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Abstract

In medium-voltage and high-power applications, the series-connected current source
converter (SC-CSC) is a good candidate. However, most existing series-connected
CSCs require transformers. Recently, a single-phase transformerless series-connected
current source converter has been proposed. It eliminates the bulky and costly
transformer, achieving lower cost and smaller system size. In this work, the three-phase
version of this inverter is proposed and investigated. Since the original single-phase
topology cannot be directly extended to the three-phase system, the original topology
is modified to eliminate circulating currents. In practical implementations, mismatches
in capacitors can destroy the inherent voltage balance of the inverter. To address this
issue, a voltage balancing control strategy is introduced to regulate the capacitor
voltages under parameter mismatch conditions. The proposed control method restores
the capacitor voltage balance without modifying the topology or affecting its current
balancing characteristics. The operation principles of the proposed three-phase inverter

and the effectiveness of its capacitor voltage balancing strategy are validated through

MATLAB/Simulink simulation results.
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Chapter 1 Introduction

High power conversion systems are increasingly demanded in medium-voltage
industrial drives, renewable energy generation, and dc transmission systems [1].
Commercial products from companies such as ABB and Rockwell Automation show
that medium-voltage drive systems can cover power ratings from several hundred
kilowatts to tens or even hundreds of megawatts [2][3]. In addition, medium-voltage
converter technologies have also been developed for large renewable energy systems
and dc transmission applications, such as ABB's PCS6000 wind converter [4] and
Siemens Energy's MVDC PLUS system [5]. Therefore, compact, efficient, and reliable

high-power converter topologies are becoming increasingly important.

Current source converters (CSCs) are attractive candidates for high-power
conversion systems because of their inherent short-circuit protection and motor-
friendly output waveforms. Existing CSC topologies can be generally classified into
conventional CSCs [6]-[8], multilevel CSCs [9]-[13], parallel-connected CSCs [14]-
[16], and series-connected CSCs (SC-CSCs) [17]-[25]. Among them, SC-CSC is a

promising candidate for medium-/high-voltage and high-power applications.

However, existing SC-CSC topologies usually require transformers either at the
input or output side. These transformers provide independent current paths for
individual CSC modules and help achieve voltage boosting or isolation. Nevertheless,
the use of transformers increases the system size, weight, cost, and complexity, which
increases the cost and size of the system. To address this issue, recently, a
transformerless SC-CSC has been proposed [26]. By eliminating the bulky transformers,
transformerless SC-CSC can reduce the system size while also having current and

voltage balancing capability.



At present, most studies on transformerless SC-CSC topologies focus on single-
phase systems. Therefore, this thesis investigates a three-phase transformerless SC-
CSC. However, parameter mismatch in the converter may cause capacitor voltage
imbalance. To address this issue, a capacitor voltage balancing control method is
proposed. In addition, the interphase circulating current issue of the three-phase

topology is analyzed.
This chapter introduces the existing SC-CSCs, including SC-CSCs with input
transformers and SC-CSCs with output transformers. Then, the transformerless SC-

CSC topology is introduced. In addition, the dissertation objectives are proposed.

1.1 Overview of CSC

Existing CSC topologies can be generally classified into conventional CSCs,

multilevel CSCs, parallel-connected CSCs, and series-connected CSCs.

Fig. 1-1 shows a conventional two-level CSC. The conventional CSC has a simple
structure and features inherent short-circuit protection, controllable dc-link current, and
low dv/dt output waveforms [1]. However, the voltage and current ratings of a single

conventional CSC are limited by the ratings of semiconductor devices and passive

components.
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Fig. 1-1 A conventional two-level CSC.



To improve the output waveform quality, multilevel CSCs have been proposed. Fig.
1-2 shows an example of a multilevel current source inverter (CSI) in the literature [9].
By generating more output current levels, multilevel CSCs can reduce output current
harmonics, current slope, electromagnetic interference, and the required filter size [10].
Some five-level CSCs also provide buck-boost capability and inductive-current
balancing capability [11], while reduced-switch five-level CSI topologies have been
proposed to improve power density and reduce hardware cost [12]. Compared with the
conventional CSC, the unique advantage of the multilevel CSC is its improved

harmonic performance and reduced device current stress.
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Fig. 1-2 A multilevel CSC.

Parallel-connected CSCs are usually adopted to increase the current and power
rating of the converter system. Fig. 1-3 shows a parallel-connected CSC system in the
paper [13]. In this structure, two or more CSC modules operate in parallel and share the
output current. Therefore, the power rating of the system can be extended beyond the
rating of a single CSC module. In addition, with proper interleaved modulation, the
parallel-connected CSC system can generate a multilevel output current, which further

improves the harmonic performance [14]. Compared with conventional and multilevel



CSCs, the unique advantage of parallel-connected CSCs is their ability to increase the

current rating while maintaining modularity.
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Fig. 1-3 A parallel-connected CSC.

1.2 Configuration of the Series-Connected Current Source

Converters System

The SC-CSC is a modular converter structure formed by connecting multiple CSC
modules in series. As shown in Fig 1-4, an SC-CSC system mainly consists of a current
source, series-connected CSC modules, and the load or grid. The dc current source
provides a continuous dc-link current for the whole converter system. In practical high-
power applications, the dc current source can be obtained from a controlled rectifier, a
diode rectifier with a front-end dc-dc stage, or other dc energy sources. The dc-link
inductors are used to smooth the dc current and maintain the current-source

characteristic of each converter module.

In the series-connected structure, each CSC module only withstands part of the total
system voltage, while the total voltage rating of the converter is increased by the series

connection.



According to the way in which independent current paths are provided for the series-
connected modules, existing SC-CSC systems can be classified into transformer-based
and transformerless configurations. In transformer-based SC-CSCs, transformers are

usually placed either at the input side or at the output side.

Input SC-CSC Output
transformer transformer

I | | I
Power | L { | @ L Load
supply [ | @ ! sHR i

Fig. 1-4 Configuration of a SC-CSC system.

1.2.1 Series-Connected Current Source Converter with

Input Transformer

In the configuration of SC-CSC with an input transformer, multiple CSC cells are
connected in series at the input side to form a high-voltage phase output. Each power
cell is supplied by an isolated secondary winding of the input transformer and consists
of a rectifier stage, a dc-link inductor, a three-phase CSI, and an ac-side filter capacitor.
The output capacitors are connected in series, which enables the output voltages of

different cells to be added.

The input transformer is an essential component in this topology. It provides isolated
input supplies for the individual current-source cells, which is necessary because the
cell outputs are connected in series. Without isolated input supplies, the input terminals
of different cells would be directly coupled, making it difficult to maintain independent

cell operation and proper voltage sharing. In addition, the input transformer reduces the



voltage level from the ac mains to the required cell input voltage, allowing low-voltage

semiconductor devices to be used in medium- or high-voltage applications.

Literature [19] proposes an input-transformer-based SC-CSC with diode rectifier,
shown in Fig. 1-5. It consists of the phase-shifting input transformer, diode rectifiers,
dc-link inductors, three-phase CSIs, and filter capacitors. When diode rectifiers are used
in the power cells, the input transformer is usually designed as a phase-shifting
transformer. The phase-shifted secondary windings supply different rectifier units and
help cancel dominant low-order harmonics in the supply currents. For example, the
phase shifts among the transformer secondary windings can reduce the 5th, 7th, 11th,
and 13th harmonics generated by the rectifier stage [20]. So the input transformer can
also make some harmonic components caused by the dc-link current oscillation
circulate among the filters and transformer secondary windings, and therefore do not

appear in the transformer primary current.

Literature [21] proposes an input-transformer-based SC-CSC with active-front-end
(AFE) rectifiers, shown in Fig. 1-6. It consists of the multiwinding input transformer
without phase-shifting, input filters, AFE rectifiers, dc-link inductors, three-phase CSIs,

and filter capacitors.
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Fig. 1-5 SC-CSC with input transformer and diode rectifier.

When AFE rectifiers are used, the input transformer can be simplified because the
input currents of the cells can be actively controlled. In this case, the transformer does
not need to rely on complex phase-shifted secondary windings to achieve harmonic
cancellation. However, an ac-side filter is normally required between the transformer
secondary winding and the AFE rectifier to filter switching harmonics and shape the
input current. The filter must be designed to avoid resonance and the amplification of

unwanted current components.
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Fig. 1-6 SC-CSC with input transformer and AFE rectifier.

However, the required transformer will increase the system size, weight, cost, and
design complexity. This drawback becomes more significant as the number of cells

increases.

1.2.2 Series-Connected Current Source Converter with
Output Transformer
Fig. 1-7 shows a proposed SC-CSC with an output transformer in the literature [20].

In this configuration, several CSI modules are connected in series at the dc side to share



the total dc-link voltage. On the ac side, the outputs of these CSI modules are connected
to a common load through a multi-winding transformer. Each CSI module has its own
ac-side filter capacitor, and all modules are normally controlled with the same

modulation scheme to transfer power from the dc link to the ac side.
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Fig. 1-7 SC-CSC with output multi-winding transformer.

The output transformer is an indispensable component in this topology. First, it
provides a separate ac current path for each CSI module, which is required for the
operation of series-connected CSlIs. Since the characteristics of CSIs, the output current
of each module must have a continuous and well-defined path. If the transformer is
removed and the ac terminals of different CSI modules are directly connected together,
the independent current paths of the modules cannot be guaranteed. This may cause

undesired circulating currents, current distortion, and abnormal commutation among



the CSI modules. Second, the output transformer provides voltage matching or voltage
step-up if required. The voltage and power rating of each transformer winding are
determined by the rating of each CSI module and the number of series-connected
modules. In addition, the output transformer can be implemented as a conventional

multiwinding transformer or a phase-shifting transformer.

Fig. 1-8 shows a proposed SC-CSC with output transformers in the literature [22],
which is a phase-shifting transformer. Different from the conventional multiwinding
transformer, the phase-shifting transformer can also provide phase-shift compensation.
By introducing proper phase shifts among transformer windings, the output currents of
different CSI modules can be phase-shifted before the transformer and then combined
after the transformer to cancel selected low-order harmonics. Therefore, phase-shifting
transformers are attractive for SC-CSCs operating at low switching frequency, because
they can improve output current quality and reduce the required filter size [23]. In
addition, in some special SC-CSI topologies, such as less-switch SC-CSIs, the
transformer winding connection is designed to cancel the phase displacement generated

by the converter itself, so that the currents after the transformer remain in phase [24].

10
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Fig. 1-8 SC-CSC with output phase-shifting transformer.

However, the output-transformer-based SC-CSC also has drawbacks. The

transformer increases the size, weight, cost, and design complexity of the system.

1.3 Transformerless Series-Connected Current Source
Converter
To eliminate the bulky and costly transformers used in existing SC-CSCs, a
transformerless SC-CSI is proposed in the literature [26], as shown in Fig. 1-9.
Different from the input- or output-transformer-based configurations, the
transformerless SC-CSC does not rely on transformers to provide independent current
paths for the converter modules. Instead, each module consists of an H-bridge CSI and

an additional switch. Through the designed operating modes, the dc-link inductors are

11



charged together and then separated to provide independent current sources for the H-

bridge converter modules.

Fig. 1-9 Single-phase transformerless SC-CSI.

In addition, this transformerless SC-CSC has inherent current and voltage balancing
capability. In the charging mode, the dc-link inductors of all CSI modules are connected
in series, so the same current flows through all inductors and the inductor currents are
forced to be equal. In the discharging mode, the switches Sn are turned off, and the dc-
link inductors provide independent current sources for the H-bridge CSls. Since all CSI
modules operate synchronously, the output capacitor currents of different modules are
balanced. Therefore, the output capacitor voltages are naturally balanced under ideal

conditions.

12



1.4 Thesis Objectives

According to the above discussion, transformerless SC-CSC is a good candidate for
medium-voltage and high-power applications. However, the existing transformerless
SC-CSC mainly focuses on the single-phase topology. In addition, in practical
implementations, parameter mismatch may destroy the inherent capacitor voltage
balancing characteristic of the topology, leading to unequal voltage stress among
converter modules. So, this thesis proposes and investigates a three-phase
transformerless SC-CSI: the original single-phase topology is modified so that it can be
applied to the three-phase system, and the main objectives of this thesis are summarized

as follows:

(1) Propose a capacitor voltage balancing control strategy: In practical systems,
capacitance mismatch among the series-connected capacitors can destroy the inherent
voltage balancing characteristic of the converter. To solve this issue, a voltage balancing
control strategy is proposed to regulate the capacitor voltages under parameter
mismatch conditions. The proposed method restores capacitor voltage balance without

modifying the topology or affecting the current balancing characteristic.

(2) Analyze and eliminate the circulating current issue: When the original single-
phase transformerless SC-CSC is directly extended to the three-phase system,
circulating currents may appear among different phases. The circulating current path
and its influence on the converter operation are analyzed. Based on the analysis, the

topology is modified to eliminate the circulating current.

13



Chapter 2 Capacitor Voltage Balancing Control

This chapter investigates the capacitor voltage unbalance issue and the corresponding
balancing control method for the proposed three-phase transformerless SC-CSI, which
first introduces the configuration, operation principle, modulation scheme, and passive
element design of the proposed converter. Then, the capacitor voltage unbalance
mechanism caused by capacitance mismatch is analyzed. Based on the analysis, a QPR-
based individual cell control scheme is proposed to restore the capacitor voltage balance.
Finally, simulation results are provided to verify the effectiveness of the proposed

control method.

2.1 Proposed Three-Phase Transformerless SC-CSI

1L
e
L}

11
YL
1L

B~

Fig. 2-1 Proposed three-phase transformerless SC-CSI.
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The proposed three-phase transformerless SC-CSI is shown in Fig. 2-1, which was
developed based on the single-phase version. Each phase consists of n CSI cells
connected in series and n+1 series switches. In this thesis, 2 units is taken as an example.
Each CSI cell includes a dc-link inductor, an H-bridge current source inverter, and an
ac-side capacitor. The dc-link inductor is used to store energy and provide a continuous
current source for the H-bridge, while the ac-side capacitor is used for filtering, energy
transfer, and freewheeling operation. The three phases share the same dc source and
generate the required three-phase ac output voltage through the series connection of the

ac-side capacitors.

Compared with the original single-phase topology, the proposed three-phase
topology introduces one additional switch Sz in each phase. This additional switch is
used to block the undesired interphase current path caused by the direct three-phase

extension of the single-phase topology. The details will be discussed in chapter3.

Since the proposed converter is a current-source-based topology, the switching
devices should be able to properly control the current path and block reverse voltage.
Therefore, reverse-blocking devices are required, such as GTOs, IGCTs, and reverse-
blocking IGBTs. A case study is provided to design the system parameters of the
proposed three-phase transformerless SC-CSI. The system parameters used in the study

are presented in Table 2-1.

Table 2-1 System parameters

Item Parameter
Rated power 3 MVA
Rated voltage Vi1 4160 V
Fundamental frequency 60 Hz
Number of cells per phase 2

15



The rated line-to-line voltage is selected as 4160 V, which is a commonly used
medium-voltage level in industrial motor drive systems. Commercial medium-voltage
drives, such as the Rockwell Automation PowerFlex 7000, provide 4.16 kV drive

configurations for synchronous and induction motor applications.

The rated apparent power of the studied system is selected as 3 MVA. The switching
frequency is selected as 4320 Hz in this thesis, which should be carefully selected
because it directly affects both harmonic performance and switching losses. A higher
switching frequency can reduce current ripple and improve output waveform quality,

but it also increases semiconductor switching losses and thermal stress.

2.1.1 Operation Principle

The operation of the proposed inverter can be divided into three modes: charging

mode, discharging mode, and freewheeling mode.

Lasf ol :
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Fig. 2-2 Charging mode of the proposed three-phase CSI.
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As shown in Fig. 2-2, in the charging mode, the series switches Si to S3 in one phase
are turned on simultaneously. Under this condition, the dc-link inductors of all CSI cells

in the same phase are connected in series and are charged by the common dc source.

Ich Szp_ g 1 % 1

B~

Fig. 2-3 Discharging mode of proposed three-phase CSI.

As shown in Fig. 2-3, in the discharging mode, the stored energy in the dc-link
inductors is transferred to the ac-side capacitors and the load; the switch pair S11 and
S14 or switch pair S12 and S13 in each H-bridge is turned on. In this mode, the dc-link
inductors act as current sources, and the ac-side capacitors of different cells are

connected in series to establish the required output voltage.

17
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Fig. 2-4 Freewheeling mode of proposed three-phase CSI.

As shown in Fig. 2-4, in the freewheeling mode, either switch pair S11 and Si3 or
switch pair Si2 and Si4 in the H-bridge is turned on. The dc-link inductor current
circulates inside the H-bridge cell. This mode provides a freewheeling path for the

inductor current and maintains the current continuity of the current source inverter.

2.1.2 Modulation Scheme

The modulation scheme is used to determine the operating mode of each phase and
generate the corresponding gate signals for the series switches and H-bridge switches.
In the proposed three-phase transformerless SC-CSI, Sinusoidal Pulse Width
Modulation (SPWM) is introduced; three sinusoidal reference signals with 120-degree

phase displacement are used for phases A, B, and C, respectively.

18
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Fig. 2-5 Gating signal in the positive half-cycle.

Fig. 2-6 shows the gating signal processed by the modulation scheme. In the positive
half-cycle, switches S11 to Si, are turned on, while switches S21 to Sz, are turned off, so
that the output current direction of each H-bridge CSI is determined. The switching
period 7 is divided into three intervals, namely 71, To1, and 7o2. The interval T is
obtained by comparing the sinusoidal modulation signal with the carrier wave. This
interval is in the discharging mode. The interval 791 corresponds to the charging mode.
The duration of 7o is determined according to the voltage-second balance of the dc-
link inductors, so that the inductor currents can be maintained. The remaining interval

To2 corresponds to the freewheeling mode.

In the negative half cycle, the same principle is applied with the opposite H-bridge

current direction.

2.1.3 Passive Element Design

The passive components in the proposed three-phase transformerless SC-CSI
should be properly designed to ensure smooth dc-link current and acceptable output
harmonic performance. Therefore, this section introduces the design of the dc-link

inductors and ac-side LC filters used in the simulation study. In the proposed
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transformerless SC-CSI, the dc-link inductors are used to smooth the dc-link current,
which means that the main objective of the dc-link inductor design is to limit the dc-
link current ripple within an acceptable range. So, if the ripple of inductor current (/)
is less than a certain value, 12%, the minimum required inductance value can be
expressed as equation (2-1):
VLﬁmax*At

Lae = 12%1, (2-1)
where Vi max means the maximum voltage across the inductor, and At represents the
corresponding dwell times. In addition, the voltage-second products of the charging,
discharging, and freewheeling intervals should all be considered over the fundamental

period. The dc inductor voltage (V74c) in a cycle is shown in Fig. 2-6.
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Fig. 2-6 Viac in positive half cycle

The largest local voltage-second product appears during the discharging interval
near the carrier peak. Therefore, the discharging state is selected as the worst-case
condition for the DC-link inductor design. Under this condition, the L4 can be further

expressed as equation (2-2):

de — VL_diSCbarging* I (2_2)
12%I 4.

Furthermore, the discharging interval 7 is determined by the sinusoidal modulation

signal. It can be expressed as equation (2-3):

Ty = my|sin(w; )| T; (2-3)

20



where Ty is the switching period. Therefore, a larger modulation index results in a longer
discharging interval. In this thesis, the modulation index is selected as ma = 0.9 for the
simulation study. The selected value is close to the upper limit of the linear modulation

region, which provides high dc-link voltage utilization while avoiding overmodulation.

As for the filter design, in high-power applications, the filter inductance is usually
selected to be close to 0.1 p.u. according to practical design experience [27]. A

simplified circuit of the CSI for LC filter design is shown in Fig. 2-8.
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Fig. 2-7 Simplified circuit of the CSI for filter design.

Once Lyis selected, the Cris designed based on the desired cutoff frequency of the
second-order LC filter. The resonant frequency (fy) of the LC filter should be selected
between the fundamental frequency f; and the switching frequency (fsw) [28]. It should
be much higher than f; so that the fundamental component can pass through the filter
without significant attenuation. Meanwhile, fy should be much lower than fq, so that the
switching-frequency harmonics can be effectively attenuated [29]. In this thesis, the
output current THD is designed to remain below 5% as the power quality target, which

is required by IEEE std 519-2022 [30].
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2.2 Configuration of the Proposed Capacitor Voltage

Balancing Scheme

Based on the configuration of the proposed three-phase transformerless SC-CSI, a

corresponding control scheme is proposed, which is shown in Fig. 2-2.
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Fig. 2-8 Overall control block diagram.

2.2.1 Voltage Unbalance Analysis

Under ideal conditions, all capacitors and dc-link inductors in different cells are

assumed to have identical parameters. Since the CSI cells in the same phase are

controlled simultaneously, the dc-link inductors are connected in series during the
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charging mode, forcing the same current to flow through all inductors. In addition, the
output capacitors are connected in series during the power transfer stage, and their
currents are balanced according to Kirchhoff's Current Law (KCL). Therefore, the
proposed topology has inherent current and capacitor voltage balancing characteristics
under ideal parameter conditions. However, in practical engineering applications, the
capacitance values cannot be exactly identical due to manufacturing tolerances. The

capacitor voltage dynamic equation will be expressed as equation (2-4):

duc, _ ic,
it C+AC, (2-4)

where C+ A4C; is the value after applying the mismatch. Therefore, the module with a
smaller capacitance tends to withstand a higher voltage. In contrast, the module with a
larger capacitance tends to have a lower voltage. In the proposed converter, the output
voltage is the sum of each capacitor voltage of the modules in one phase. So, this
capacitor mismatch will make capacitor voltages deviate from the desired value and
finally break the inherent voltage balance and further bring the output voltage

unbalance.

More importantly, long-term capacitor voltage unbalance may cause overvoltage
stress to the switching devices [31]. This increases the risk of device failure increase
the maintenance costs. Especially in medium-voltage or high-voltage systems.
Therefore, an active control method is required to compensate for the capacitor

mismatch.

2.2.2 Capacitor Voltage Balance Control Scheme

The control scheme directly focuses on capacitor voltage under capacitance
mismatch conditions. When capacitance mismatch exists, the same series current no

longer results in the same voltage variation for different capacitors. For this reason,
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different cells should not be controlled with exactly the same switching intervals.
Instead, each cell needs individual control. By adjusting the operating interval of each
cell separately, the energy transferred to or from each capacitor can be regulated
individually. So, this thesis adopts an individual control strategy for different cells

instead of the simultaneous control used in the original topology.

Since the controlled capacitor voltage is a sinusoidal ac quantity, a proportional-
resonant (PR) controller is suitable for the capacitor voltage balancing control.
Compared with a conventional PI controller, the PR controller can track sinusoidal
references in the stationary reference frame without using complex coordinate
transformation [32]. The PR controller can provide a high gain at the selected resonant
frequency, which helps reduce the steady-state tracking error of the sinusoidal capacitor

voltage. The transfer function of an ideal PR controller is expressed as equation (2-5):

2K, s

G =K, + -
pr(S) p+82+w%

(2-5)

where K), is the proportional gain, K is the resonant gain, and o is the resonant angular
frequency. The proportional gain mainly affects the dynamic response, bandwidth,
phase margin, and gain margin of the control system, while the resonant gain

determines the tracking capability at the resonant frequency.

However, the ideal PR controller has an infinite gain at the resonant frequency and
a very narrow resonant bandwidth. This may cause stability concerns and make the
controller sensitive to small frequency variations. Therefore, a Quasi-PR controller is
adopted in this thesis. Its transfer function is given by equation (2-6):

2K, w.s
82 + 2w,.s + w?

GQPR(S) = Kp + (2-6)

where . is the cutoff angular frequency, which determines the bandwidth around the

resonant frequency. Compared with the ideal PR controller, the QPR controller has a
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finite resonant gain and an adjustable bandwidth. By properly selecting w., the

controller can maintain good tracking performance around the fundamental frequency.

An additional dc-link current control is required because individual capacitor
voltage control will disturb the dc-link inductor currents. If only the capacitor voltages
of the two cells in one phase are controlled independently, the charging and discharging

intervals of the two cells are adjusted separately to restore the capacitor voltage balance.

However, the dc-link inductors in the same phase are connected in series, and
therefore their currents are constrained to be identical. As a result, the inductor currents

will become uncontrollable.
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Fig. 2-9 Principle of capacitor voltage balancing with dc-link current constraint.

For example, as shown in Fig. 2-9, if V., is higher than V.1, unit 2 should be
controlled to discharge its capacitor, while unit 1 should be controlled to charge its
capacitor. This rebalances the two capacitor voltages. However, because the dc-link

inductors in the same phase are connected in series, the current through the two
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inductors must be the same. Therefore, even if L4 should be discharged, it will be
forced to be charged together with the other inductor. As a result, the dc-link inductor

current will increase.

Therefore, an additional PI current control is introduced for each phase to regulate
the overall charging duration of the dc-link inductors in the same phase, so that the
capacitor voltage balancing control can be achieved while the dc-link current remains

controlled.

So, the proposed control scheme is used to regulate the capacitor voltages and the
dc-link inductor currents at the same time. In each phase, the two series-connected cells
contribute together to the phase output voltage. Therefore, the capacitor voltage sharing

between the two cells and the dc-link current of the phase both need to be controlled.

For the capacitor voltage control, the measured capacitor voltage of each cell is
compared with its sinusoidal reference. The voltage error is then normalized by the
voltage base. For the two cells in the same phase, the errors are divided into a common-

mode part and a differential-mode part.

The common-mode part is applied to the two cells in the same direction, so it mainly
helps the phase voltage follow its reference. The differential-mode part is applied to the
two cells with opposite signs, so it can adjust the voltage distribution between the two
cells. In this way, the capacitor voltage imbalance caused by parameter mismatch can

be gradually reduced.

For the dc-link current control, the average current of the two inductors in the same
phase is used as the feedback signal. A PI controller is adopted to regulate this average
current. The output of the PI controller adjusts the timing command, which corresponds
to 71 + Toi. Therefore, the charging interval of the dc-link inductors can be adjusted

according to the current error.
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Finally, the voltage-loop command u, and the current-loop command d, are
combined in the SPWM block to generate the gate signals. The voltage loop mainly
decides how the phase voltage is shared by the two cells, while the current loop mainly
controls the overall charging duration of the same phase. Although both loops affect the
final switching signals, they act on different control variables, so the capacitor voltage

balancing and the dc-link current regulation can be achieved together.

The tuning procedure of the QPR controller is as follows [33]. First, the cutoff
angular frequency w. is selected to determine the bandwidth around the resonant
frequency. If w. is too small, the resonant peak becomes very sharp and the controller
becomes sensitive to frequency deviation. If w. is too large, the frequency selectivity

of the resonant controller is reduced.

After w. is determined, the proportional gain K, is tuned. The gain K, mainly affects
the overall gain and dynamic response of the control system. It is increased gradually
from a small value until the capacitor voltage response becomes fast enough without
large overshoot or oscillation. During this step, the resonant gain K, is kept relatively

small to avoid excessive resonance around the fundamental frequency.

Then, with K, and w. fixed, the resonant gain K, is tuned. The gain K, mainly affects
the magnitude of the resonant peak and the steady-state tracking accuracy at the
fundamental frequency. A larger K, can reduce the steady-state error of the sinusoidal
capacitor voltage. However, an excessively large K, may cause oscillation or reduce the
stability margin. Therefore, K, is increased gradually until the steady-state voltage
tracking error is sufficiently small. Finally, the selected controller parameters are
verified through simulation. The parameters used in this thesis are selected to achieve

fast capacitor voltage balancing, small steady-state error, and acceptable THD.
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2.3 Simulation Result

The feasibility of the proposed three-phase transformerless SC-CSI and the
effectiveness of the capacitor voltage balancing control method are verified by
simulation results based on MATLAB/Simulink. The simulations mainly focus on
steady-state simulations, which are carried out under capacitance mismatch conditions
to compare the system performance before and after applying the proposed capacitor
voltage balancing control method. This comparison is used to verify that capacitance
mismatch causes capacitor voltage imbalance and that the proposed control method can

restore voltage balance among different cells.

Through these simulations, the dynamic response and parameter sensitivity of the
proposed capacitor voltage balancing control method are verified. Simulation

parameters of passive components are shown in Table 2-2.

Table 2-2 Simulation parameters of passive components

Item Parameter
Lac 20 mH
L 1.5mH
R 5Q
Cy 800 uF
Phase A Phase B Phase C
1.2C,, 0.8C, 1.2C,, Cy 0.8C,, Cy

The switching devices are modeled as ideal unidirectional switches. The dc source
is represented by a constant dc voltage source, and the load is modeled as a three-phase
RL load. The simulation waveforms are shown in the per-unit system. To evaluate the
capacitor voltage imbalance under nonideal parameter conditions, capacitance
mismatch is introduced among different cells. In this simulation, different 20%
capacitance mismatch conditions are applied to the three phases. Phase A is selected as

the worst case for detailed analysis.
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Fig. 2-10 Control performance of V. (a) phase a, (b) phase b, (c) phase c.
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Fig. 2-10 shows the capacitor voltage control performance under capacitance
mismatch conditions. The capacitor voltages of the two cells in phases A, B, and C are
shown in Fig. 2-9 (a), Fig. 2-9 (b), and Fig. 2-9 (¢), respectively. The proposed capacitor
voltage balancing control is activated at 7,. Before Ta, the proposed balancing control
is not applied. Due to the capacitance mismatch, the two capacitor voltages in each
phase have different amplitudes although they operate under the same modulation
condition. This is because different capacitance values lead to different voltage
variation rates under similar capacitor currents. As a result, the inherent voltage
balancing characteristic of the topology is destroyed by the capacitance mismatch.
Among the three phases, phase A shows the largest voltage difference between V.1 and
V2, which agrees with the introduced worst-case mismatch condition.

At T,, the proposed control is enabled. After a short transient process, the amplitudes
of Ve and Ve gradually converge in all three phases. The voltage imbalance is

significantly reduced, and the capacitor voltages are restored to balanced sinusoidal

waveforms.
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Fig. 2-12 Control performance of /.

Fig. 2-11 shows the three-phase output voltage before and after applying the
proposed capacitor voltage balancing control. At 74, the proposed control method is
activated. After the transient process, the three-phase output voltages return to balanced
sinusoidal waveforms with identical amplitudes and 120-degree phase displacement.
Fig. 2-12 shows the corresponding three-phase output current waveforms. Similar to
the output voltage, the output currents become balanced again and maintain sinusoidal
waveforms. The results indicate that the proposed capacitor voltage balancing control
can restore the capacitor voltage balance without causing steady-state distortion or

imbalance in the output current.

As shown in Fig. 2-13, the inductor currents of two units in the three phases are
compared after the control strategy is introduced. At the beginning of control
implementation, the inductor currents increase for a short period due to the forced
current-equalizing characteristic caused by the series connection of different units.
Afterwards, they return to original values, which shows good inductor current control

performance.
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2.4 Summary

This chapter investigates the capacitor voltage balancing control of the proposed
three-phase transformerless SC-CSI. First, the configuration, operation principle, and
modulation scheme of the proposed converter are introduced. The dc-link inductor
design and ac-side LC filter design are also discussed to establish the simulation system

parameters.

Additionally, the capacitor voltage imbalance issue caused by capacitance mismatch
is analyzed in detail. Although the capacitance mismatch may lead to different capacitor
voltage variation rates and destroy the voltage balance among different cells. To address
this issue, a QPR-based individual cell control method is proposed. So the Simulation
results verify the effectiveness of the proposed capacitor voltage balancing control

method.
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Chapter 3 Circulating Current Elimination

This chapter investigates the interphase circulating current issue in the three-phase
transformerless series-connected current source inverter. Since the proposed three-
phase topology is extended from the single-phase topology, the operation of each phase
can still be classified into charging, discharging, and freewheeling modes. However,
when the original single-phase topology is directly extended to the three-phase system,
undesired circulating current paths may be formed between different phases under
certain switching-state combinations, which can affect the inherent current and voltage
balancing characteristics of the converter. Therefore, this chapter is organized into two
parts. First, the topology modification required for the proper operation of the three-
phase converter is introduced and analyzed. Then, the possible circulating current paths

in the modified topology are investigated under normal operating conditions.

3.1 Topology Modification for Circulating Current

Elimination

The proposed three-phase transformerless SC-CSI is developed based on the single-
phase transformerless SC-CSI. To apply this topology to a three-phase system, three
single-phase units can be used to form phases A, B, and C. Since each phase inherits
the operating principle of the single-phase topology, the operation of each phase can
still be classified into charging, discharging, and freewheeling modes. Ideally, the three

phases should operate independently, as shown in Fig. 3-1.
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Fig. 3-1 Direct three-phase extension of the single-phase SC-CSI.

Under this condition, the series-connected inductors in each phase maintain the
current balancing characteristic, and the output capacitors maintain the voltage

balancing characteristic.

However, the direct extension of the single-phase topology to the three-phase system
i1s not straightforward. Although each phase can operate normally when analyzed
independently, the connection among the three-phase outputs may create additional
current paths under some switching-state combinations. In particular, when one phase
operates in the freewheeling mode while another phase operates in the discharging
mode, an undesired interphase circulating current path can be formed, as shown in Fig.
3-3. This circulating current does not contribute to the load current, but it may disturb
the dc-link inductor current balance and output capacitor voltage balance. Therefore,

the direct three-phase extension must be modified before it can operate properly.
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Fig. 3-2 Circulating current path in the direct three-phase extension.

Based on the above analysis, the undesired circulating current is caused by the direct
electrical connection between different phases during certain switching-state
combinations. Therefore, an additional switch is inserted in each phase to control the
connection between the phase module and the common dc path. The additional switch
is denoted as S3 in each phase. During normal operation, S3 is turned on or off according
to the operating mode of the corresponding phase. When the phase should participate
in the normal current path, S3 is turned on to allow the required current to flow. When
an undesired interphase circulating current path may be formed, S3 is turned off to
isolate the corresponding phase from the common path. In this way, the circulating

current path is interrupted.

Therefore, the additional switch S3 is controlled synchronously with the existing

switches S1 to S3. Its main function is to control the start and end of the charging process
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of the dc-link inductor Ls, together with the other series-connected switches.
Specifically, S3 uses the same gating signal as S and S>. A more complicated control
strategy could be developed by detecting the operating states of the other phases and
determining the switching action of S3 accordingly. However, such a strategy would
increase both the switching frequency and the control complexity. Therefore, the
synchronous control of S3 is adopted to block the circulating current path while

maintaining a simple control structure.

3.2 Circulating Current Path Analysis Under Normal

Operation

After the additional switches are applied, the modified three-phase topology can
block the circulating current path found in the direct three-phase extension. However,
it is still necessary to verify whether other circulating current paths may appear under

normal operating conditions.

Since each phase can operate in one of three modes, which are charging, discharging,
and freewheeling, the total number of operating-mode combinations in the three-phase
converter is 3° = 27. In this section, all switching states within one fundamental period
are analyzed to verify whether any valid interphase circulating current path exists in the
proposed topology. To illustrate the analysis method, one representative switching-state

combination is selected, as shown in Fig. 3-3.
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Fig. 3-3 Representative switching-state combination for circulating current path

analysis.

In this case, phase A operates in the freewheeling mode, phase B operates in the

discharging mode, and phase C operates in the charging mode.

For an undesired circulating current to exist, a closed current loop that does not
contribute to the load current must be formed [34]-[40]. Therefore, the possible current
paths between different phases are examined in this interval. The branch currents /1 and
1> are compared to determine whether additional current flows between the phases. In
addition, the current through the branch containing the additional switch S3 is measured.
The H-bridge output current /,, is also observed during the freewheeling and charging
modes. Under normal operation, these branches should not conduct current in the
corresponding intervals. If a nonzero current appears in these branches, it indicates the

existence of an undesired circulating current path.
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It should be noted that, during the charging mode, one switch of the H-bridge
remains in an idle on-state because of the switching constraints of the CSI. As a result,
a potential interphase current path may be observed from the circuit connection.
However, due to the unidirectional conduction characteristic of the switching devices,

this path is not valid, and the circulating current is blocked.

Following the same analysis procedure, all operating-state combinations within one
fundamental period are investigated. The results show that no valid closed current loop
is formed between different phases in the proposed topology. Therefore, it can be
concluded that no valid interphase circulating current path exists under normal

operating conditions after the additional switches are introduced.

In addition, in practical implementations, the dc-link inductances of different
modules may not be exactly identical due to manufacturing tolerances. Therefore, dc-
link inductance mismatch is introduced to further verify whether interphase circulating
current exists in the proposed topology. If an interphase circulating current path exists,
the mismatch in dc-link inductance may cause unequal inductor currents or disturbance
in the capacitor voltages. In this thesis, 20% dc-link inductance mismatch is introduced.
The two dc-link inductor currents /41 and a2, as well as the capacitor voltages V. and
Ve, are compared to evaluate the influence of the inductance mismatch. The simulation
results show that even with 20% inductance mismatch, no interphase circulating current

is introduced.

3.3 Simulation Result

The feasibility of the proposed three-phase transformerless SC-CSI and the
circulating current analysis are verified by simulation results based on

MATLAB/Simulink. The simulations are classified into three parts: (1) the simulation
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of the direct three-phase extension without additional switches to verify the existence
of the interphase circulating current, (2) the comparison simulation before and after
applying the additional switches to verify the effectiveness of the topology modification,
and (3) the simulation under dc-link inductance mismatch to verify that no interphase
circulating current exists in the proposed topology under parameter mismatch

conditions.

The switch devices are modeled by ideal unidirectional switches Gate turn-off
thyristor (GTO). The load is represented by a three-phase RL load. The H-bridge output
current W; is used to identify the existence of undesired circulating current. Because it
is the most direct indicator under the critical switching condition. In most branches of

the converter, current flows during normal operation.
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Fig. 3-4 Comparison of /,,, before and after adding Ss.

Fig. 3-4 compares the H-bridge output current I before and after introducing the
additional switch. The corresponding switching signals of phases A and B are also
shown to identify the critical switching-state interval. The interval 7. represents the
condition where one phase operates in the freewheeling mode while another phase
operates in the discharging mode. According to the normal operating principle, the H-

bridge output current of the freewheeling phase should be zero during this interval.

Before the additional switch is introduced, an undesired current appears in I,,1 during

T.. This current is not generated by the normal discharging operation of the
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corresponding H-bridge. Instead, it is caused by the undesired interphase current path
formed between different phases under this switching-state combination. Therefore, the
nonzero I,,1 during 7. directly verifies the existence of the interphase circulating current.
After the additional switch is introduced, /,,1 remains zero during the same 7. interval.
This indicates that the undesired current path is blocked by the additional switch.
Therefore, no circulating current flows through the H-bridge output branch under the
same switching condition. The comparison verifies that the proposed topology

modification effectively blocks the interphase circulating current path.
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Fig. 3-5 shows the dc-link inductor currents and capacitor voltages of the direct
three-phase extension without the additional switch S3. However, the two dc-link
inductor currents /.1 and lso are still seriously unbalanced. This indicates that an
undesired interphase circulating current path is formed in the direct three-phase
extension. The two capacitor voltage waveforms have different amplitudes and dc
offsets, and the voltage balancing characteristic of the original single-phase topology is
destroyed. This result verifies that the direct three-phase extension of the single-phase
transformerless SC-CSI cannot operate properly without topology modification. Fig. 3-
6 shows the corresponding waveforms after the additional switches S3 are introduced.
With the additional switches, the undesired interphase current path is blocked. As a
result, the dc-link inductor currents /4.1 and lu» remain balanced and almost overlap
with each other. Meanwhile, the capacitor voltages V1 and V.2 also become balanced

sinusoidal waveforms.
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Fig. 3-7 shows the simulation results under dc-link inductance parameter mismatch.
The dc-link inductor currents, dc-link inductor voltages, and capacitor voltages are
compared to verify whether the inductance mismatch introduces undesired interphase
circulating current. Before the inductance mismatch is introduced, the two dc-link
inductor currents /4.1 and 142 are well balanced. The capacitor voltages Ve and Ve, also
remain balanced. This indicates that the proposed three-phase topology with the
additional switches operates normally and maintains its inherent current and voltage

balancing characteristics.

After 20% dc-link inductance mismatch is introduced, the inductance values of the
two cells are no longer identical. As shown in Fig. 3-8, the inductor voltage waveforms
Vi1 and V2 become different because different inductance values require different
voltage responses under the same current variation. However, the dc-link inductor
currents 1 and Ige still remain overlapped. This result indicates that the inductance
mismatch does not generate an additional interphase circulating current path. Although
the inductor voltages are affected by the parameter mismatch, the charging path of the
dc-link inductors is still connected in series. Therefore, the same current is forced to

flow through the two inductors. Since no independent closed current loop is formed
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between different phases, the inductance mismatch only changes the local inductor

voltage distribution and does not create circulating current.

3.4 Summary

This chapter investigates the interphase circulating current issue in the three-phase
transformerless SC-CSI. First, the direct extension of the single-phase transformerless
SC-CSI to the three-phase system is analyzed. It is found that undesired circulating
current paths may be formed under certain switching-state combinations, which can
break the inherent current and voltage balancing characteristics of the converter. To
address this issue, an additional switch is introduced in each phase to block the

undesired current path and ensure the proper operation of the three-phase topology.

In addition, the possible circulating current paths in the proposed topology are
analyzed under normal operating conditions. Based on the analysis of all switching-
state combinations, no valid interphase circulating current path exists. Finally,
simulation results verify the circulating current issue in the direct three-phase extension

and confirm the effectiveness of the proposed topology modification.
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Chapter 4 Conclusions

4.1 Contributions and Conclusions

This thesis investigates a three-phase transformerless series-connected current
source inverter for medium-voltage and high-power applications. Based on the
previously proposed single-phase transformerless SC-CSI, the topology is extended to
a three-phase system. Two main issues are studied in this thesis: capacitor voltage
imbalance caused by parameter mismatch and interphase circulating current caused by

the direct three-phase extension.

First, the configuration, operation principle, and modulation scheme of the proposed
three-phase transformerless SC-CSI are introduced. Under ideal conditions, this

converter has inherent voltage and current balance capability.

Second, the capacitor voltage imbalance issue caused by capacitance mismatch is
analyzed. Since different capacitance values lead to different capacitor voltage variation
rates, the inherent voltage balancing characteristic may be destroyed in practical
implementations. To address this issue, an individual cell control method is proposed.
Simulation results show that the proposed control method can restore capacitor voltage
balance under capacitance mismatch conditions while maintaining balanced three-

phase output voltage and current.

Third, the interphase circulating current issue is investigated. It is shown that the
direct three-phase extension of the single-phase topology may form undesired current
paths under certain switching-state combinations. Therefore, an additional switch is

introduced in each phase to block the circulating current path. Simulation results verify
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that the proposed topology modification eliminates the undesired circulating current

and restores the inherent current and voltage balancing characteristics.

Finally, the modified topology is further analyzed under all operating-state
combinations and dc-link inductance mismatch conditions. The results show that no
valid interphase circulating current path exists after the additional switches are applied,

even when 20% dc-link inductance mismatch is introduced.

4.2 Future Work

Future work can be conducted in the following aspects. First, hardware experiments
should be carried out to validate the proposed topology and control method under
practical operating conditions. Second, in addition to capacitor voltage balancing
control, dc-link inductor current control can be further investigated to achieve more
accurate power regulation of the proposed topology. Finally, more practical operating
conditions, such as load variation, grid disturbance, unbalanced operation, and fault

conditions, can be considered.
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