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Abstract

The current source inverter (CSI) is widely used in medium voltage drives due to its simple
configuration, reliable short-circuit protection, and low dv/dt issue. Conventional series-connected current
source inverters (SC-CSI) are constituted of several current source inverters (CSIs) connected in series
through multi-winding transformers to enhance the power capacity. It is very promising in high-voltage
applications. Switching losses of the semiconductor switches significantly impact the power efficiency of
SC-CSlIs. Therefore, inverter design must consider these losses, which depend on factors, such as switching

frequency, modulation schemes and semiconductor parameters.

This thesis aims to reduce the switching losses of conventional SC-CSIs by decreasing the
switching frequency from 540 Hz to 360 Hz and eventually to 60 Hz. In Chapter 2, the switching frequency
is reduced to 360 Hz for the switching loss reduction. The active damping control is implemented to mitigate
the increase in filter capacitance caused by the lower switching frequency. Chapter 3 is to further reduce
the switching losses by reducing the switching frequency to 60 Hz. However, this strategy results in a
significant increase in the passive components. To address this issue, the multi-winding transformer is
replaced with a phase-shifting transformer, as the active damping method applied in Chapter 2 is no longer
effective at this reduced frequency. The switching losses and the passive components of SC-CSIs are
investigated with switching frequencies of 540Hz, 360Hz and 60 Hz. Simulations are conducted using

MATLAB/SIMULINK to verify the investigation.
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Chapter 1

Introduction

Current source inverter (CSI) and voltage source inverter (VSI) are the two topologies that are
widely used in medium voltage drives and power conversion applications. In contrast to VSI, CSI generates
the defined three-phase pulse width modulated (PWM) AC current from a DC current supply. The CSI
offers several advantages over the VSI, including a simple configuration, reliable short-circuit protection,
and a low dv/dt issue [1][3]. Consequently, CSI is a promising candidate for energy storage systems [4],
[5], renewable energies [6]-[8] and energy transmission systems [9]. Some other topologies have been
developed based on the conventional CSI. For instance, the current source H7 inverter (CH7 CSI) proposed
in [10] aims to avoid open circuit problems, while the CH7 CSI introduced in [11] focuses on reducing
leakage current. Furthermore, the four-leg CSIs introduced in [ 12] were designed for common mode voltage
suppression. Additionally, the connection of several CSIs in series or parallel can lead to the creation of
series-connected current source inverters (SC-CSIs) and parallel-connected current source inverters,
respectively. These configurations can efficiently enhance the power capacity of the system [13]-[16].
Compared to the parallel connection approach, the SC-CSI is promising for high-voltage applications [17],

[18].

In this chapter, the topology and modulation scheme of the conventional CSI and conventional SC-

CSI are reviewed, and the switching loss characteristics are introduced in CSls and SC-CSIs.

1.1 The Current Source Inverter

The conventional grid-connected CSI topology is shown in Figure 1-1. The switches with a reverse
voltage blocking capability can be used in the inverter, such as gate commutated thyristors (GCTs),

symmetric gate turn-off thyristor (GTO), insulated-gate bipolar transistor (IGBT) with series diode and



metal-oxide-semiconductor field-effect transistor (MOSFET) with series diode. The inverter generates the
defined output current i,, from the input DC supply. The DC inductor L. at the input of the inverter is to
make the input current smooth and continuous [1]. The output capacitor Cr has two functions: assist the
commutation of the switches, and the other acts as a filter capacitor to improve the harmonic performance
of the output current. V, refers to the grid phase voltage, Ry is the line-side resistance ranging from.0.005pu
to 0.015pu [1]. L, is the line-side inductance ranging from 0.1up to 0.15p [1], which works with Cyto form
the LC filter to improve the harmonic performance of the line current.

de

YY"

L. Syt S3r 195

b ¢
c
S2_|

A

—

TTT G

Figure-1-1 The conventional grid-tied CSI using IGBTs with series diodes.

There are several advantages of CSI compared to VSI. Unlike VSI which requires freewheeling
diodes for reverse conduction capabilities, the absence of these diodes in CSI contributes to a simplified
converter topology. The CSI produces the defined PWM current instead of PWM voltage in VSI, leading
to no dv/dt issue. The large DC inductor L. at the input of the inverter limits the rate of the DC current

rating, which provides sufficient time for the protection circuit to function in case a short circuit occurs.



1.2 The Conventional Series- Connected CSI

The conventional SC-CSI is composed of several CSIs connected in series at the input and in
parallel at the output through multi-winding transformers. The configuration of a grid-tied conventional n-
SC-CSI is shown in Figure 1-2. In this topology, the power and voltage rating of the system is multiplied
by the number of the CSI modules n. It is important to note that all the employed CSls in this configuration
are identical in terms of their topology, modulation, and control. The multi-winding transformer is an
essential component to provide a separate current path for each inverter output current and ensure voltage
matching, if needed, before and after the transformer [19]. Here, L, refers to the combination of linkage

inductance of the multi-winding transformer, grid-side inductance, and any additional inductance.

de
A
Idc
4
CSI#1
Ve
Vi T CSI#2
CSI#n
v

Multi-winding transformer

Figure 1-2 The conventional grid-tied n-SC-CSI.
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1.3 Voltage Stress of Switches

The voltage stress is significant to be considered for the semiconductor switches selection and
power losses of the system. The equivalent circuit of the n-SC-CSI is shown in Figure 1-3 for the switch
voltage stress analysis. In each switching state, one upper switch and one lower switch are activated in each
CSI. During the operation when switch 1 (S1) and switch 6 (Se) are on, the inverter output current of each
CSI flows through to phase a and phase b of the grid. As a result, the input voltage of each CSI aligns with
the line-to-line grid voltage V.. Therefore, the voltage stress experienced by each switch in SC-CSIs is the
same, equal to V. It is important to note that the power rating of the selected switches must have the
capability to withstand this voltage stress. For example, when designing the inverter for a 4160V/1MVA
grid connection system, the switches such as the 6500V IGBT with a 6500V Diode series connected can be

selected as they can handle the required 4160V voltage stress.

La’c

P
A

CS8I#1

Vie ™ CSI#2

CS8I#n

d
Ca

Figure 1-3 Equivalent circuit of a n-SC-CSI when S; and Ss on.
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1.4 Space Vector Modulation

Space vector modulation (SVM) is a widely used PWM technique in CSIs by manipulating the
amplitude and phase of the current reference vectors. SVM features the fast dynamic response, enables the
smooth and efficient operation of CSI, contributing to their application in medium voltage drives [20]-[22]

and energy conversion systems [4], [11].

TABLE 1-1 Switching states and space vectors of SVM [1].

Type Switching | On-state | Space
state switch Vector
[1 4] S11:514
Zero I,
36] | SuS, | o
states
[52] S15:51
[6 1] S16:511 I
[12] S11:512 L
Active [2 3] S 1250 1_3’
states —
[3 4] S13.51 Iy
(4 5] S14-51s Is
[5 6] S15:516 Is

The PWM switching pattern used in CSI must adhere to the specific constraint: At any instant, only
two switches are conducting, one in the top half of the bridge and the other in the bottom half[1]. According
to this constraint, SVM defines nine switching states, with three zero states and six active switching states,
as listed in TABLE 1-1. The nine switching states can be represented using six active vectors and three zero

vectors in one fundamental cycle. The typical space vector diagram for CSI is shown in Figure 1-4, where

T{ to E are the space vectors and I is the reference current rotating with the speed w.

0=2rf, (1-1)



where f; is fundamental frequency of the inverter. The length of E represents the magnitude of the output

current, which can be determined by the magnitude modulation index (m,), given as

T (1-2)
Idc

where [ refers to the peak value of the fundamental frequency of inverter output current, Iz is the DC

input current. The reference current vector can be defined by two nearby active vectors and one zero vector
in each sector of the hexagon. The dwell time represents the duty cycle time of the switch within the

sampling period and can be calculated by [1]:

I = sin(—% - 0+%k)ma];

b4 V4 (1-3)
712 = Sin(z + H—Ek)ma];

where T is the sampling period, 71 and 7> are the dwell times for vectors E), and [, 1, 6 is the angle between

the reference current and a-axis, and k is the sector number. The dwell time of zero vector 7, depends on

the selection of the switching sequences. For instance, T for SQI (E 1 k+1,ﬂ;) can be calculated as
Ly=1T,-1,-T, (1-4)

The calculated 7; and 7+7> are then compared to the sawtooth waveform with the sampling frequency
(f;=1/T}) for vector selection. The two requirements must be satisfied for SVM switching sequence design

with minimum switching frequencies: 1) Transitions between switching states should involve only two
switches, with one switching on and the other switching off. 2) Shifting .. from one sector to the next

should involve the minimum number of switching.



Sector II1 Sector II

2
a
Sector IV 0 >
Sector I
[ 5 ]l

Sector VI

Sector V

Figure 1-4 Space vector diagram.

SVM with a switching frequency around 500 Hz is commonly employed in a high-power inverter
to ensure that the inverter output current is close to the sinusoidal waveform [3]. In this thesis, the term
"conventional CSIs" and "conventional SC-CSIs" refer to inverters that employ SVM with a switching
frequency of 540 Hz. Figure 1-5 provides the overview of the switching patterns and output inverter current
of a conventional CSI with 540 Hz SVM (SQI1). Each switch is activated when its corresponding gating
signal (vg1-vg) is in a high state. The inverter fundamental frequency is set at 60 Hz. There are nine pules
within each half cycle of the inverter output current i, with respect to the 540 Hz switching frequency. The
harmonic spectrum of the i, is illustrated in Figure 1-6. It reveals that the dominant harmonic current pairs
are the 17th and 19th orders, as well as the 23rd and 25th orders. These harmonics play a significant role in
shaping the waveform of the inverter output current and need to be addressed for achieving harmonic limits

from the grid code.
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Figure 1-6 Harmonic spectrum of the inverter output current i,,.

1.5 Grid Connection Control

The grid connection control, as known as power factor (PF) control, refers to the control strategy
used in the grid-tied converters to regulate the active and reactive power to the grid. In grid-tied converter

systems, it is crucial to match the power factor desired from the grid-side for efficient power transfer.

Since the conventional SC-CSI employs the identical CSIs connected in series, the same active and

reactive power is experienced by each CSI module. Therefore, the control scheme reviewed in this section



focuses on the conventional single CSI with a unity power factor (PF=1.0). The principle of PF control is
to regulate the active and reactive power of the grid-tied converter by adjusting their modulation index and

delay angle.

de CSI

PLL
I Lo
SVM =
Ma 6w Vod ng
fu-‘d_ref . g l l
Equation[+—[Equation[*—|Equation/¢—p

(1-9) |le—] (1-8) |e— (1I-5) |e—0

qu ref Ig q

Figure 1-7 Block diagram of PF control.

Figure 1-7 shows a block diagram of the PF control algorithm. The digital phase-locked loop (PLL)
block detects the grid reference angle (6,.) By applying the voltage orientation within the synchronous

reference frame, the grid voltage is aligned to the d-axis. The active and reactive power in dg-axis can be

defined as [23]

3 .
PZEnglgd
1-5
o3, (1-5)
- 2 gdgq



Where Vqa, Vgq, igs and ig, are the grid voltage and current in dg-axis respectively. The capacitor current under

steady state can be calculated as

i, = —a)Cfch
= (1-6)
lcq - a)C'fvcd

where Cyis the predesigned filter capacitor to comply with the grid code, v.s and v, are the steady state
capacitor voltage, which can be calculated as

3 . . (1-7)
Ve = a)ngdg +Rg1qg

The reference inverter output current (i, s ) can be determined by combining Equation (1-6) and Equation

(1-7).

iy s =(1=@°L,C))iy, —@R,C i

g f gq

=wCv,+oR,Ci,, +(1- a)ngCf)igq

(1-8)

lwq _ref

The reference modulation index can be obtained by normalizing the i, s with l,.. The delay angle (6,) is

defined as the phase displacement between grid voltage and reference inverter output current.

; (1-9)
6, =tan" ()
lwd

The reference modulation index and delay angle are implemented into SVM to generate the reference

inverter output current. The phasor diagram of the control algorithm is shown in Figure 1-8.
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Figure 1-8 Phasor diagram of the PF control.

1.6 Passive Components Design

The DC inductor and the output filter capacitor are two critical passive components used in SC-
CSlIs. These components play a significant role in the operation performance, costs, and losses of the SC-

CSIs. This section reviews the filter capacitor and DC inductor design in conventional grid-tied SC-CSIs.

1.6.1 DC Inductor

The DC inductor at the input of the SC-CSIs makes the DC current smooth and continuous [1].
However, it is typically bulky and costly [24]. The equivalent circuit of an n-SC-CSI is shown in Figure 1-

9 for a better analysis of the DC inductor design.

11



I oom
de
A
\%)
I/in p— Vic
Vn

Y

Figure 1-9 Equivalent circuit of a n-SC-CSI [24].

According to the voltage-second principle, the DC inductor Ls. can be calculated by

t+at
Vm—i.[t+ N
L, =12 (1-10)

C
Al

where Al;. is DC current ripple, At is dwell time, v, is the sum of input voltage of each CSI module. Since

all the employed CSI modules are identical, v4 can be defined as
Vi =V TV, t..v, =0y (1-11)

where n refers to the number of CSI modules. vi-v, refers to the input voltage of each CSI module, which

can be obtained by the line-to-line grid voltage v, and phase angle 9 [13].

v, =V, cos6

2
v, =V, cos(@—?) (1-12)

v, =V, cos(6+ 277[)

12



[Se>S,1:v, = vy =3V, cos(l9+%)
[S,,8,1:v, = v, =3V, 005(0—%)
[S,,8,1:v, = v, =3V, cos(@—%)
[S5,8,]:v, =v, = \/§Vé cos(&—%z)

[S4aS5] WV, =V, = \/ng COS(H'F%)

[S5,S,1:v, = v, =3V, cos(6 + %)

(1-13)

The calculation of DC inductance can be performed for each switching state by substituting Equation (1-

11) and Equation (1-12) into Equation (1-10). Since the value of v4 and At is repeated for each sector in

SVM, Lg. can be determined in any selected sector. Using the conventional two-CSI system as an example,

the waveform of v;, and vs in sector I is shown in Figure 1-10. Equation (1-14) represents the nine

inductance value calculations obtained in sector I, considering a switching frequency of 540 Hz. From these

calculations, the largest inductance value is selected to make sure the DC current ripple is equal to or below

the required level [24].

T,

5
{Vi" —;jzcos(9+7g)}d9 T
[Sla S6] N del = 10
AIdc
1 L+T, -
{I/in _? J. 2COS(9_6)}d9
2
[S1, S2]: L, =
AIdc
[S1, S4]: L, = [{V., 0} a6]7,
L AIﬂ/c
{V,, —0}do|T,
[SL, S4]:L,, = %

de

L, =max {del s Lyers Ly een- de9}

13
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Since the employed CSI modules are identical in conventional SC-CSIs, the input voltage (Vi) and
total CSI input voltage (v4.) are multiplied by the number of applied CSI modules (n). Therefore, with the
constant current ripple (Als), the DC inductance required in the n-CSI system is n times that of the single

CSI system.

Sector I

v :7‘(221 ab
N m
—]

|
|
|
Ld{:i |

Figure 1-10 Waveforms of Vi, and v in Sector I for a conventional two-CSI system using SQ1 SVM,
fw=540 Hz.

1.6.2 Filter Capacitor

Figure 1-11 shows the simplified single phase output LC filter of a single CSI module. The filter
capacitor (Cy) at the output of CSI works in conjunction with the inductance (L,) forms the CL harmonic
filter. Note that Lg includes the grid-side inductance and leakage inductance of transformers, typically
ranging from 0.1pu to 0.15 pu. This CL circuit exhibits light damping due to the presence of a small grid-

side resistance (Ry) ranging from 0.005pu to 0.01 pu. The transfer function of the filter can be derived as

1,(jo) _ I (1-15)
1,(jo) (jo)'L,C,+joR,C,+1

The value of the output capacitance is designed to comply with the strict grid code such as IEEE
519-2014 [25]. These grid codes specify the permissible harmonic levels that must be adhered to by the
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system. The harmonic requirement set by IEEE 519-2014 is listed in TABLE 1-2. THD in the table refers
to the total harmonic distortion, provides an assessment of the overall distortion level present in the

waveform, and can be defined as

\/122 FLP AL+
[I

THD = x100% (1-16)

where /; is the fundamental frequency current, I», /3, I4 etc., are the harmonic currents. To satisfy the
minimum requirement for each harmonic and ensure with the grid code, the filter capacitance for each
harmonic needs to be calculated using Equation (1-14). Among all the calculated capacitance values, the

largest one must be selected to meet the grid code.

L, R,
NYY\_/\/V\I_._
1
T

I,
<
G

Figure 1-11 The output LC filter of a single CSIL.

TABLE 1-2 Grid current harmonic requirement from IEE 519-2014 [25].

Harmonic Order | 3<h<l11 | 11<h<17 | 17<h<23 | 23<h<35 | 35<h<50 | THD

I/I (%) 4.0 2.0 1.5 0.6 0.3 5.0




1.7 Switching Losses of SC-CSIs

The switching losses occur during the transition periods when the power switches turn on or off,
resulting in energy dissipation and increasing the system power losses [26],[27]. The switching losses of
IGBTs and series diodes are considered in SC-CSIs. The switching losses for each switch employed in
conventional SC-CSIs are the same as all the CSI modules are identical in switch selection, modulation

scheme and switching frequency. The switching losses of a single IGBT can be calculated as [19],[28]

i 1%
})swilGBT = fsw (Eon + Eoff )(I—)(V—) (1-17)

m nom

where f;, is the switching frequency of the device, l,o» and Vi are the rated current and voltage, v and i
are instantaneous voltage and current, respectively. E,, and E,y are the turn-on and turn-off energy which

can be found in the spice datasheet.

Switching losses of diodes primarily occur during the turn-off period due to the reverse recovery
current [27]. Diode reverse recovery is caused by the stored charge in the p-n junction that must be removed
during the turn-off period, resulting in energy dissipation. The turn-off losses of a single diode can be

calculated by [28],[29]

PSWD:f E

sSworr

Loyt (1-18)
" 4 b I

Fnom

where E,. is the reverse recovery energy loss, O, is reverse recovery charges, V} is the reverse blocking
voltage, I is the forward current, /r.om is the rated forward current. The total switching losses of one switch
time can be defined as the sum of the switching loss of an IGBT and a series diode, which can be obtained

by

P, =60x(P, s+ L) (1-19)
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Where n is the number of CSI modules employed in SC-CSIs.

Existing methods to decrease switching losses and improve the power efficiency of CSls involve
replacing reverse-voltage-blocking (RB) switches with alternative switching devices, including wide-
bandgap (WBG) semiconductor devices [30] and bidirectional (BD) switches [31],[32]. However, based on
the literature evidence, replacing the switches does not result in significant reductions in switching losses
compared to conventional CSIs with RB switches; these approaches focus more on reducing conduction
losses. Alternatively, a straightforward approach to reducing switching losses is directly lowering the
switching frequency. However, the reduction of the switching frequency will lead to poor harmonic
performance in the inverter output current, thereby increasing the requirement of the passive components,

such as filter capacitor and DC inductor.

1.8 Challenges and Research Objectives

Switching losses of the semiconductor switches significantly impact the power efficiency and
overall performance of SC-CSIs. To achieve higher efficiency and reduce power losses, this thesis focuses
on the reduction of switching losses in SC-CSIs by lowering the switching frequency of the inverters.
However, this approach presents a challenge in the form of a trade-off, as the reduced switching frequency
results in a significant increase in passive components. Therefore, the main objective of the thesis is to
address this trade-off by investigating alternative methods and configurations that can mitigate the impact
of increased passive components while still achieving substantial switching losses reduction. The thesis
investigates the percentage reduction in switching losses and passive components for each SC-CSI

configuration compared to the conventional SC-CSIs.
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1.9 Thesis Organization

The organization of the rest of the thesis can be summarized as follows:

Chapter 2 investigates the switching losses and filter capacitance of SC-CSIs with switching
frequencies of 540 Hz and 360 Hz. The active damping is implemented to 360-Hz SC-CSI to
mitigate the increase in filter capacitance caused by the reduced switching frequency.

Chapter 3 introduced SC-CSIs with a switching frequency of 60 Hz to further reduce the switching
losses. The phase-shifting transformer is implemented to address the significant increase of the
passive components since the active damping method used in Chapter 2 does not work as expected.
Chapter 4 summarizes the findings and contributions of the thesis. Discusses the limitations of the
research and areas for future work. Provides recommendations for future studies and research to

further enhance the performance and practicality of SC-CSIs.
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Chapter 2

The Series-Connected CSI with f,=360 Hz with Active Damping

As mentioned before, the conventional SC-CSIs in this thesis refer to the inverters that utilize SVM
with a switching frequency of 540 Hz. Reducing the switching frequency is one of the approaches to
reducing switching losses. This chapter reduces the switching frequency from 540 Hz to 360 Hz for the
switching loss reduction. However, the lower switching frequency results in the poorer quality of the
inverter output current waveforms. In particular, when using SVM with a switching frequency of 360 Hz,
the dominant harmonic orders in the inverter output current shift to the 11th and 13th orders rather than the
previously dominant 17th and 19th orders. The presence of these dominant low-order harmonic currents
necessitates the use of larger filter capacitors at the output of the CSIs to improve harmonic performance

and meet grid code requirements.

Nevertheless, decreasing the switching frequency while significantly increasing the filter capacitor
size is not an accepted trade-off. To address this issue, the active damping control technique is introduced
to reduce the required filter capacitance. By implementing the active damping control in the 360-Hz SC-
CSlIs, the required filter capacitance is efficiently reduced compared to the 360 Hz SC-CSIs without active
damping. This chapter investigates and compares the switching losses and filter capacitor size between
conventional SC-CSIs and 360-Hz SC-CSIs with active damping. Simulation is conducted by
MATLAB/SIMULINK to analyze the performance of active damping and its impact on filter capacitance

reduction.

2.1 Active Damping Control

The two categories of damping methods for LC resonance are passive damping and active damping

[11,[33],[40]. The passive damping method adds the physical damping resistor to the system for damping
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performance. However, this method also introduces additional power losses, particularly in high-power
applications. On the other hand, active damping utilizes a control algorithm to emulate a virtual resistor,
thereby achieving the desired damping performance without dissipating additional power losses. This
control algorithm can be implemented by adjusting the modulation index and the delay angle of SVM.
Additionally, active damping has the capability to reduce the THD in the grid current by damping the
harmonic currents around the resonance frequency, as presented in [41]. This helps improve power quality

and ensure compliance with harmonic requirements.

Ryp

AN

[
"
= L -
4 |‘c . v

Figure 2-1 Possible locations of virtual resistors in an LC filter circuit [34].

The possible locations to implement a damping resistor in an LC filter are shown in Figure 2-1[37].
For CSIs, the most convenient location of the virtual resistor is in parallel to the output filter capacitor. This
choice is advantageous because the CSI can easily generate the damping current that flows parallel to the
capacitor. The equivalent circuit of the active damping approach in a single CSI is shown in Figure 2-2.
Here, i, srepresents the new reference inverter output current, which contains both the original CSI output
current (i) and damping current (i,). The damping current can be obtained by dividing the measured

capacitor voltage (v.) by the virtual resistor (R,).
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i,=v./R, (2-1)

Even though the lower virtual resistance leads to better damping performance, it is recommended to be
selected above 1 per unit. This consideration ensures control loop stability and maintains reasonable gain

and phase margins, as presented in [41].

@
Il
|

Figure 2-2 Equivalent circuit of a single CSI with active damping control.

Similar to the PF control introduced in Chapter 1, the operation principle of the active damping
control is to generate the new reference inverter output current by adjusting the modulation index and the
delay angle of the inverter. It is important to note that the PF control algorithm is based on the fundamental
components of current and voltage. To prevent interference between the active damping control and PF
control, the active damping control procedure should only focus on the harmonic components. In other

words, the active damping control will only be activated if harmonic currents are present in the system.

Figure 2-3 shows the block diagram of the active damping control combined with PF control. The
three-phase capacitor voltage (v.) is detected and transformed into the synchronous reference frame (v 4),
which contains fundamental current and significant harmonic currents absorbed from the inverter output
current. In the synchronous reference frame, the fundamental component of the measured capacitor voltage
is a DC quantity, which can be easily removed by a high-pass filter (HPF) with a low cut-off frequency.

The transfer function of a simple first order HPF can be expressed as
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s
H(s)=—— _
() s+2rnf, @-2)

where f. is the cut-off frequency of the filter. The damping current in the synchronous reference frame (i, 4)
is obtained by dividing voltage (v'c 44) by virtual resistor (R,). The damping current is subtracted from the

PF control output current (i’ 44) to obtain the new reference inverter output current (Z rer d.q)-

. o .
lw_ref_d,q - lw_d,q lp_d,q (2-3)

The new reference inverter output current consists of two components: the fundamental component
obtained from the PF control and the harmonic component obtained from the active damping control.
Finally, the delay angle and modulation index can be determined by i\ s 44, and implemented into SVM to

generate the switching signals.

L CSI
fae § L, Rg 4,
Ve - fCi Ve
Cr T]—l Ve
b PLL
abC
r Edl.
SVM iy
. HPF —abe 40
0, my Ve dg J’
1/Rp ng:q
) . 2 ., 2 fp_d,q
_ Ed“ +Iq“ .y ‘
m, = \/_] o e = I w_dg PF
; ) control
@ =tan"' (1) hw_ref dg
I

Figure 2-3 Block diagram of active damping control.
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2.2 Switching Losses Investigation

Since active damping is applied through a control algorithm, which does not change the switching
sequence of the switches in CSIs, the implementation of active damping does not alter the switching losses
of IGBTs and diodes in inverters under the same switching frequency conditions. The switching losses of
the two-CSI, three-CSI, and five-CSI systems with switching frequencies of 540 Hz and 360 Hz are
calculated. To ensure that the switches can handle the voltage stress, suitable switches need to be selected.
For this analysis, the switches used in each topology are chosen as a 6500 V IGBT (FZ750R65KE3) with

a 6800 V diode (D711N68T) connected in series. The spice parameters for these components, obtained

from the datasheets, are provided in TABLE 2-1.

TABLE 2-1 Parameters of the IGBT and diode.

Device Type IGBT Diode
Part Number FZ750R65KE3 | D711N68T
Voltage Rating (V) 6500 6800
Current Rating (A) 750 770
Forward Voltage (V) 3.0 1.77
Turn-on Time (ps) 0.8 -
Turn-off Time (ps) 1.5 -
E.n (J) 0.5 -
Eyr(J) 0.9 -
Recovered Charge (mAs) - 5

The switching losses of IGBTs and didoes can be calculated by using Equation (1-17) and Equation

(1-18). By applying these equations, the switching losses of the SC-CSIs with switching frequencies of 540
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Hz and 360 Hz can be determined. The calculated switching losses are presented in TABLE 2-2. It can be
observed that reducing the switching frequency to 360 Hz results in a significant reduction in switching
losses compared to 540 Hz. In the two-CSI, three-CSI, and five-CSI systems, a percentage reduction of 33%

is achieved. This reduction in switching losses contributes to improved overall system efficiency and

performance.
TABLE 2-2 Calculated switching losses of SC-CSIs.
Topology Device Switching Losses Total Switching Losses Percentage Reduction
(W) (W) (%)
Two-CSI system IGBTs 8768
22382
Jsw= 540 Hz Diodes 13614
33
Two-CSI system IGBTs 5845
14921
Jo=360 Hz Diodes 9076
Three-CSI 1GBTs 13152
system - 33574
fiu= 540 Hz Diodes 20422
33
Three-CSI IGBTs 8768
system - 22382
fiu= 360 Hz Diodes 13614
Five-CSI system IGBTs 21920
, 55957
fsw=540 Hz Diodes 34037
33
Five-CSI system IGBTs 21920
, 37304
fsw=360 Hz Diodes 34037

2.3 Filter Capacitance Investigation

The new reference inverter output current contains both the fundamental component obtained from
the PF control and the harmonic components obtained by the capacitor harmonic current. As a result, the
harmonic currents present in the new reference inverter output current differ from the conventional

approach. To achieve this, the harmonic damping current, which has the same phase angle as the capacitor
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voltage, is subtracted from the original harmonic current. This subtraction helps in mitigating the undesired

harmonic content and improves the overall harmonic performance of the system.

The calculated filter capacitance for SC-CSIs with switching frequencies of 540 Hz and 360 Hz, to
comply with the grid code, are listed in TABLE 2-3 for comparison. This calculation considers the total
grid-side inductance of 0.2 pu, grid-side resistance of 0.01 pu, and virtual resistance of 1 pu. In the two-
CSI, three-CSI, and five-CSI systems with a switching frequency of 360 Hz, the filter capacitance increases
by 114%, 180%, and 197%, respectively, compared to the SC-CSIs with a switching frequency of 540 Hz.
Furthermore, the calculated filter capacitance for SC-CSIs with a switching frequency of 360 Hz, with and
without active damping, is listed in TABLE 2-4. Approximately 20% reduction is achieved by implementing
active damping to SC-CSIs. However, even with this reduction, the capacitance values remain larger than
those employed in conventional SC-CSIs. The capacitance experiences an increase of 68%, 120%, and 130%
in 360-Hz two-CSI, three-CSI, and five-CSI systems with active damping, respectively, in comparison to
conventional SC-CSIs. To visualize the comparison of the filter capacitance in SC-CSIs, a bar diagram is

provided in Figure 2-4 for easy and clear comparison between different configurations.

TABLE 2-3 Calculated filter capacitance for SC-CSIs with switching frequency of 540 Hz and 360 Hz.

Topology Power Rating | Filter Capacitance | Percentage Increase
Two-CSI system 70 uF
4160 V/2 MVA
fsw= 540 Hz (0.23 pu)
114%
Two-CSI system 150 pF
4160 V/2 MVA
fsw=360 Hz (0.5pu)
Three-CSI system 110 pF
4160 V/3 MVA
Jow=540 Hz (0.24 pu)
180%
Three-CSI system 310 uF
4160 V/3 MVA
Jfow=360 Hz (0.67 pu)
Five-CSI system 235 uF
4160 V/5 MVA
fow= 540 Hz (0.3pu)
197%
Five-CSI system 700 uF
4160 V/5 MVA
Jsw=360 Hz (0.91 pu)
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Filter Capacitance (pu)

TABLE 2-4 Calculated filter capacitance for SC-CSIs with switching frequency of 360Hz with and
without active damping.

Switching Frequency=360 Hz
Topology Power Rating | Filter Capacitance | Percentage Reduction
Two-CSI system 150 uF
) 4160 V/2 MVA
No damping (0.5pu)
21%
Two-CSI system 118 uF
) ) ) 4160 V/2 MVA
With active damping (0.38pu)
Three-CSI system 310 uF
No damoi 4160 V/3 MVA (067 pu)
o damping .67 pu
20%
Three-CSI system 250 uF
) ) ) 4160 V/3 MVA
With active damping (0.54 pu)
Five-CSI system 700 pF
No damoi 4160 V/5 MVA 091 pu)
o damping 91 pu
22%
Five-CSI system 545 pF
) ) ] 4160 V/5 MVA
With active damping (0.77 pu)

[a—y

» f,,=360 Hz, No damping
09 W f,=540 Hz, No damping
1-x=360 Hz, With active damping

=
s

0.7

0.5
0.4
0.3
0.2
0.1

Two-CSI System Three-CSI System

Five-CSI System

Figure 2-4 Comparison of filter capacitance of SC-CSIs.
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2.4 Simulation Investigation

The simulation is conducted for a two-CSI system with and without active damping control to
verify the active damping performance and filter capacitance reduction. The simulation parameters are
provided in TABLE 2-5. Since the active damping control does not influence the properties and
performance of the DC inductance, the DC voltage and large DC inductance are replaced by a DC current

source, the simulation circuit is shown in Figure 2-5.

TABLE 2-5 Simulation parameters of a two-CSI system with active damping.

Topology Two-CSI System
Switching Frequency 360 Hz
Power Rating 4160 V/2 MVA
Grid Voltage 4160 V
DC Input Current 300 A
Grid-Side Inductance 4.6 mH (0.2 pu)
Grid-Side Resistance 0.08 © (0.01 pu)
Virtual Resistance 10 Q (1.2 pu)
Filter Capacitance 118 pF (0.38 pu)

The simulated waveforms of inverter output currents, capacitor voltages and grid current in a two-
CSI system with a switching frequency of 360 Hz, without active damping, are presented in Figure 2-6.
The inverter output currents of CSI#1 (i,,1) and CSI#2 (i.2) exhibit six pulses in each positive and negative
half cycle and have identical magnitudes and phase angles. The peak value of i, and i, equals to the
product of the DC input current and a constant modulation index, which is calculated based on PF control.
The grid current demonstrates good harmonic performance, ensuring compliance with the grid codes. The
harmonic spectrums of the inverter output current of CSI#1 and grid current are shown in Figure 2-7. The
dominant harmonic pairs in i, are the 11th, 13th and 17th, and 19th orders. The design of the filter

capacitance primarily focuses on suppressing the 13th harmonic current to comply with the grid codes.
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With the calculated capacitor value, the grid current satisfies all the individual harmonic limits required by

grid code.
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Figure 2-5 Simulation circuit for two-CSI systems.

The simulated waveforms of i1, iw2, and i, for the two-CSI system with a switching frequency of
360 Hz, with active damping, are shown in Figure 2-8. Due to the new reference inverter output current
containing both fundamental and harmonic components, the modulation index is not a constant value but
varied with the harmonic damping current. This variation leads to the peak value of the inverter output
current (iwi, iy2) being different from the DC input current. The harmonic spectrum of 7,,; and i, are shown
in Figure 2-9. It can be observed that the 13th harmonic current in i, is reduced to 23% with active damping
compared to 28% without active damping. Since the 13th harmonic is the primary consideration for the
filter capacitance design, the reduction in the 13th harmonic current results in a reduced filter capacitance
requirement to comply with the grid code. The spectrum of the grid current (i,) confirms that all individual

harmonic currents satisfy the grid code requirements with the calculated filter capacitance.
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Figure 2-6 Simulated waveforms for a two-CSI system without active damping, f,,=360 Hz.
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Figure 2-7 Harmonic spectrums of the inverter output current and grid current without active damping.
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Figure 2-8 Simulated waveforms for a two-CSI system with active damping, f;,=360 Hz.
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Figure 2-9 Harmonic spectrums of the inverter output current and grid current with active damping.
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2.5 Summary

In this chapter, the switching frequency of SC-CSIs was reduced from 540 Hz to 360 Hz to reduce
switching losses. The reduction in switching frequency resulted in a significant reduction of 33% in
switching losses. However, this lower switching frequency led to more significant low-order harmonic
components in the inverter output current. As a result, larger filter capacitors were required to comply with
the grid codes, with capacitance increases of 114%, 180%, and 197% for two-CSI, three-CSI, and five-CSI
systems, respectively, with a switching frequency of 360 Hz. To address this issue, active damping control
is implemented into the SC-CSIs by emulating the virtual resistor in parallel with the filter capacitor. By
generating a new reference inverter output current through PF control and active damping control, the
dominant harmonic components in the original inverter output current were reduced, leading to the
reduction in the required filter capacitance to meet grid code requirements. However, even with active
damping, the reduced capacitance remained significantly larger than the capacitance used in conventional

SC-CSlIs.

In conclusion, while reducing the switching frequency from 540 Hz to 360 Hz effectively reduces
switching losses in SC-CSIs, the filter capacitance substantially increases even with active damping.

Therefore, this approach is not recommended to be used in practice.
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Chapter 3

The Series-Connected CSI with Square Wave Operation

The method to reduce the switching frequency used in Chapter 2 does not work as well as expected
due to the large size of filter capacitance even with active damping method. To further reduce the switching
frequency without the trade-off of increasing passive components, the SC-CSI with 60-Hz square wave
operation introduced in [42] is a good candidate for switching loss reduction. This topology replaces the
multi-winding transformer with a phase-shifting transformer to mitigate the significant increase in passive
components caused by the low switching frequency. This chapter introduces the operation of 60-Hz SC-
CSlIs, and the switching losses and the passive components are investigated. The simulation is conduced to

analyze the performance of the 60-Hz SC-CSIs and the reduction of the passive components.

3.1 60-Hz SC-CSI Topology

The 60-Hz SC-CSI introduced in [42] is shown in Figure 3-1. The differences between 60-Hz SC-

CSIs and conventional SC-CSIs are
1) 60-Hz square wave operation is applied to each CSI to enable 60 Hz switching frequency of the switches.

2) Phase-shifting modulation is applied to each CSI module, which results in the reduction of the DC

inductor.

3) The phase-shifting transformer provides the phase displacement between its primary and secondary

current for low-order harmonic elimination, significantly reducing the required filter capacitor size.

The passive components employed in this topology, such as LC filter and DC inductance, exhibit similar
performance characteristics as those used in conventional SC-CSls. The following sections will provide a

detailed introduction to the square wave operation, phase-shifting transformer, and phase-shifting
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modulation, offering a comprehensive understanding of their functionality and advantages within 60-Hz

SC-CSIs.
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A
I *S11 b S13 S
de B N - r————-— 1
A 9 - iw] L Rl isl
S S S c > H’V‘Y‘\_lvv\,—
1jJ} lJﬁ 15 __l [ [
Y TTTC | !
¢ | |
. ! |
321 23 %) | | .., .,
Ve R O | [g=1" 1t 11 5
L = i Ly 2 in
P st "2 M:@ @Lg% Ve
524 526 Szz | |
| |
| |
Sas | |
J J a ) | |
¥ Vi Ly  Rao gy |
CSI #n Vo |
Spa | Sus | Sm
J .} o |
=====_Cn | |
\ 2 | |

Phase- shlftmg t1ansforrne1

Figure 3-1 Topology of a 60-Hz n-SC-CSI.

3.2 Square Wave Operation and Phase-Shifting Modulation

Square wave operation is one of the several modulation schemes used in power converters that
enable the fundamental switching frequency [43]. In 60-Hz SC-CSIs, all switches operate with a
fundamental switching frequency of 60 Hz. The switching scheme of the square wave operation is shown
in TABLE 3-1. To satisfy the switching constraints of the current source converter, each switch conducts
for 120° and has a phase displacement of 60° from each other. However, the 60-Hz operation features
substantial low-order harmonics, such as 5th and 7th harmonics, into the inverter output current waveform.
These low-order harmonics require very bulky and costly harmonic filters at the output to improve harmonic

performance. The example of the inverter output current waveform and its harmonic spectrum is presented
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in Figure 3-2. From the Fourier series expression represented as Equation (3-1), the highest DC current

utilization (éw1,mar/1ac) is at 0.78.

i,()= i [% cos(% n) sin(na)t)} (3-1)

n=1,5,7....

TABLE 3-1 Modulation scheme of square wave operation.

Gating signals for CSI #1
0 Sn S12 S13 S4 Sis S16 i1
0-60° 1 0 0 0 0 1 Lic
60°-120° 1 1 0 0 0 0 Lic
120°-180° 0 1 1 0 0 0 0
180°-240° 0 0 1 1 0 0 —Lae
240°-300° 0 0 0 1 1 0 —Lae
300°-360° 0 0 0 0 1 1 0
A
Iar(- - hl
0

'Idc- St St2 SIS: S Sis | Sie _

— ' 3¢ )
L/l | 0 60 120 180 0

!

0.20
0.15
0.10

0

5 10 15 20 25 30 35 40 45 50 m
Harmonic order

Figure 3-2 Waveform of inverter output current and its harmonic spectrum [42].

The phase-shifting modulation provides the phase displacement between each CSI output current. The

phase-shifting angle between CSI #1 and CSI #n is d, which can be calculated by:
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_ 60(n—1)
B n

o (3-2)

where n is the number of CSI modules. For example, 6=30° in a two-CSI system. The LC filter output
current in CSI#1 and CSI#2 can be expressed as

i, = Z I sin(mat)
m=1,57...
) (3-3)
i, = Z I sin(mot+30")

m=1,5,7...
where 51 and i are the filter output current of CSI#1 and CSI#2, respectively, m is the harmonic order.

Note that the phase-shifting modulation may cause the complexity of the control algorithm,
particularly in terms of voltage or current detection prior to the phase-shifting transformer. For instance,
the active damping control introduced in Chapter 2 relies on the measured capacitor voltage of CSlIs. In
conventional SC-CSIs, where the capacitor voltage of each CSI is identical, and in phase, the active
damping control can be easily implemented using the detected capacitor voltage from any CSI module.
However, in the case of 60-Hz SC-CSIs, the capacitor voltages of CSIs experience a phase displacement
provided by the phase-shifting modulation. Considering the phase displacement among capacitor voltages

in 60-Hz SC-CSIs makes the control algorithm more complex than conventional SC-CSIs.

3.3 Phase-Shifting Transformer

In 60-Hz SC-CSIs, phase-shifting transformers are employed instead of the multi-winding
transformers used in conventional SC-CSIs. These phase-shifting transformers introduce a phase shift angle
(0) between the primary and secondary sides, enabling harmonic cancellation. The relation of phase angle

before and after the transformer can be expressed as

Zil =/i, —0 forpositive-sequence harmonics

Zil =/i, +0 for negative-sequence harmonics (3-4)
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where i, and i/, refer to the mth-order harmonic currents before and after the transformer, respectively.

The phase shift in the transformer can be realized by connecting the primary and secondary winding in
different configurations. Different configurations, including wye (Y), delta (A), or zigzag (Z) arrangements,

can be employed in the phase-shifting transformer to provide the desired phase shift angle.

Taking the two-CSI and three-CSI systems as examples of how phase-shifting transformers can be
utilized. In the two-CSI system, the Y/Y configuration is employed in CSI#1, where no phase-shifting is
provided. The A/Y configuration can be used in CSI#2 to provide the phase shifting angle of 30° between
its primary and secondary winding current while keeping the primary and secondary voltages unchanged.
The configuration diagram of a A/Y transformer is shown in Figure 3-3. The turn ratio of the transformer
in the simulation is set to be 1:v/3. For the three-CSI system, the configuration of Z/A can be used in CSI#2
and CSI#3 to provide the phase shifting angle of 20° and 40°, respectively. The configuration of a Z/A
diagram is shown in Figure 3-4. The turn ratio can be calculated using the information provided in TABLE
3-2 [1]. The configuration and turn ratios of the transformer for more CSIs connected in series can be

designed in the same manner.

M Ny
4 : — o
B . o b
C | . mm" o ¢

Figure 3-3 A/Y transformer.
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It's worth noting that, compared to the multi-winding transformer used in conventional SC-CSIs,
the phase-shifting transformer employed in the 60-Hz SC-CSIs maintains the same power and voltage rating

but with more complex winding configurations. This complex configuration does not cause a high cost

(a) Z-1/A transformer

(b) Z-2/A transformer

N3

. a

~ b

- c
N3

. a

- b

- c

Figure 3-4 Z/A transformer.

because the main factors affecting the cost of the transformer are power rating and insulation level [42].

TABLE 3-2 Turn ratios of Z/A transformer.

Transformer configuration Phase-shifting angle ﬁ ﬁ

0° 0 1.0
15° 0.366 1.225

Z-1/A
20° 0.532 1.347
30° 1.0 1.732
40° 0.532 1.347

7-2/A 45° 0.366 1.225
60° 0 1.0
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3.4 Harmonic Elimination

The low-order harmonic current elimination of the grid current can be achieved by combining the
phase-shifting modulation and phase-shifting transformers. For example, the grid current of a two-CSI
system can be derived as

C oy
lg =1y Tl

= Y I, sin(mo)+ ). Imsin{m(a)t+30°)—300}+ > Imsin{m(a)t+30°)+30°} (3-5)

m=1,5,7... m=1,7,13... m=511,17...

i i'5 Positive sequence i'.5 Negative sequence
=21 sin(ewt) + 21, sin(11ewt) + 21, sin(13t) + ...
where i's1, and iy, are the secondary winding currents of the transformer. The harmonic currents of 5th, 7th,
17th, 19th orders etc. in i1 and i, are 180° out of phase. Since the load current i, is equal to the summation
of is1 and i'p, its harmonic currents at Sth 7th 17th 19th orders etc., are eliminated. Based on the Equation
(3-5), the elimination of the specific harmonic currents for any 60-Hz SC-CSIs can be obtained. With more

CSIs connected in series, the more low-order harmonic currents can be eliminated.

3.5 Switching Losses Investigation

The investigation of switching losses involves calculating the switching losses for the two-CSI,
three-CSI, and five-CSI systems. This investigation considers both the switching frequency of 540 Hz and
60 Hz, with corresponding system power ratings of 4160 V/2 MVA and 4160 V/5 MVA, respectively. The
spice parameters of the switches can be found in TABLE 2-1. The calculated switching losses of SC-CSIs
with switching frequency of 540 Hz and 60 Hz are listed in TABLE 3-3. Compared to the conventional SC-
CSIs, the switching losses in 60-Hz SC-CSIs reduced around 90%. This significant reduction of the
switching losses highlights the advantages of using 60-Hz SC-CSIs, including improved efficiency and

reduce the power dissipation.
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TABLE 3-3 Calculated switching losses of SC-CSIs.

Topology Device Switching Losses Total Switching Losses Percentage Reduction
(W) W) (%)
Two-CSI system IGBTs 8768
22382
fow= 540 Hz Diodes 13614
90
Two-CSI system IGBTs 881
2250
Jsw=60 Hz Diodes 1369
system . 33574
fin= 540 Hz Diodes 20422
90
Threc:-CSI IGBTs 1322
system . 3376
fi= 60 Hz Diodes 2053
Five-CSI system IGBTs 21920
. - 55957
fow=540 Hz Diodes 34037
90
Five-CSI system IGBTs 2167
- 5532
fsw=60 Hz Diodes 3365

3.6 Passive Components Investigation

3.6.1 DC Inductance

The DC inductance in 60-Hz SC-CSIs is reduced compared to the conventional SC-CSIs by

implementing the phase shifting modulation to each CSI module. The DC inductance (L4) in a 60-Hz n-

SC-CSI can be expressed as

V,»,, IJ-Z+AIVdd

v At
L, =
“ Ald(:
— v+, (0+ 2 0+5
Ve =V t( +?)+...+v1( +5)

| S ——)

o)
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This modulation scheme introduces a phase-shifting angle (8) in the input voltage of each CSI module.

Consequently, the sum of the input voltages (va.) for each CSI module is calculated differently compared

to conventional SC-CSIs. Taking a 60-Hz 2-SC-CSI as an example, the waveform of input voltage (vir),

and v, for one fundamental cycle of inverter output currents (iws, iw2) is shown in Figure 3-5. The DC

inductance can be calculated as

1 pt+at
I/[”_E ) v, +v,dt|At
al,
1 pttat
n " ap) Var Y b(l9+ )dt
(3-7)
Al
t+at
Al 3V, cos(0+ )dt+J' 3V, cos(0+ )dt
AI de

Figure 3-5 Waveforms of Vi, and v, for a 60-Hz 2-SC-CSI.
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TABLE 3-4 Calculated DC inductance for conventional and 60-Hz SC-CSlIs.

. DC Current Percentage
Topology Power Rating Ripple DC Inductance Reduction
Two-CSI system 50 mH
4160 V/2 MVA 12%14c
fow=540 Hz (2.1 pu)
78%
Two-CSI system 11 mH
4160 V/2 MVA 12%14c
Jfow=60 Hz (0.5 pu)
Three-CSI 75 mH
system 4160 V/3 MVA 12%14c
fow= 540 Hz (4.9 pu)
78%
Three-CSI 16.5 mH
system 4160 V/3 MVA 12%14c
Jsw=060 Hz (1.07 pu)
Five-CSI system 125 mH
4160 V/5 MVA 12%14c
fsw=540 Hz (13.5 pu)
80%
Five-CSI system 23 mH
4160 V/5 MVA 12%14c
fow= 60 Hz (2.5 pu)

TABLE 3-4 lists the calculated values of DC inductances for 60-Hz two-CSI, three-CSI, and five-
CSI systems Additionally, the table includes a comparison in terms of percentage reduction with respect to
the conventional SC-CSIs. It can be observed that the 60-Hz two-CSI, three-CSI, and five-CSI systems

achieve approximately an 80% reduction in the DC link inductance compared to the conventional SC-CSIs.

3.6.2 Filter Capacitance

Unlike conventional SC-CSIs, which only rely on the LC filter to improve the harmonic
performance, there are two components in 60-Hz SC-CSIs aimed at improving harmonic performance: LC
filter and phase-shifting transformer. Since the phase-shifting transformer eliminates significant low-order
harmonics, the required filter capacitance to meet grid code in 60-Hz SC-CSIs is reduced compared with
conventional SC-CSls. Considering the total grid-side inductance of 0.2 pu and grid-side resistance of 0.01

pu, the calculated filter capacitance for conventional SC-CSIs and 60-Hz SC-CSlIs are listed in TABLE 3-
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5. With more CSlIs connected in series, the more low-order harmonic currents can be eliminated, resulting

in the smaller filter capacitor size to comply with the harmonic limits from the grid code.

TABLE 3-5 Calculated filter capacitance for conventional SC-CSIs and 60-Hz SC-CSlIs.

Topology Power Rating | Filter Capacitance | Percentage Reduction
Two-CSI system 70 uF
4160 V/2 MVA
Jfow=540 Hz (0.23 pu)
Two-CSI system 75 uF
4160 V/2 MVA
Jow=60 Hz (0.24pu)
Three-CSI system 110 uF
4160 V/3 MVA
fow=540 Hz (0.24 pu)
66%
Three-CSI system 37 uF
4160 V/3 MVA
fsw=60 Hz (0.08 pu)
Five-CSI system 235 uF
4160 V/5 MVA
_f;w: 540 Hz (03pu)
94%
Five-CSI system 14 uF
4160 V/5 MVA
fsw= 60 Hz (0.018 pu)

3.7 Simulation Investigation

Simulation is conducted to analyze the performance of 60-Hz SC-CSIs and verify the calculated
passive components. The simulation parameters are listed in TABLE 3-6. The simulated waveforms of the
60-Hz two-CSI, three-CSI, and five-CSI are shown in Figure 3-6, Figure 3-7, and Figure 3-8, respectively.
The DC input current (/4) of each inverter contains a 12% current ripple. The output currents of each CSI
(#w1-iwn) are identical but have a 30° phase shift between any adjacent currents in the two-CSI system, a 20°
phase shift in the three-CSI system, and a 12° phase shift in the five-CSI system. The phase-shifting
transformer provides desired phase shifts between its primary (isi-ism) and secondary (i'si-i'sn) winding
currents in the two-CSI, three-CSI and five CSI systems, respectively. The primary (is1-isn) and secondary

(i's1-i'sm) winding currents of the phase-shifting transformer experience significant low-order harmonics,
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leading to high distortion in the current. The excellent harmonic performance of grid current is achieved in
each inverter thanks to the low-order harmonic elimination of the phase-shifting transformer. Fig 3-9 shows
the harmonic spectrums of the grid current (i) for each SC-CSI. Except for the fundamental frequency, the
minimum harmonic frequency of i, can be identified at the 11th order in the two-CSI system, the 17th order

in the three-CSI system, and the 29th order in the five-CSI system.

TABLE 3-6 Simulation parameters of 60-Hz SC-CSIs.

Topology Two-CSI System | Three-CSI System | Five-CSI System
Switching Frequency 60 Hz 60 Hz 60 Hz
Power Rating 4160 V/2 MVA 4160 V/3 MVA 4160 V/3 MVA
11 mH 16.5 mH 23 mH
DC Inductance
(0.5 pu) (1.07 pu) (2.5 pw)
75 uF 37 uF 14 uF
Filter Capacitance " " "
(0.24pu) (0.08pu) (0.018pu)
4.6 mH 3.0 mH 1.8 mH
Grid-Side Inductance
(0.2 pu) (0.2 pu) (0.2 pu)
0.09 Q 0.06 Q 0.04 Q
Grid-Side Resistance
(0.01 pu) (0.01 pu) (0.01 pu)
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Figure 3-6 Simulated waveforms for a 60-Hz two-CSI.
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Figure 3-7 Simulated waveforms for a 60-Hz three-CSI.
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Figure 3-8 Simulated waveforms for a 60-Hz five-CSI.
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Figure 3-9 Harmonic spectrums of grid current i, in 60-Hz SC-CSlIs.
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3.8 Summary

This chapter employed series-connected connected current source inverters with a switching
frequency of 60 Hz to further reduce the switching losses. Compared to the conventional SC-CSIs with a
switching frequency of 540 Hz, this topology features lower switching losses, higher DC current utilization
and reduced passive components. The switching losses and passive components for two-CSI, three-CSI and
five-CSI systems are investigated. The results demonstrated that the 60-Hz SC-CSIs achieved a reduction
of over 90% in switching losses compared to conventional SC-CSIs. Approximately 80% reduction of the
DC inductance is achieved in 60-Hz two-CSI, three-CSI, and five-CSI systems. The reduction of filter
capacitance depends on the number of CSI modules connected in series. As more modules are connected,

the reduction of the capacitance to comply with the grid code can be further enhanced.
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Chapter 4

Conclusions

4.1 Conclusions and Contributions

In conclusion, this thesis investigated methods to reduce the switching losses of SC-CSIs while
mitigating the trade-off of increased passive components. Chapter 2 focused on reducing the switching
frequency from 540 Hz to 360 Hz using SVM. The reduced switching frequency resulted in the efficient
reduction of switching losses and increased the filter capacitance. The introduction of active damping
control helped mitigate the increased filter capacitance. Chapter 3 introduced the 60-Hz SC-CSI topology
with square wave operation, which achieved a significant reduction of over 90% in switching losses
compared to conventional SC-CSIs. This topology also demonstrated the ability to effectively reduce the

filter capacitance and DC inductance through phase-shifting modulation and phase-shifting transformers.

Overall, the 60-Hz SC-CSIs proved to be more competitive in reducing switching losses and
passive components compared to conventional SC-CSIs and 360-Hz SC-CSIs. While reducing the
switching frequency to 360 Hz showed promising results in reducing switching losses, it led to an increase
in low-order harmonic components and subsequently larger filter capacitance requirements. The active
damping control approach helped mitigate the capacitance increase, but the reduced capacitance still
remained significantly larger than that of conventional SC-CSIs. On the other hand, 60-Hz SC-CSIs can
further reduce switching losses and feature reduced passive components compared to conventional SC-

CSlIs.

In summary, this thesis highlighted the importance of carefully considering the trade-offs between
switching losses and passive component sizes when designing SC-CSIs with reduced switching frequencies.
The 60-Hz SC-CSI topology emerged as a more favorable solution for achieving significant switching

losses and passive components reduction.
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4.2 Future Work

The following studies and research are recommended for the future work.

1. Experimental Validation: Conduct experimental studies to validate the simulation results and
performance of the proposed SC-CSI configurations. Build physical electric systems and conduct
comprehensive experimental tests to verify the reduction in switching losses, passive component
sizes, and the effectiveness of the active damping control approach.

2. Techniques to Reduce Filter Capacitance Size: Investigate and implement additional techniques to
further reduce the size of the filter capacitor in 360 Hz-SC-CSlIs.

3. Implement Active Damping into 60-Hz SC-CSIs: implement active damping control into 60-Hz

SC-CSlIs to see if the filter capacitance can be further reduced.

49



References

(1]
(2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

B. Wu, High-Power Converters and AC Drives. Hoboken, NJ, USA: Wiley/IEEE Press, 2006.

Y. W. Li, M. Pande, N. R. Zargari and B. Wu, "DC-Link Current Minimization for High-Power Current-
Source Motor Drives," in IEEE Transactions on Power Electronics, vol. 24, no. 1, pp. 232-240, Jan. 2009.
B. Wu, S. B. Dewan and G. R. Slemon, "PWM-CSI inverter for induction motor drives," Conference Record
of the IEEE Industry Applications Society Annual Meeting, San Diego, CA, USA, 1989.

Z. Wang, B. Yuwen, Y. Lang and M. Cheng, "Improvement of Operating Performance for the Wind Farm
With a Novel CSC-Type Wind Turbine-SMES Hybrid System," in /EEE Transactions on Power Delivery,
vol. 28, no. 2, pp. 693-703, April 2013.

Z. . -C. Zhang and B. . -T. Ooi, "Multimodular current-source SPWM converters for a superconducting
magnetic energy storage system," in IEEE Transactions on Power Electronics, vol. 8, no. 3, pp. 250-256,
July 1993.

J. Dai, D. Xu and B. Wu, "A Novel Control Scheme for Current-Source-Converter-Based PMSG Wind
Energy Conversion Systems," in [EEE Transactions on Power Electronics, vol. 24, no. 4, pp. 963-972, April
2009.

S. Anand, S. K. Gundlapalli and B. G. Fernandes, "Transformer-Less Grid Feeding Current Source Inverter
for Solar Photovoltaic System," in IEEE Transactions on Industrial Electronics, vol. 61, no. 10, pp. 5334-
5344, Oct. 2014.

B. Wu, Y. Lang, N. Zargari, and S. Kouro, Power Conversion and Control of Wind Energy Systems, 1st ed.
Hoboken, NJ, USA: Wiley-IEEE, Jul. 2011.

J. Hou and Q. Chen, "Optimization of Current Source Inverter in Inductive Power Transfer Systems," 2020
IEEE 9th International Power Electronics and Motion Control Conference (IPEMC2020-ECCE Asia),

Nanjing, China, 2020, pp. 2969-2973.

[10]F. Akbar and H. Cha, "A Novel Three-Phase H7 Current-Source Inverter with Improved Reliability," 2019

IEEE Energy Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 2019, pp. 2836-2841.

50



[11]1X. Guo, "Three-Phase CH7 Inverter With a New Space Vector Modulation to Reduce Leakage Current for
Transformerless Photovoltaic Systems," in IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 5, no. 2, pp. 708-712, June 2017.

[12]1X. Guo, D. Xu and B. Wu, "Four-Leg Current-Source Inverter With a New Space Vector Modulation for
Common-Mode Voltage Suppression," in IEEE Transactions on Industrial Electronics, vol. 62, no. 10, pp.
6003-6007, Oct. 2015.

[13]1Q. Wei, B. Wu, D. Xu and N. R. Zargari, "Power Balancing Investigation of Grid-Side Series-Connected
Current Source Inverters in Wind Conversion Systems," in [EEE Transactions on Industrial Electronics, vol.
64, no. 12, pp. 9451-9460, Dec. 2017.

[14]1Q. Wei, B. Wu, D. Xu and N. R. Zargari, "A New Configuration Using PWM Current Source Converters in
Low-Voltage Turbine-Based Wind Energy Conversion Systems," in I[EEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 6, no. 2, pp. 919-929, June 2018.

[15]B. Wei, J. M. Guerrero, J. C. Vasquez and Xiaoqgiang Guo, "A modified droop control method for parallel-
connected current source inverters," I[ECON 2016 - 42nd Annual Conference of the IEEE Industrial
Electronics Society, Florence, Italy, 2016.

[16]D. Xu, N. R. Zargari, B. Wu, J. Wiseman, B. Yuwen and S. Rizzo, "A Medium Voltage AC Drive with
Parallel Current Source Inverters For High Power Applications,” 2005 IEEE 36th Power Electronics
Specialists Conference, Dresden, Germany, 2005.

[17]M. Popat, B. Wu, F. Liu and N. Zargari, "Coordinated Control of Cascaded Current-Source Converter Based
Offshore Wind Farm," in /[EEE Transactions on Sustainable Energy, vol. 3, no. 3, pp. 557-565, July 2012.

[18]L. Xing, Q. Wei and Y. Li, "Transformerless Series-Connected Current Source Converter," in [EEE
Transactions on Power Electronics, vol. 37, no. 8, pp. 8811-8815, Aug. 2022.

[19]L. Xing and Q. Wei, "Series-Connected Current Source Inverters With Less Switches," in I[EEE
Transactions on Power Electronics, vol. 35, no. 6, pp. 5553-5556, June 2020.

[20]1Q. Wei, B. Wu, D. Xu and N. R. Zargari, "A Natural-Sampling-Based SVM Scheme for Current Source
Converter With Superior Low-Order Harmonics Performance," in IEEE Transactions on Power

Electronics, vol. 31, no. 9, pp. 6144-6154, Sept. 2016.

51



[21]]. D. Ma, Bin Wu, N. R. Zargari and S. C. Rizzo, "A space vector modulated CSI-based AC drive for
multimotor applications," in IEEE Transactions on Power Electronics, vol. 16, no. 4, pp. 535-544, July
2001.

[22]1Q. Wei, B. Wu, D. Xu and N. R. Zargari, "Minimization of Filter Capacitor for Medium-Voltage Current-
Source Converters Based on Natural Sampling SVM," in IEEE Transactions on Power Electronics, vol. 33,
no. 1, pp. 473-481, Jan. 2018.

[23]1B. Wu, Power Conversion and Control of Wind Energy Systems. Hoboken, NJ, USA:Wiley/IEEE Press,

2011.

[24]Z. Wang, B. Jiang and Q. Wei, "DC-link Inductor Investigation for Series-Connected Current Source
Converter," 2021 IEEE Energy Conversion Congress and Exposition (ECCE), Vancouver, BC, Canada,

2021, pp. 3211-3215.

[25]1"IEEE Recommended Practices and Requirements for Harmonic Control in Electrical Power Systems," in
IEEE Std 519-1992 , vol., no., pp.1-112, 9 April 1993, doi: 10.1109/IEEESTD.1993.114370.

[26]F. Blaabjerg, U. Jaeger, S. Munk-Nielsen and J. K. Pedersen, "Power losses in PWM-VSI inverter using
NPT or PT IGBT devices," Proceedings of 1994 Power Electronics Specialist Conference - PESC'94,
Taipei, Taiwan, 1994.

[27]1M. H. Bierhoff and F. W. Fuchs, "Semiconductor losses in voltage source and current source IGBT
converters based on analytical derivation," 2004 IEEE 35th Annual Power Electronics Specialists
Conference (IEEE Cat. No.04CH37551), Aachen, Germany, 2004.

[28]1GBT Power Losses Calculation using the Data Sheet Parameters.pdf.” Accessed Jul. 01, 2023 [Online],

Available: https://community.element14.com/products/manufacturers/infineon/w/documents/6572/igbt-

power-losses-calculation-using-the-data-sheet-parameters

[29]7J. Schonberger and G. Feix, "Modelling turn-off losses in power diodes," 2008 11th Workshop on Control
and Modeling for Power Electronics, Zurich, Switzerland, 2008.

[30]B. Riegler and A. Miitze, "Switching Loss Measurement of Wide-Bandgap Reverse-Blocking
Semiconductor Switches in Current-Source Converters," 2022 IEEE 7th Southern Power Electronics

Conference (SPEC), Nadi, Fiji, 2022.

52


https://community.element14.com/products/manufacturers/infineon/w/documents/6572/igbt-power-losses-calculation-using-the-data-sheet-parameters
https://community.element14.com/products/manufacturers/infineon/w/documents/6572/igbt-power-losses-calculation-using-the-data-sheet-parameters

[31]H. Dai, R. A. Torres, J. Gossmann, W. Lee, T. M. Jahns and B. Sarlioglu, "An H7 Current-Source Inverter
using Wide Bandgap Bidirectional Switches to Achieve High Efficiency and Low Conducted Common-
Mode EML," 2020 IEEE Applied Power Electronics Conference and Exposition (APEC), New Orleans, LA,
USA, 2020.

[32]1H. Dai, R. A. Torres, T. M. Jahns and B. Sarlioglu, "An H8 Current-Source Inverter using Wide Bandgap
Bidirectional Switches,” 2019 IEEE Energy Conversion Congress and Exposition (ECCE), Baltimore, MD,
USA, 2019.

[33]K. H. Ahmed, S. J. Finney and B. W. Williams, "Passive Filter Design for Three-Phase Inverter Interfacing
in Distributed Generation," 2007 Compatibility in Power Electronics, Gdansk, Poland, 2007.

[34]Y. W. Li, "Control and Resonance Damping of Voltage-Source and Current-Source Converters With LC
Filters," in IEEE Transactions on Industrial Electronics, vol. 56, no. 5, pp. 1511-1521, May 2009.

[35]A. S. Morsy, S. Ahmed, P. Enjeti and A. Massoud, "An active damping technique for a current source inverter
employing a virtual negative inductance," 2010 Twenty-Fifth Annual IEEE Applied Power Electronics
Conference and Exposition (APEC), Palm Springs, CA, USA, 2010.

[36]]. C. Wiseman, Bin Wu and G. S. P. Castle, "A PWM current-source rectifier with active damping for high
power medium voltage applications," 2002 IEEE 33rd Annual IEEE Power Electronics Specialists
Conference. Proceedings (Cat. No.02CH37289), Cairns, QLD, Australia, 2002.

[37]C. Du, J. Zhou and Y. Ma, "Predictive current control of a current-source inverter with active damping
method," 2015 IEEE Energy Conversion Congress and Exposition (ECCE), Montreal, QC, Canada, 2015.

[38]F. Liu, B. Wu, N. R. Zargari and M. Pande, "An Active Damping Method Using Inductor-Current
Feedback Control for High-Power PWM Current-Source Rectifier," in IEEE Transactions on Power
Electronics, vol. 26, no. 9, pp. 2580-2587, Sept. 2011.

[39]Y. Sato and T. Kataoka, "A current type PWM rectifier with active damping function," TAS '95. Conference
Record of the 1995 IEEE Industry Applications Conference Thirtieth IAS Annual Meeting, Orlando, FL,
USA, 1995.

[40]J. D. Ma, B. Wu and S. Rizzo, "Active damping control of PWM CSI high power induction motor drives,"
2000 IEEE 31st Annual Power Electronics Specialists Conference. Conference Proceedings (Cat.

No.00CH37018), Galway, Ireland, 2000.

53



[41]]. C. Wiseman and Bin Wu, "Active damping control of a high-power PWM current-source rectifier for
line-current THD reduction," in /EEE Transactions on Industrial Electronics, vol. 52, no. 3, pp. 758-764,
June 2005.

[42]L. Xing and Q. Wei, "Series-Connected Current-Source Inverters: fSW = 60 Hz," in IEEE Transactions on
Power Electronics, vol. 35, no. 9, pp. 8882-8885, Sept. 2020.

[43]G. S. Kulothungan, A. K. Rathore, J. Rodriguez and D. Srinivasan, "Fundamental Device Switching
Frequency Control of Current-Fed Nine-Level Inverter for Solar Application," in /EEE Transactions on

Industry Applications, vol. 56, no. 2, pp. 1839-1849, March-April 2020.

54



