 stations with DC current control. According to the power balance,
there is:

P Parpi = 201 Py (5-2)
where Py, ; and Py, ; are the power processed by the converter stations with droop control

and DC current control, respectively. Py, ; and Py, ; are represented as:

-1

Pdrp,i = (vdc,i - vdc,io) + Py (5-3)
kdroop

Pi,.j = Vacjlac; (5-4)
Substitute (5-3) and (5-4) into (5-2) and then take the derivative of (5-2) with respect to v,

we can obtain:

-1 ol .
Zﬁlm = Yj=1ldc, (5-5)
Thus, to avoid the multiple crossovers, Kqyo0p should be selected as kgrpop < |Zl—m|
j=1tdcj

2) Droop gain selection considering the DC voltage balancing: The selection of K 540 should
also consider the voltage balancing performance, otherwise the system may become unstable.
To select a suitable k4y0p, the system model including the main circuits and control parts is
developed. It is assumed that all SMs have identical component parameters and that slight

differences due to manufacturing tolerances are omitted. The total power/voltage and the
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individual DC voltage can be independently controlled for an input-series-output-parallel
converter. Thus, a single SM is chosen for tuning the droop gain. The state-space representation

of the i SM considering the inner current control loop is:

AxXiq s Axiq
4 Axiq_l Axl-q_, Al;l
- Aig; |=A| Aig; [+ BA[Aigy (5-6)
Aig; Aig; Aig,
AVd::i Avdci
o . . . . . (3Vs 3V .
The detailed information of matrices A and B is given in [12]. A = diag (T - 1) s a
diagonal matrix, where V; is the RMS value of grid voltage.
The transfer function of Aijj; to Avg,; is given as
Avge = [C1(sT = A)7'B'] Aig; = G (s)Aiy (5-7)

G1(s)
where C; =[0 0 0 O 1].B’ has a dimension of 5% 1, representing the first column

vector of BA. With use of the droop controller, we can obtain

Aiy; = Gpi(s)(Avje; — Avgey)
= GPI (S)(_kdroop (Apdrp,i - Apio) + Avdc,io - A17(10,1') (5'8)

3V 4 .
Apdrp,i = TAldi (5-9)
Aig; = [Co(s1 — A) 1B’ Al = G, (s)Aij, (5-10)

G2(s)
where C; =[0 0 1 0 0] Avgeio = AZ‘;VCO and Ap;o = % are selected to achieve the DC
voltage and power balancing. Gp;(s) = w is the outer loop PI controller. Combining

(5-7)—(5-10), the closed-loop transfer function of Avy. ;o to Avgy; for the i SM is obtained as

_ Avaei _ Gpi(s)Gi(s)
Gvb (S) B Avgeio B 1+1.5kgroopVsGpi(s)G2(s)+Gpr(s)G1(s) (5-11)

The open-loop transfer function corresponding to (5-11) is

GPI(S)Gl(S) (5_12)

G s) =
Vb_Open( ) 1+1-5kdroostGPI(S)Gz(S)

87



When k4,60, is increased, the closed-loop poles’ trajectories of Gy (s) is shown in Figure 5.5.
The main circuit and controller parameters excluding the droop gain are same to Chapter 4.
Figure 5.5(a) shows the closed-loop pole trajectories under positive power flow while Figure
5.5(b) shows the zoom-in view where the threshold of the k.40, that makes system stable is
displayed. From Figure 5.5, it can be seen that one dominant pole will move to the right half s-
plane (unstable area) when the k4,0, increases. The threshold value of k.40, that makes the
system stable is 0.0402. Therefore, considering both the multiple crossovers and DC voltage

balancing performance, the k.40, should be selected as

m

kdroop = Min (|25'=1idc,j ’ Kvb,Opt) (5‘13)

Figure 5.6 shows the open-loop Bode diagram of (5-13) under kgy-00p =0.023. The obtained

bandwidth and phase margin of the open-loop system are 200 rad/s and 55° which are

acceptable.
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Figure 5.5. Closed-loop poles’ trajectories in equation (5-10) as k4., increases. (a) Dominant
poles’ trajectories. (b) Zoom-in view of dominant poles’ trajectories.
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Figure 5.6. Open-loop Bode diagram of equation (5-10) when k4,50, =0.023.

5.3.3 Design of Secondary Power Compensator

Since a smaller droop gain is used to avoid multiple crossovers, a potential large power offset
may occur under the dynamic change of DC current. This reduces the accuracy of power control
and sacrifices the advantages of using the narrow band in the piecewise droop control. A
secondary power compensator is used to compensate the potential large power offset due to the
smooth droop curve. The power reference is superposed with a compensation variable which
aims to eliminate the power flow offset (see the blue rectangular in Figure 5.4). This

compensation variable is obtained from a low-pass filter (LPF) and given as

1
Avgco,i = Kcomp v (Apdrpa,,g - Apio) (5-14)
LPF
Z?: Ap rp,i
Apdrp_avg = ITM (5-15)

where K,y 1s the proportional gain of the compensator, 7 is the time constant of the LPF,
Avg,; is the compensating voltage reference, and pgy,p qvg is the average power of all SMs.

After adding the compensator, the Aij; in (5-8) is expressed as

Aic*ii = Gp; (s) (Av:;c,i - Avdc,i) = GPI(S) (_kdroop (Apdrp,i — Apio ) + Avdc,iO +

Kcom
T (Mpar gy~ BPi0) ~Avaci)  (5-16)
Combining (5-7), (5-9), (5-10) and (5-16), we can obtain the sensitivity of Apg,p, ; to Avg; by
setting Ap;o and Avg, ;o to zero. The sensitivity of Ap gy, ; t0 Avg.; in each SM is shown in (5-
17). Adding all equations in (5-17) yields the sensitivity of the total output power (Apg,p) to
the DC link voltage (Av,.) which is shown in (5-18).
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_ —G1(s)Gpj(s) _ Kcomp
(Avdc,l - 1+G1(s)Gp1(s)( dToopApdrp,l 541 Apdrp_avg)
( Kcomp

kdroop Apdrp 2 m Apdrp_avg) (5‘17)

—G1(8)Gpy(s)

>
<
QU
)
o
||

1+61(S)GP1(S)
_ —G1(s)Gpj(s) _ Kcomp
Avdc n — m (kdroopApdrp,n Is+1 Apdrp_avg)
n
—G1(s)Gpi(s) Kcom
Avge = 146.(5)Gp1 () KaroopBPdrp,1 — mApdrp avg
i=1
— —G1(s)Gpj(s) Kcomp _
- 1+Gl(s)GpI(s)(kd700p Ts+1 ) Parp (5 18)

In (5-18), due to the low-pass filtering effect of £ the power compensator has little impact

on the sensitivity of the power to DC Voltage and hence, the droop characteristic is still
determined by kgr40p- To decouple the dynamics between the secondary power compensating
loop and the droop control loop, the LPF should be properly designed to ensure that the
response speed of the secondary power compensating loop should be 5—10 times slower than
that of the droop control loop. The K4,y can be selected by studying the transfer function of
the secondary power compensating loop. Based on (5-7), (5-9), (5-10) and (5-16), the
relationship between Ap;o and Ap g, ; is given in (5-19). Adding all equations in (5-19) yields
(5-20).

BParps = Jrorirom s (BP10 (Karoop + “E252) + “22ADarp.avg)
Apdrp.Z = 2(1+Gl(S)Gp,s(:;)(-;l-PSIk(:)TZZO:I)/SGPI(s)Gz(5) (Apzo(kdroop K;‘:ﬂp) + TCS(Tlp Pdrp_avg)(5-19)
AParpn = 2(1+G1(S)Gpls(‘s/)s)i}:"f:l)rii(::/sGPI(s)Gz(s) (Apno (kdmoP KTCS(TIP) + CsO-Tlp Parp_avg )
Z?=1 Apdrp,i - (1+G1(s)Gplg(]s/)s)GJrZIIfZ)rizo;)/sGPI(s)Gz(s)\zl 1 Aplo (kdroop Kggﬁp) +
n e AParp avg) (5-20)

By rearranging (5-20), the closed-loop transfer function of Ap, to Apg,p is obtained as

K
3VsGp1(s)G2 (5)(kdroop _$)

Aparp
Gp(s) = = 5-21
P( ) Apo 2(1+Gl(S)GPI(S))+3VSGPI(S)GZ (S)(kdroop_l(rcf#) ( )
The open-loop transfer function corresponding to (5-21) is
_ 3VsGp1(s)G2 (S)(kdroop _KTC:#)
Gvb_open (S) - 2(1461(5)Gp1(s)) (5-22)
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To decouple the dynamics between the secondary power compensating loop and the droop

control loop, the response time of the secondary power compensating loop can be 5—10 times

larger than that of the droop control loop. The closed-loop pole trajectory is shown in Figure

5.7.
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Figure 5.7. Closed-loop poles’ trajectories in equation (5-18) as k), increases.
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As can be seen in Figure 5.7, a pair of conjugate poles will move to the right half s-plane when

kcomp 1s greater than 0.185. Thus the k4, should be selected less than the upper bound.

To decouple the dynamics between the secondary power compensating loop and the droop
control loop, the response speed of the secondary power compensating loop should be 5—-10
times slower than that of the droop control loop. The open loop Bode diagram of the secondary
power compensator (Gp open(s)) With Keomp =0.085 is shown in Figure 5.8. The cut-off
frequency of Gp open(s) is 20 rad/s, which has 1/10 times the bandwidth of the droop control
loop (by comparing the red solid line and green dashed line in Figure 5.8(b)). Thus, the

dynamics of the two control loops can be decoupled.

5.4 Simulation and Experimental Validation

5.4.1 Simulation Results

The simulation is conducted in MATLAB/Simulink for a three-terminal system, where two
stations are based on the cascaded 3L-NPC converters, and the third terminal is a converter
operated as a controllable current source (the configuration is same as the Figure 5.1). Both
cascaded 3L-NPC converter stations work under P — V. droop control while the converter in
station 3 under DC current control. The parameters of the main circuits and voltage and current
PI controllers are the same as [90]. The power and voltage references of the droop controller
for all the four case studies (Figures 5.9 to 5.12) are Py = 10 kW and V,;.,=360 V, respectively.
The DC current reference for the DC/AC converter is set as 1;.0=55 A.

Figures 5.9—5.12 show the DC current output from the converter station 3 and the DC voltage
and power of one of the cascaded 3L-NPC converters. Figure 5.9 shows the case when kgr40p
is 0.06 which is greater than the threshold. In Figure 5.9(a), the DC current can track the
reference. However, due to the multiple crossovers, the operating points will deviate from the
desired operating points. This phenomenon is reflected in the Figure 5.9(b) and (c). The DC
voltage will decrease to the minimum voltage according to the droop curve (the minimum

voltage is set as 280 V).

Figure 5.10 shows the case when kg..q0p is properly selected as Kgp0p=0.023. As seen in

Figure 5.10(b) and (c), by contrast to Figure 5.9, the operating points are nearly same to the
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references. Thus, the adverse multiple crossings have been eliminated. Also, the DC voltage

across SMs is balanced well, as shown in Figure 5.10(d).
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Figure 5.9. Multiple crossovers when K., is 0.06. (a) DC current. (b) total power. (¢) DC link
voltage. (d) SMs’ DC voltages.

Figure 5.11 shows the impact of the change of the DC current on the voltage and power drift
when the secondary compensating controller is not used. In Figure 5.11(a), the current
reference of the converter station 3 has a slight change from 55 A to 40 A after 0.7s. Since a
smaller kgro0p 1 used, the cascaded 3L-NPC converter station is more sensitive to such a
change of DC current due to the flat characteristic of the droop curve. As a consequence, a

relatively large drift of power arises and the voltage decreases, as shown in Figure 5.11(b) and

().

Figure 5.12 shows the improved performance after implementing the secondary compensating
loop. As can be seen, although the DC current drops down, the power can be restored to the
desired value by increasing the DC voltage (see Figure 5.12(c) and (d)). Thus, the secondary

compensating loop is useful for the application where an accurate power control is required.
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5.4.2 Experimental Results

The presented control schemes were experimentally validated using a three-terminal MVDC
testbed consisting of two cascaded 3L-NPC converter stations and a DC power supply. The
DC power supply is EA-PS 9200-25, which can provide 1.5 kW power.

For each cascaded 3L-NPC converter station, two 3L-NPC SMs were cascaded to build a 180
V DC link voltage, with each SM is operated at 90 V. The DC power supply is operated under
current source mode to provide desired DC current. The hardware configuration of the system
is shown in Figure 5.13. Since the operation conditions of the two cascaded 3L-NPC converters
are identical, only one cascaded 3L-NPC converter is observed. Given that the power provided
by the DC power supply is limited, the chosen kg0p is not strictly consistent with that in the
simulation. According to (5-13) and [90], it is obtained that the higher the power is, the more
likely the multiple crossovers and voltage imbalance are to arise. Therefore, the previous sub-
chapters considered the selection of kgr40p in the worst case (i.e., at maximum power) while
in this experiment, the selection range of kgy0p can be increased. Although the experiments

are carried out at relatively low power, the presented scheme can still be verified.
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Figure 5.13. Three-terminal MVDC configuration consisting of two cascaded 3L-NPC converter
stations and a DC power supply.
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Figure 5.14. Waveforms when kg ,..,), is set to 0. 36. (a) Currents and DC voltages. (b) Output
power from DC power supply.

In Figure 5.14, the references of each cascaded 3L-NPC converter station are set as Py =
750 W and V. =180 V, and the current of DC power supply is adjusted from 0 to around 8 A.

As can be seen, multiple crossings arise when k50, is 0.36 which is larger than the threshold
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2

= 0.25. As shown in Figure 5.14(a), the DC voltage of each SM at steady-state is 80 V,

liacl
which is 10 V less than the given voltage. In Figure 5.14(b), the steady-state power is around
1.25 kW, which is 0.25 kW less than the given value (the high-frequency ripples of the power

have been filtered without influencing the steady-state performance).

The multiple crossings are avoided in Figure 5.15 when k.40, decreases to 0.072. As seen in

Figure 5.15(a) and (b), the drifts of DC voltage and power are effectively mitigated and thus

the desired operating point is achieved. Also, the SMs’ DC voltages are well balanced.
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(b)
Figure 5.15. Waveforms when kg, is set to 0.072. (a) Currents and DC voltages. (b) Output
power from DC power supply.
In Figure 5.16(a), the DC current changes from around 8 A to 7.2 A after time -20 s.
Consequently, there is a 200 W power drift (see Figure 5.16(b)) due to such a change of DC
current. To pursue an accurate power control performance, the secondary power compensating
controller is implemented after time 16 s. The power quicky restores to the similar level of the
original operating power. Thus, power accuracy is improved by about 13%. This is achieved

by increasing the DC voltage. The A voltage limitation can be added to avoid the overvoltage

according to the requirements of the real applications. From the perspective of power output
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accuracy, the presented methods are qualified.
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Figure 5.16. Waveforms under DC current change, with and without secondary power
compensator. (a) Currents and DC voltage. (b) Output power from DC power supply.

5.5 Summary

This chapter focused on the multiple crossovers of multiple-slope based decentralized control
in a cascaded 3L-NPC converter based three-terminal MVDC system. The voltage and power
drifts caused by the multiple crossovers were first analysed. Then, a trade-off between the
multiple crossovers, DC voltage balancing across SMs and the power control accuracy was

well addressed by modifying the droop controller.

When cascaded 3L-NPC converter stations adopt the voltage—power droop control while
another station the constant DC current control, the multiple crossovers may appear. Through
analysis on the physical mechanism, the normal operating point is unstable, and may move

away due to a disturbance. This leads to a large power and voltage drifts, which are not desired

in practical applications.
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Decreasing the droop gain is helpful for eliminating multiple crossovers. Also, the DC voltage
balancing performance can be improved as well with using a smaller droop gain, since the
converter is more like a voltage source so that DC voltage difference between SMs can be
decreased. Thus, the droop gain should be properly selected to concurrently satisfy the
performance of these two aspects. The small-signal analysis is used to design the droop gain.
With the designed gain value, the system presented satisfactory performance regarding

bandwidth and stable margin which are shown in the Bode diagram.

Although a small droop gain is helpful for the aforementioned two aspects, this is at the cost
of decreasing the power control accuracy. This trade-off cannot be balanced by adjusting the
droop gain only. To address this, a secondary power compensator is used to restore the power
to the given reference. The response time of the secondary power compensator is 1/10 time of

that of the droop controller. Thus, their dynamics are decoupled.
The theoretical analyses and presented control methods have been verified by both MATLAB

simulation and experimental tests based on a 1.5 kW three-terminal laboratory-scale MVDC

testbed.
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Active Thermal Sharing
Control for Submodules

of a Cascaded 3L-NPC
Converter

This chapter presents the active thermal sharing control of the
cascaded 3L-NPC converter to enhance the system reliability.
This way, active and reactive power regulation is conducted
according to the individual junction temperature of each SM.
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6.1 Introduction

Although equal sharing of current and voltage stresses among SMs can be achieved by the DC
voltage balancing control in previous chapters, the thermal stresses can be unequally shared
due to the mismatched parameters of components (e.g. IGBTs) and partial cooling system
failures. This may lead to different degradation of SMs and hence reduction of the system
reliability. To address this challenge, in this chapter, an active thermal sharing controller is
superposed on the voltage balancing controller as an outer control loop to adjust the DC voltage

and power of each SM. By means of this method, the equal thermal sharing is achieved.

In this method, a PI-based thermal controller is embedded in each SM to adjust the active and
reactive power. A high-level main controller is used to send the mean temperature of SMs as
the reference to SM controllers and manage the thermal conditions of the system. Constrained
by the minimum DC voltage of each SM, the thermal regulation range is limited. Hence, the
thermal control capability which is dependent of the minimum DC voltage is discussed. Upon
the thermal control capability of any SM reaching the limit, the temperature reference is
changed to be the mean temperature of the rest SMs by the main controller. To facilitate the
controller parameter design, a system model is presented in detail, followed by a gain tuning
of the thermal PI controller based on the Bode plot. The presented control strategy is validated
using a laboratory-scale MVDC testbed. It is shown that the junction temperature of SMs can

be effectively balanced when cooling system failures occurring in a SM.

6.2 Active Thermal Sharing Control Method

6.2.1 Thermal Sharing Control Loop

The active thermal sharing control loop is enclosed by the green dashed block in Figure 6.1.

The junction temperature reference T} is calculated by the main controller and sent to each
SM’s thermal sharing control loop. 7} is the average junction temperature of all SMs. Tj; traces
T;* through a closed loop, where Tj; is the junction temperature of the it" SM. The error
between T;" and T; is eliminated by two PI controllers, which generate compensating active

and reactive power references. As the active power of each SM is proportional to its DC voltage,

the d-axis variable Vg; com; 15 added as a compensation term to the DC voltage controller and,

thus, to regulate active power. On the other hand, the g-axis variable ig; ;om, is added as a
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compensation term to the g-axis current control loop to regulate reactive power. Through this
configuration, thermal stress is equally distributed for all SMs. Additionally, since the sum of
outputs from the thermal PI controllers of all SMs equals zero, the thermal control loop is
decoupled with the power control loop. This implies that even though the thermal controllers
regulate power changes in individual SMs, the total change across all SMs remains zero. The

detailed analysis is given in Section 6.4.

O+ Va2

Main controller SM controller

Closed active thermal sharing loop SM 1

AL gi_MAX AC
1 .
B e —On
. DC
Al g

T .. .| Junction temperature

* PI temperature
ji ; :
’ reference calculation

""" regulators

e . id[,comp _DC
Vi, W
v, .

dq current
controller PWM i SM N
and PWM . —N\ AC

i=1,2,...,N
modulation ! —@—
DC

[E- Va2

Figure 6.1. Thermal sharing control schematic of the MVDC system with /N cascaded SMs.

Power reference
] adjustment for
. thermal management

Juncture temperature is determined by the power losses. The power losses at different power
factors are shown in Figure 6.2, which is obtained through the simulation conducted in PLECS
using the IGBT module F3L75R07W2E3 B11. The parameters of this IGBT module at 25°C
are given in Table 6.1. It can be seen that the T; and T, are the devices with high power losses
at the unit power factor with positive active power flow (the power flows from the DC to AC
side), while the D; and D, become the dominant devices at unit power factor with negative
active power flow (the power flows from the AC to DC side). When power factor is zero, the

Dy and T, have the highest losses.

The lifetime of a converter is restricted by the most severely heated components. Thus, Tj; may

be selected as the junction temperature of the most heated component of the it* SM. However,
as each SM is formed by 30 individual devices (4 IGBTs and 6 diodes per phase), it would take

significant time to calculate all junction temperatures to identify the device exhibiting the
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highest temperature. For simplicity, a three-phase balanced condition and no drift in the
neutral-point voltage are assumed. In this case, the devices of one bridge arm only
(Q1,Q4, Dy, D, and Dyp in Figure 6.1) are sufficient to represent the thermal condition of a
SM due to the symmetrical structure of the converter. Thus, Tj; should be selected as the highest
temperature:

Tji=max{To, 1, To,i Toyis Toyis Towpei} (5-1)

where Ty i, To,i» Tp,i» Tp,iand Tp,,.; are the junction temperatures of the five devices.

™ D2
20 ' T2 Dnpc
I D1
= 15 §
B
(%]
210t -
)
=
)
o gl i
0 1 1 1
1 0.5 0 -0.5 -1

power factor

Figure 6.2. Power loss distribution at different power factors.

TABLE 6.1. PARAMETER OF IGBT MODULE F3L75R07W2E3 B11.

IGBT Value Diode Value
Veeo 0772V Vro 0.83V
Ree 3.29 mQ R¢ 2.22 mQ

Eon + Eoff 3.5ml Erec 59ml

Ren1,0 0.051 K/'W Rinip 0.097 K/'W

Ten1,0 5x10* s Tehap 5x10* s

Rinz0 0.117 K/'W Rinap 0.219 K/'W

Ten2,0 5x107 s Tthop 5x1073 s

Rinso 0.426 K/W Rinsp 0.576 K/W

Tth,3,0 0.05s Ttn3.D 0.05s

Ripag 0.506 K/W Rinap 0.508 K/'W

Tth,4,0 0.2s Tth4,D 0.2s
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6.2.2 Power Losses of Semiconductors

The Tj; is determined by the device’s power losses which include both the conduction and

switching loss. The real-time power loss calculation of a device x (x = Q4, Q, D1, D, and Dyp¢)

over a fundamental period is given as

Pcon = Tlof(:le vdrop (t)i(t)5(t)dt (6‘2)
P =22 [ By (04 (0, 1(D) )t (6-3)
Poss = Peon + Bow (6-4)

where 4(t) is a switching function, denoted as d(t) = 1 when device is on and d(t) = 0 when
device is off. V4,4 is the conduction voltage drop on the resistance of a device and E,,, is the

switching energy. For IGBT devices, Eg,, = E,, + E o5, while for anti-parallel diodes, E,, =
E..c @1 and @, are the phase angles. T is the fundamental period.

Based on the instantaneous power loss calculation, the average models of the five power

devices in one arm has been listed in Table 6.2 according to [84].

Table 6.2. Average power loess of devices in a fundamental period [84].

Conduction losses Switching losses
Mmi B} - \Kj Ky
T 2L {3Veeo [ — )cos(p) + sin(p)] + FonEon (_) (_) Leoste) g,
f ref T
2R I[1 + cos(p)]?}
i , S \K K
T, E{Vceo[ﬂ + 3M(pcos(p) — sin(p))] + ForEa (I;) 1 (::c_eo) v 1—czos(<p) G,
f ref T
R 2
Reel [37 — 2M(1 = cos ()]}
i N S K
Di | Ly [~ pcos(p) + sin(p)] + 2ReI[1 - g (L) (Veeo) ¥ L= coso)
) swHsw Iref Vref 27 I
cos(¢)]?}
Mi ] o
D, E{Vfo [—pcos(@) + sin(p)] + 2R I[1 — 0
cos(¢)]?}
I - \K K
Drpe E{Vf"[lz + 3M((2<p —m)cos(p) — FonEew (I;) 1 (::e_eo) 14 1+czo;(<p) G,
ref ref
2sin(@))] + RyI[3m — 4M(1 + cos? ()]}

[ Peak value of current; M: modulation index;
Ler: Reference current value of the switching loss measurement
Vyes: Reference voltage value of the switching loss measurement
K;: Exponent for the current dependency of switching losses;
Ky : Exponent for the voltage dependency of switching losses;
G;:Adaptation factor for the non-linear semiconductor characteristics;
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The analytical expression of the power losses in Table 6.2 is complicated and not suitably
incorporated into the system modelling. Py, , 1s represented by a 2" order polynomial of
active and reactive power, given as:

Piossx = Q1xP; + 2P? + a3xPiQ; + A4 xQi + 052QF = fioss,x (P Q) (6-5)
where a, = [al'x, a2, A3 ) a4,x,a5,x] is the coefficient vector obtained by the polynomial
fitting. Take device Ty as an example. The comparison between the polynomial fitting and the

theoretical analysis is shown in Figure 6.3. As can be seen, the fitting results are satisfactory,

although there is a slight mismatch.

T1

I polynomial fitting
[ theoretical calculation

100 -

50 A

power loss/W

6000

P/W 0 0 QW

Figure 6.3. Comparison of power losses between theoretical analysis and polynomial fitting.

6.2.3 Junction Temperature Estimation

The junction temperature is estimated based on the thermal impedance network. There are
types of the RC thermal impedance model - Cauer and Foster thermal models [106]. The model
is adopted and shown in Figure 6.4. There are four layers of impedance with different time
constants. The temperature at the top is the junction temperature, which has the highest value.

The aging of the IGBT module is related to the junction temperature.

th JC1 Rth JC2 Rth JC3 th JC4

T; Cth JCl }T Cth chTCth JC3 Cth _[C4

Figure 6.4. Thermal impedance network.

~

-

The junction temperature of power devices at steady-state can be calculated based on the 1-D

lumped thermal network in Figure 6.4:
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Tj,x = Ploss,x(Rth,]H,x + Rth,HA) + TjA (6-6)
where Rep jp o = (Rth,l,x + Ripox + Renszx + Rth,4,x) is the thermal impedance of junction to
heat sink. R;p, 4 1s the thermal impedance of the heat sink to the ambient air. T;4 is the ambient

temperature.

6.3 Thermal Control Capability Analysis

6.3.1 Thermal Control Limitation
Thermal regulation is limited to the adjustable range of active and reactive power among SMs.
Assuming some SMs are overheated by ATj, their junction temperature (T; ,,) will be equal to
that of normal SMs (T; ) after applying the thermal sharing control method. Based on (3),
PiossnomBRennom = Ploss,onRenon + 4T; (6-7)
where Piygs nom and Pjyss on are the power losses of the most heated components in the normal
and overheated SMs, respectively. Ripnom = Renjunom + Renna and Repon = Ripjmon +
Ripya are the thermal impedances of junction to the ambient air of the corresponding
components. Py,¢s on has a lower boundary Pyygs min Which is determined by the minimum

allowable power of a SM, P; ;i and Q; pin. As the remaining power is redistributed equally

—MP;imin and Q—-mQ;imin
N-m N—-m

. . . P .
to the normal SMs, their active and reactive power are , Where m is the

3 3 . .
number of overheated SMs, and P = Eled and Q = EVqu are the active power and reactive
power of the converter. As the reactive power of each SM can be reduced to zero, the minimum
reactive power and current, Q; pn and Ig; mn, are then zero. The minimum active power P; 1,

is proportional to the minimum DC voltage V¢; min of the SM, and this is given as:

P
Pi,min = Vdci,minldc = Vdci,minﬁ (6-8)
c

where V;.; = % is the DC voltage of the i SM and V. is the total DC link voltage. Ve min
should be no less than the peak AC voltage, but it should provide sufficient margin for the
required power. The voltage synthesized by the converter is given as

vg + jvg = R+ jol)(ig + jig) + vs (6-9)
The phasor diagram of the converter voltage is shown in Figure 6.5. As the resistance is

normally much lower than the inductive impedance, the voltage drop on the resistor can be

omitted. Thus, it can be seen in Figure that the 90" lagging power factor would lead to the
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largest converter voltage. The largest converter voltage and the required minimum DC voltage
to provide such a voltage are given as

Vaqu = wLlg + Vg (6-10)

Vdc,min = 2qu,l (6-11)

NJ¢ Vs VR
l zla
RN

Considering10% of the grid overvoltage, V. min 1s expected to provide at least 1.2 p.u. V5 to
supply the desired output power [107], [80]. The maximum value of AT; to meet the condition

for temperature equal sharing is obtained by combining (5-5)—(5-8) as:

(N -m Vdc,min) p Q

|4
AT} max = frossnom (N — mC;;V "N —m Rthnom
VacminP
- floss,oh <#{Z! O) Rth,oh (6 —12)

where Vg min = 1.2 X 2 X V2NVSe and V%€ is the AC voltage at the secondary side of the
isolation transformer at the converter side (i.e., low voltage rating). In (6-12), fj55s nom and
fioss,on are the polynomial functions used for fitting the power losses of the normal and
overheated SMs. The equation indicates that if the increased temperature of the overheated

SMs exceeds AT nqx » the thermal sharing control limitation has been reached. Thus,

temperature equal sharing cannot be achieved. This unequal sharing should be considered in

the reference calculation of junction temperature.

6.3.2 Junction Temperature Reference Calculation

If AT; < AT} jnax, the saturation of the temperature PI controller of a SM is not reached and the

controller output is proportional to the error between the junction temperature and its reference.

In this condition, T}" is selected as the mean value of Tj; (i = 1,2, ..., N) to avoid interfering
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with the DC voltage and power. Assuming identical proportional and integral gains for all PI
controllers, the sums of the compensation terms are:

Xcomp,sum = Gth,sum(s) (T]* - T]z) = 01x2 (6-13)
where X ¢omp sum = [ N véci,comp i;i,comp] is a vector with the sums of the compensation
terms. Gpj tp,qq(S) = [Z?’zl Gprtha(s) >N, Gpi,thq (s)] is a vector with the sums of transfer
functions of the PI controllers as entries. 0,4, = [0 0] is a vector with zero entries. From
(6-13), it can be seen that the sums of Vg.; comp and ig; comyp are zero, which implies that the

thermal control does not influence the DC link voltage or total power.

As discussed previously, when AT; is greater than AT 4, the thermal control limit is reached.

Under this condition, the output of the temperature PI controller of the overheated SMs will

decrease to its lower limit. Thus, if TJ* were still set as the mean value of T;;, the sums of

Ji»

Vaci.comp a4 Lgi comp 1 (6-13) would be non-zero and the thermal control would interfere with
the DC voltage and total power regulation. To prevent this, T;" is selected as the mean
temperature of the remaining (N-m) SMs instead of the mean temperature of all SMs. The
temperature reference is thus modified as:

T == (6-14)

where Tj,, is the temperature of the m™ SM that meets either Vacicomp = AVacimin OF
Lgi,comp = Dlgimin, and N’ is the number of SMs that meet such a constraint. Here, AV pin
and Alg; yy are the limit values of the temperature PI controllers as shown in Fig. 3. In turn,
AVacimin = Vacimin — Vaeo and Algimin = lgimin — ;0 = —I;O, and are selected according

to the allowable minimum active and reactive power. To ensure Vg comyp and ig; comp reach

their minimum values at the same time, the ratio of the gain of the d-axis and g-axis PI

Gprenda(s) _ |AVacimin|

controllers is selected as = .
Gp1,th,q(s) |AIgipin

6.3.3 Thermal Management by Power Adjustment

In the event of severe overheating, the highest temperature among SMs Tj; 5 may exceed the
maximum allowable junction temperature Tj,x even if a thermal control scheme is

implemented. Thus, the power output of the cascaded converter must be reduced to avoid

damaging the SMs. This is achieved by decreasing the apparent power setpoint S*. To do this,
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T;; of all SMs is firstly sent from SM controllers to the main controller to identify the SM with

the highest temperature. Then, an appropriate power reduction AS*is calculated based on (6-5)

and (6-6). Details for this process are given in the flowchart in Figure 6.6.

Junction temperature
reference update

e T 1
; Power reference update |
C Start of Iteration n > | |
v | |
Update the power | I
reference S, | |
y | |
Receive 7 from SM I |
controllers [ |
* *
| k=0 | S a=S, |l
______ -9
I Judge the number of SMs | I . v = I
| | reaching the limit values | A5 = AL*S + 0 | |
| of PI regualators | | S :“ =3. = AS |
| _y 4T Y |
Junction temperature I Temperature estimation
I reference calculation | | based on (2) and (3) |
| (eq. (8) | |
I | | I
I
I | I

end references
to SMs and

N
( Stop ) \.end Iteration

Figure 6.6. Thermal management inside the main controller.

The process starts by initializing setpoint S5. The main controller receives Tj; from the SMs
and uses (6-14) to calculate reference T;". Meanwhile, the maximum temperature Tj; mqy 1S
found. In the next step, Tj;max is compared with a predetermined threshold value Tj',x -
Considering a thermal time constant, a time delay Tgeiqy = KethermaTpwn 18 considered,

which is the time interval for calculating AS*, where Tpy, )y, is the switching period (Tpypy =

1
10 kHz

= 100us). Tgeray Was selected as 200 ms in this paper by considering the time constant

of the thermal impedance in Table 6.1. Kiperm 1s the counter value, which is equal to

109



T .
Ketherm = ﬁ = 2000. If T max > Tiwax after Tgeray, Sny1 = S — AS™ is updated for

the next iteration. AS™ is iteratively obtained using (6-5) and (6-6) until condition Tﬁ%ax <
Ti'yax is met, where Tﬁ%ax is a theoretically calculated value of the maximum junction
temperature which dictates whether S5, should be further decreased. If Tj; 1, has been limited
below T;'yax, Sp remains unchanged (i.e., Sp.1 = Sy) and the algorithm proceeds to the next
iteration. An allowable minimum power Sy;;y could be set according to practical requirements.

If §* < Spn, the operation of system should be shut down.

6.4 Modelling and Controller Parameter Design

6.4.1 Small-signal Model of the System

1) Small-signal model of a single SM: The dynamic equations of the dq current loop in the SM

controller are:

bagi =~ [(Rago + Bigicomp — Baqi) + KirRigyy| — -2 (6-15)
bagi = iZqo + i:}qi,comp - idqi (6-16)
where igq; = [lai Iqi] is the dg current, and iz, = [lao igo]l and iy comp =
[iZi,comp i;i,comp] are the references produced by the power and thermal controllers,
respectively. X; dqi = [*1a;  *14i] is the output of the integral action of the current PI controller,
K, and K;; are the proportional and integral gains of the controller, and L and R are the

transformer leakage inductance and AC circuit resistance. In this notation, ‘X’ stands for the
perturbed value of variable x and an uppercase notation is used to denote RMS values of AC

variables (or average values of DC variables).

The equations of the DC voltage PI controller are:

A% _ A A

ldi,comp - Kp'udcxvdci + Ki,udcxvdci (6_17)
PN _ -~ 1?dc Ak
dea- = —Vgei + T + vdci,comp (6‘18)

where Vg.; comp 18 the DC voltage reference generated by the thermal controller, Kp,,, and
K, are the proportional and integral gains of the controller and xy, . is the output of the

integral action. The dynamic equation of the DC voltage of the SM is obtained from the power

relationship between the AC and DC sides of a converter as
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A Iq ﬁd i id 3Vd'id'
Dyei = cVdci c _ itdi (6-19)
CaciVaci  Caci  2CaciVdci

where i;. is the DC link current and C,.; is the DC capacitance. Assuming v, is fully

regulated by the DC voltage control station, ¥4, is considered as zero for simplicity.

For modeling the dynamics of the thermal network, a four-layer thermal impedance with
different time constants is normally considered (7¢p ;). The time constants are shown in Table

Ren o

6.1. However, to facilitate the analysis, a first-order transfer function ( 1) was used instead

Tens
to represent its dynamics, where Ty, is the equivalent time constant defined as the time when
the output of the system is approximately equal to 0.63 times the steady value under a step
input. A simulation was performed in the time-domain to analyze temperature variations caused
by unit power losses, using both actual impedance and equivalent impedance. Figure 6.7
displays the comparison, which indicates a minor discrepancy. Thus, the equivalent impedance

is acceptable to represent the dynamics of thermal behaviors.

~
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Figure 6.7. Change of temperature under unit power loss (the orange line represents equivalent

impedance, and the blue line represents real impedance).

By linearizing (6-5), the dynamic equation of the thermal network is then
= =T ji+WiFioss (6-20)

Tth

where FlOSS = [a1 + Zazpoi + a3Q0i a3P0i + ay + ZasQoi]T and Wl- = [Pl Ql] It is noted

\.ﬂ)'

that only the dynamics of the impedance of junction to heat sink are considered. The dynamics
of the impedance of heat sink to the ambient air are not modeled due to the very large time
constant (of around tens of seconds [74]). Hence, the temperature variation of the heat sink
during an updating period of the thermal control loop is considered unchanged. Combining (6-

15)—(6-20), the state-space representation of a single SM without controllers is:

Romi = AsmiRsmi + Bsmilisu (6-21)
ySMi = CsmiXsmi (6-22)
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. T
where  Xgy; = [ldqi Xlagi T;i  vgc xvdci] is the state  vector, Ugy; =

«

[Vacicomp ltgqicomp laqol” is the input vector and ygu; = [Tji  W;i]T is the output vector.
Agyi, Bsyi and Cgyy; are provided in the Appendix B. The transfer matrix representation of (6-

21)-(6-22) is obtained as
Youi(s) = [Copi (ST — Agpi) " Bl Uspi () =

G,en(S)  Goen(s)  Gsen(s) Gatn (s)
Gy1p (s) Gap (s) Gsp (s) 0 GSML' (s) (6-23)
G10 (s) Gz (s) 0 G30 (s)

The outputs of the temperature and power PI controllers are given, respectively, by

1/7\201',comp = GPI,th,d(S)(SLfk - Sl) (6-24)
Lgicomp = Gpi,thq(S) (Sl* - Si) (6-25)
" 1 — o
lago = 5 Gprw (S) (W - W) (6-26)
K +Kir 0.2V4c Kp, +Ki,
where Gpj p,q(s) = W, Gpithg (s) = TdGPl,th,d (s) and Gpyw(s) = %WSW are

the transfer functions of the thermal and power PI controllers (see Figure 6.1). In (6-26), W* is
the power reference and W is the output power (W = YN, W;), whereas in (6-24) and (6-25),

N
_ Zi=1 Tji

6; is the difference between Tj; and the mean value (i.e., §; = Tj; v

), and &; is the

reference of §;. To achieve equal thermal sharing, §; is set to zero.

2) Small-signal model of the cascaded 3L-NPC converters: Assuming the parameters for each

SM are identical, the temperature equations for an N SM-cascaded system are:
A QS x S JAT* =T
(Tj1 = Gs,th(s)(51 - 51) + GW,th(S)(W - W)
T QS x N JAT* =T
Ty = Gsen(s)(85 — 82) + Gy en (S)(W* — W) (6-27)

Tin = Go,n ()6 — ) + Gy e () (W* — W)

0.2Vge
where Gsen(s) = (Gl,th(s) + qu Gz,th(5)> Gprtna(s) , and Gy en(s) =

[GP,th(s) GQ.th(s)] = [%GPI,W(S)G&th(S) %GPI,W(S)GAL,th(S)] . From (6-27), the

following expressions are obtained:
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‘ﬂ)

11 = Gs th(s)[(5 S) - (Sf - 81)]
12 = Gg, th(s)[(a* - 5) (52 52)] (6-28)

(7
iT —TN—G,gth(s)[(cS — &) — (83 — on)]

'ﬂ)

Letting 85 = — YN, §; and adding all equations in (5-28) yields

8 = Gsen()[87 — 6] (6-29)
Solving for §; results in
8 _ _Gsen(s)  px
0; = VNS 0; (6-30)
Equation (6-30) shows that when the constraint 55 = — XN §; is met, the difference between

the temperature of each SM and the mean temperature can be independently controlled. In fact,
the control system has N control degrees of freedom: one for the control of total power and the
remaining N—1 for temperature control between N modules. The thermal balancing control
(i.e., 87 = 0) is a special case as §; can be selected arbitrarily to regulate the temperature
difference between any neighboring SMs. As the thermal control loops are decoupled from
each other and from the power controller, Gp; (S), Gpyen.a(s) and Gpy ¢y q(s) can be tuned

separately.

6.4.2 Controller Parameter Tuning

The tuning of Gp  (s) is referred to [101], and only tuning of Gp; ¢4 (s) was discussed in this

thesis. The zero of Gp; p, 4(s) is selected to cancel the pole of the equivalent thermal impedance

RengH
TthS+1

transfer function which has the largest time constant in the control system. Thus, K; ¢p, is

selected as K; 1, = Kp ¢, /T¢p. The parameters of the controllers and relevant circuit used for
tuning the thermal PI controller are same as Chapter 3. Figure 6.8(a) shows that the closed-
loop poles locate in the left-half s plane when K, .p, is less than the threshold gain value
Ky, th,max»> Which indicates that the system is stable. If K, ;p, is larger, the system may become
unstable since the dominant poles move to the right-half s plane. To further select a suitable
gain, the Bode diagram of Gg ., (s) is analyzed in Figure 6.8 (b). As seen, the bandwidth of the
thermal control loop increases as the value of Kp ¢ increases, whereas the phase margin is
reduced. To obtain a suitable dynamic performance, Kp ., =2, where the cut-off frequency is

20 rad/s and the phase margin is 40°.
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Figure 6.8. Frequency-domain analysis. (a) Closed-loop poles’ trajectories with increase of
K, tr- (b) Bode plot of G, (s) with different Kp ., from 0.5 to 4.

6.5 Simulation and Experimental Validation

6.5.1 Simulation Results

The simulation is conducted based on the PLECS with four SMs are cascaded together. The
Ripyp of SMI1 is larger than that of other three SMs to create the mismatch in parameters of
components. In Figure 6.9, the Ry, jy of SMI is increased to twice the normal value and the

system is operated without thermal sharing control. As it can be seen in Figure 6.9(a) and (b),
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the junction temperature swing of SM1 is 1.7 °C higher, and meanwhile, the mean temperature

is 10 °C higher than that of the others.

Figure 6.10 shows the case when thermal sharing control is implemented. As shown in Figure
6.10(a) and (b), the junction temperature of the four SMs have been equally shared. To achieve
this, the DC voltage of the SM1 decreases to around 80 V while the others increase to 95 V
(see Figure 6.9(c)). However, the total power is not influenced since the power control is

decoupled with the thermal sharing control (see Figure 6.10(d)).
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Figure 6.9. Results without using thermal sharing control.
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Figure 6.11 and Figure 6.12 show the case when Ry jy of SMI is changed to be four times
larger than that of other SMs to mimic a more severe overheating condition. In Figure 6.11, the
temperature reference is the mean value of the junction temperature of the four SMs. When the
thermal control capability reached the limitation after 0.3 s (see Figure 6.11(c)). The thermal
PI regulator of SM1 is saturated, and consequently, the thermal sharing control is no longer
decoupled with the power control. Thus, the power control is affected, and the power has a
large drop in Figure 6.11(d).
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Figure 6.10. Results with using thermal sharing control.
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Figure 6.11. Results under maximum thermal control capbility (temperature reference is the

mean value of the four SMs).
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Figure 6.12. Results under maximum thermal control capbility (temperature reference is the

mean value of the remaining SMs except for SM1).

In Figure 6.12, the temperature reference is changed to the mean value of the junction

temperature of the remaining three SMs after the thermal control limitation of SM1 is reached.
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Thus, the decoupling between the power control and thermal sharing control still holds. This
is reflected in Figure 6.12(d). As the maximum thermal control capability has been reached,
the temperature of SM1 is not completely equal to that of the others. There is a difference of

about 8 °C in temperature between SMs, as shown in Figure 6.12(a) and (b).

6.5.2 Experimental Results

The effectiveness of the proposed thermal balancing approach is validated through the
laboratory-scale MVDC testbed, which is same as the configuration in Chapter 3. The negative-
temperature-coefficient (NTC) thermistor inside the power module package was used to
measure the heat sink temperatures of SMs. Each SM is installed with a cooling fan to dissipate
the heat of power devices. The estimated junction temperature is obtained using a digital-to-

analogue converter, which has a sensitivity of 16 °C/V.

In practice, the air-cooling system may encounter failures due to issues caused by electronic
parts, such as the power supply and power drives, and mechanical parts, such as the bearings,
lubricant, shaft and fan blades [108]. These may lead to a reduction of air flow rate and even
complete failure of the cooling system. In the experimental tests, the fan speed is regulated

from zero to the rated speed (3000 rpm) to mimic cooling conditions.

Figure 6.13 shows the typical voltage balancing control while the fan of SM1 is operated at
60% rated speed to mimic partial failure conditions (with the remaining three SM fans
operating at 100% rated speed. It is seen that there is a temperature difference of around 8 °C
between SM1 and remaining SMs (i.e. SM2, 3 and 4) in Figure 6.13(a). The DC voltages of
the SMs and currents of phase A of SM1 and SM2 and the total DC voltage and current of the
four SMs are given in Figure 6.13(b). As seen from traces R4, R6, R1 and RS within the yellow

dashed rectangle, the SMs’ currents and DC voltages are equally shared.

Figure 6.14 shows the waveforms when the thermal sharing control is implemented for the
same cooling system failure conditions as in Figure 6.13. The temperature difference between
SMI1 and other SMs is effectively reduced (see Figure 6.14(a)). The balance of junction
temperature is achieved by the closed-loop regulation afforded by the thermal controller in
Figure 6.1. The DC voltage and current of SM1 are decreased to eliminate the overheating, and

conversely, the DC voltage and AC current of SM2 are increased. As seen from the zoomed-
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in view in Figure 6.14(b), the DC voltage difference between traces R6 (SM1) and R4 (SM2)
is around 8 V and the difference of peak-to-peak AC current between traces R1 (SM1) and RS
(SM2) is around 5.5 A (obtained by the value of RS minus R1).
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Figure 6.13. Junction temperatures of SMs without thermal sharing control (the fan of SM1 is
at 60% rated speed and the others at 100% rated speed): (a) junction temperatures of SMs; (b)
SM and total AC current and DC voltage (the bottom plot shows a zoomed-in view).
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Figure 6.14. Junction temperatures of SMs with thermal sharing control (same thermal
conditions as in Figure 6.12): (a) junction temperatures of SMs; (b) SM and total AC current

and DC voltage (the bottom plot shows a zoomed-in view).
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Figure 6.15. Junction temperatures of SMs with thermal sharing control (the fan of SM1 is at
zero speed and the others at 100% rated speed): (a) junction temperatures of SMs; (b) SM and
total AC current and DC voltage (the bottom plot shows a zoomed-in view).

Figure 6.15 shows that the dc voltage further decreases to the minimum limit value when the
fan speed is zero to mimic the full cooling system failures of SM1. At a time of 220 s, the dc

voltage of SM1 has reached its minimum value set as 75 V (see Figure 6.15(b)). With the
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thermal balancing control, the differences in dc voltages and AC currents of SMs at this severe
condition are increased to 20 V and 12 A (obtained by subtracting the values of RS minus R1),
which are larger than those in Figure 6.14(b). Meanwhile, the temperature reference is changed
automatically to the average temperature of SMs 2, 3, and 4. Since the thermal control
capability has been reached, a slight temperature imbalance appears after 240 s (see the pink
rectangle in Figure 6.15(a)). It is seen that the total output power in Figure 6.14(b) and Figure
6.15(b) is not influenced by implementing the thermal controller, which verifies that the
thermal control scheme is decoupled from the power control. It is noted that the dynamics of
temperatures in experimental tests have slow response time than those in simulation results.
This is because the heat sink temperature in simulation is set as constant, thus the dynamics

due to the time constant of the cooling system is omitted.

As SMs work at different operating points, there is a risk of deteriorating the harmonic
performance of the total current [74]. To investigate this point, the fast Fourier transform (FFT)
for the system under a conventional power balancing control is compared with that under the
presented thermal sharing control. The spectra of the currents of phase-A under both control
strategies are shown in Figure 6.16(a). Figure 6.16(b) shows the zoomed-in total phase-A
currents displayed in Figure 6.13(b) and Figure 6.15(b), respectively. The harmonics for both
control methods within the range of 0 to 50 kHz present similar characteristics. Hence, the

presented control strategy has little impact on the current distortion.
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Figure 6.16. FFT analysis of AC harmonics with and without thermal sharing control.

123



6.6 Summary

For the cascaded 3L-NPC converters, the thermal stresses may be distributed unequally among
SMs even with and thus influence the system reliability and increase maintenance cost. The
proposed active thermal sharing control method is able to balance the thermal stresses by
concurrently regulating the active and reactive power. Based on a temperature PI regulator in

each SM, the junction temperature difference between SMs can be effectively balanced.

A unique issue exhibited by the cascaded 3L-NPC converter topology is the limitation of the
thermal regulation which is constrained by the minimum DC voltage of the SM. In the event
of severe temperature imbalance, the thermal control limit can be reached. In this case, the
temperature reference is modified by the main controller to maintain the system operation. To
facilitate the controller design, a small-signal system model is presented. Based on the system
model, it is found that the power and thermal control loops are decoupled so that the thermal

and power controller can be independently designed.

The presented thermal sharing control scheme was experimentally validated through the
laboratory-scale MVDC testbed. The cooling system failures may occur due to the faults of
electronic and mechanical parts. Converters consisting of four cascaded SMs at 360 Vdc/ 2
kVA were tested at different temperature conditions to mimic cooling system failures, which
were achieved by adjusting the cooling system. By implementing the presented thermal control,

the junction temperature has been effectively balanced under cooling system failures.
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Conclusions and
Future Work

This chapter concludes the contributions in the thesis and
presents the potential challenges to be solved in future work and
related technical solutions.
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7.1 Conclusions

High integration of renewable energies into distribution networks poses great challenges to the
existing grid. MVDC technology can offer good controllability of power flows, enhanced
power transfer capability and a better control of grid voltages. In the ANGLE-DC project in
UK, cascaded 3L-NPC converters were adopted due to its lower cost compared with its
counterparts—MMCs. As the cascaded 3L-NPC converters are first used in the MVDC power
transmission system, the suitable control methods are still under-researched. This thesis
contributed to the active control of such a type of converter in distributed networks, with a

laboratory-scale MVDC testbed being used to demonstrate the presented control methods.

A hierarchical control structure was presented for this cascaded converter. The switching
control and converter control are implemented in each SM and the application control is
implemented in the main controller. The main controller can provide flexible control and
management for all the cascaded SMs. The suitable hardware communications were explored
as well. Converter-level and system-level measures are coordinated to enable fast blocking and
isolation of converter under fault conditions. To provide confidence in the control methods, a
MVDOC testbed was developed based on the real ANGLE-DC project. This testbed features the
same characteristics as the real converter station under per-unit scales. With the developed
experimental facilities, typical operating scenarios have been verified, including system start-
up/shut-down procedures, voltage and power control performance, transition between control

modes, and system protection.

A unique challenge exhibited by the cascaded 3L-NPC converters is that the DC voltage
imbalance may occur between SMs. The DC voltage imbalance may result in system stability
if suitable measures are not taken. The mechanism behind the voltage imbalance is first
analysed. Then, the voltage balancing control methods were presented, including the PI-based
method with communication and inverse-droop based method without communication. The PI
controller with communication is used to precisely regulate SMs’ voltages without influencing
output power, while the inverse-droop based control takes over the DC voltage regulation upon
loss of communication, thus ensuring that the system can continue to operate. The hybrid
control structure that combines both PI-based and droop-based methods were also analysed. It
is found that all the SMs should switch to the droop-based methods concurrently if

communication in any of SMs is failed. The effectiveness of presented methods has been
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validated through MATLAB simulation and experimental tests.

With development of MVDC technologies, more renewable energies will be integrated into the
MVDC link of through the power electronic converters. The multi-terminal MVDC link will
become the future trend. DC voltage balancing control in each converter should be designed in
consideration together with the interactions of different converters in a complex multi-terminal
system. The multiple crossovers due to interactions between different converter will inevitably
happen, which may cause adverse impacts such as the power and voltage drifts due to the
multiple crossovers. The interactions between constant current and voltage vs. power droop
control was analysed in this thesis. Firstly, the mechanism of power and voltage drifts was
analysed. It is shown that that the normal operating point is unstable in the condition of multiple
crossovers. Secondly, a control scheme was presented to ensure DC voltage balancing
performance and power control accuracy and concurrently, to avoid the multiple crossovers.
This is achieved by suitable droop gain design and a secondary power compensator. The
presented solution has been verified through MATLAB simulation and experimental validated
based on a three-terminal MVDC testbed. The accuracy of power at steady-state has been
improved by 15% since the multiple crossovers are eliminated. Besides, the power accuracy
has been further improved by 13% with a secondary power compensator at dynamic changes

of DC current.

Beyond the electric characteristics, thermal characteristics of converter is also of great concern.
Although DC voltage balancing control can ensure the equal voltage and power sharing in SMs,
the thermal stress may not be equally shared in abnormal conditions such as the mismatched
components and partial cooling system failures in SMs. This may cause premature failure of
certain SMs, thereby reducing the system lifetime. To improve the system reliability, an active
thermal sharing control was presented on the basis of the voltage balancing control. An
additional thermal control loop was added in each SM. The references of DC voltage and
reactive current in SMs are regulated according to their individual temperature. The thermal
control capability that is limited to the minimum DC voltages of SMs were also analysed.
Controller parameters were tuned based on the detailed electrical and thermal models. The
cases for mismatched components in IGBT devices and different cooling conditions in SMs
were studied through PLECS simulation and experimental tests. It is shown that the junction

temperature of SMs was effectively balanced using the presented methods.
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7.2 Future Work

7.2.1 Bypass Operation under Fault Conditions

The cascaded 3L-NPC converter was designed without the capability to achieve bypass
operation when any of SMs is failed. This means that if one SM is damaged, the whole system
must be shut down. This will increase the maintenance cost and reduce the control flexibility
of the system. Bypassing the fault SMs in real-time can ensure the safe and continuous

operation of the system.

Thus, in the next step of study, how to achieve online bypass operation of system will be
focused. DC circuit breakers are supposed to be parallelly connected to the DC terminal of each
SM. If a SM encounter faults, the DC circuit breaker should be closed to discharge the DC
capacitor, thus bypassing the DC side of the fault SM. An IGBT based circuit breaker is
expected to use as the discharging rate can be controlled to avoid fast discharging of the DC
capacitor. An additional mechanical circuit breaker can be paralleled to the DC terminal as well
and is closed when the DC voltage of the fault SMs is decreased to zero. The conventional AC
circuit breaker can be used to isolate the fault SMs with the grid at AC side. The impact of the
bypassing process on other SMs should be also analyzed. Finally, suitable control should be
investigated to make the SM that has been bypassed reconnect to the grid after the fault is

cleaned.

7.2.2 Disturbance-observer based Adaptive Control

The internal and external disturbances would affect the system performance. The internal
disturbance can be the mismatches of components in SMs and the external disturbance can be

the fluctuation of grid voltage or the fluctuation of the voltage at the secondary transformer.

To improve the robustness of the system, one potential solution is to use the disturbance
observer based adaptive control methods. The disturbance terms should be included in the
system model, and then model predictive control can be used to achieve the maximization of a
given objective function. Efficiency, harmonics and tracing performance can be included in the

objective function.
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Appendix A

For the state-space representation in (4-7), let ky = —k;iq, ky = —kyiq, k3 = L—ls, ky = —L’is -
kpid e = VstRIg—wLlg 1 o — _R_ kpiq ko = Rla*tolly _  -3lg _ _-3lg
Ls > 5 LVge > 67 Ls2 77 Ls s> '8 LVae * 9 7 2CqcVac’ 10 T 20qcVac’
k — _3VS+3(R_kpid)Id k — _3(R—kpiq)lq k — k k — kpid k — 3kpid1d

11 ZCdCVdC > 12 ZCdCVdC > 13 iid» 14 Lg b 15 ZCdCVdC.

The coefficients in equation (4-13) are:

as =1, a,=—(ks+k7), az=ksk; —ksky — keks — kskyy — kgkiz , az = kekoky +
k7k3k1 + k5k7k11 + k4k12k8 - k5k9k1 - k8k10k2 5 al = k6k2k3k1 + k5k7k9k1 +
k8k2k4-k10 - k6k5k2k11 - k8k12k3k15 Ao = k6k2k9k11k5 + k3k1k2k10k8'

The coefficients in equation (4-16) are:

ag =ds, a’5 =ay + kpudc}\zh az’} =asz+ kpudc)\B + kivacAa, a,3 =a; + kpudc)\z + Kiuacls»
a; =a; + kpudc)\l + Kiyachz, a1 = ag + kpudc}\o + kinach, @g = kiyacho, where A4 = ks,
A3 = kokyz + kirkia —kis(ks + k7). Ay = kys(kaks — kiks — kekz) + kis(kyiks —
k9k7 - k9k4) + k14(k1k9 - k11k7) s }\1 = kls(k6k2k4 + k7k3k1) + k13(k4k7k9 -
k3k11k7 - k6k2k9) - k14k1k7k9 s A0 = k15k6k2k3k1 + k13(k6k2k4k9 + k6k2k3k11) +
kiskgkokok;.

The coefficients in equation (4-19) are:

nm __ no__ no__ no__ no__
s = dg , Ay = Ay + kdroop}\zt , Az = ds + kdroopAB ,» Ay = dp + kdroop)tz » A =g +
no__
kdrooplla ag = dg + kdroopAO-
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Appendix B

Matrices of the small-signal model of equations (5-21) and (5-22) are given as:

ky 0 ky, O 0  ky kg
0 ks O kg O 0 0
k, 0 0 0 0 kg ko
ASMi = 0 klO 0 0 0 0 O
ky 0 0 0 0 ki O
L0 0 0 0 0 ki O
K1 Kp,ug, Kp1 0|
L L
Kp1 Kp1
0 29 2
L L
BSMi = Kp'udc 0 1 0
0 1 0 1
0 0 0 0
0 0 0 0
1 0 0 0 -
0 0 0O 01 0 O
Vai 1000 0
Csmi =| 2
3Vy;
0 — 0 0 0 0 O
2
U KpiKiy
where k| = ks = KpI+R , ko = kg = KpIK” ks = % ky = % k; =ky=—1,
_ _ 3V l(a +2a,Pyi+azQo;i) 3Vgi(azPoi+as+2asQy;)
kg — _Kp‘udc, k9 — Kludc, kl] — di\“%1 2‘L-Ztho 3%0 k] — dai\“3 OZT”:- 5%¢0 kl
-1 _ __3Vg _ _flac _
a, k14 - ZCdcinci, 15— CdClVdCl k16 - 1
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