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Abstract

An Uninterruptible Power Supply (UPS) is a custom power device commonly used in
Low voltage networks to protect sensitive loads by mitigating power quality prob-
lems like voltage dips, interruptions and improvement of power factor. Sudden
power outages, that are unplanned and power disturbances in unprotected low and
medium voltage networks with sensitive load of a duration ranging from a hundreds
of milliseconds to several hours could eventuate into adverse financial losses. In this
thesis, a study is performed on the state of the art developments in UPS designs
and available topologies commonly used in the industry with static converters. A
Modular Multi-level Converter (MMC) based UPS system is proposed and simulated
in Matlab/SIMULINK with PLECS blockset under different operating conditions
such as load unbalance, voltage dips and operation with both resistive-inductive
and non-linear loads with a focus on converter performance. The UPS system is
compared the Two-level Voltage Source Converter (VSC) based UPS topology. The
results showed that the output voltage wave forms of the Medium Voltage (MV)
MMC have a more sinusoidal shape compared with the Two-level converter that has
a square output voltage, hence less requirements on the filters for the MMC. In the
thesis an MMC UPS was simulated with a switching frequency of 1000Hz which
was significantly lower than the 2000Hz for Two-level converter based UPS system,
resulting in lower losses when using the MMC based UPS system. The structure and
operation of the MMC was described and it showed that series modules could be
added in the arms of the MMC to alter its operating voltage and power requirement,
offering system scalability. With the structure of MMCs, it’s possible to perform
cell hot swaps and this increases the reliability of the MMC UPS as modules can
be replaced while UPS still remains in operation without necessarily invoking the
maintenance by-pass mode. In the MMC, the failed module can also be by-passed,
thus offering very high redundancy and possibility to use low cost valves in the
modules. The risks of operating the MV MMC and Transformerless UPS systems
are also discussed and suggestions are made on how to manage the risks. Finally
practical scenarios are identified where the proposed MMC based UPS systems can
be applied in industry and how they can improve on the power quality and reduce
on the operational losses.

Keywords: Power Quality, Voltage Source Converter(VSC), Custom Power device,
Uninterruptible Power Supply(UPS), Modular Multi-level Converter(MMC)
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1

Introduction

1.1 Background and motivation

An Uninterruptible Power Supply (UPS) is a custom power device used to mitigate
power quality problems in low voltage distribution system. UPSs find many applica-
tions in Hospitals, Data Centres, Industrial facilities, military installations, telecom
facilities and Emergency Power Systems (EPS) in Nuclear Power Plants (NPP).
They are used to protect critical loads that are susceptible to power spikes, voltage
dips, supply frequency variations, brown-outs [1] and power interruption ranging
from a few milliseconds to several hours [2].

A study presented in [3] on the cost of un-planned power outages in the industrial,
retail, public and agricultural sectors in Sweden in 2005 revealed all the aforemen-
tioned sectors had experienced outages ranging from a minute to several hours over
the past 12 months resulted in damage of products, re-scheduling activities and fi-
nancial loss through damage claims among other costs. In [3] at least 45% of all
these sectors players had no means of protecting themselves from these power dis-
turbances, while only 26% utilized UPS systems and 9% relied on insurance in the
industrial sector to safeguard themselves from the consequences of the power dis-
turbances. The level of protection against power disturbances in Sweden using UPS
is still low yet some industries continue to pay the price for low power quality and
disturbances in Low and Medium Voltage distribution networks.

For those that are using UPS systems, there is a vast increase in the number of UPS
topologies on the market ranging from Rotary UPS systems to a number of Static
based (Power Electronic) UPS systems with different converter topologies over the
years. As these UPS topologies evolve on the market, there is need to fast track and
adapt the UPS technologies to existing installations as well as new installations. A
basic example could be adapting the grounding system to the new UPS topologies
which is responsible for enabling the protection systems to function well and clear
ground faults and also protects sensitive load as well as the UPS systems [4] . The
grounding system is dependent on the configuration of the UPS and the nature of
the connected load [4] . Tt is therefore necessary to study the topologies from the
device level, to the system level and observe how the components are controlled
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and how they interact together to enhance the power quality and reliability in low
voltage power system.

It is with this background that, the performance of UPS systems based on MMCs is
compared with traditional Two-level converters for application in Emergency Power
Systems(EPS) at Low and Medium voltage distribution networks to establish their
benefits and challenges. MMCs can allow for transformerless grid connections, dis-
tributed energy storage among the modules, increased reliability, and offer scalability
by connecting the modules in series [5]. The Modular Multi-level Converter is shown
in Figure 1.1 below where SM is the sub-module j (1 < j < 2N) located in phase
z = (a,b,c)
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Figure 1.1: Structure of the Modular Multi-level Converter
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Figure 1.2: Structure of the Two-level Converter
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1.2 Current Work

In the past years there has been a lot of research effort on applications of Multi-level
Converters for HVDC Transmission systems [4]. However, today there are plenty of
applications of the multilevel converters even at Low voltage systems as well, where
they have replaced the traditional Two-level converter systems with the major goal
of reducing wave distortions from the converter [6].

In [6], the author discussed the possibilities to use Multi-level converters for UPS
applications. The converters covered in [6] included the three-level diode-clamped
and the four-level diode-clamped Multi-level converters but did not discuss the pos-
sibility of using Modular Multi-level Converters. Various applications of MMCs in
Medium as well as Low voltage systems with half bridges have also been studied in
[51[7].

An investigation on the feasibility of connecting a UPS system at Medium Voltage
(20 kV) has been done before in [8] on an existing distribution network and it showed
a significant improvement in power quality. In [8], the authors considered a Rotary
UPS system with a Flywheel. However, with the advent and development of MMC
in HVDC it is also possible to have a VSC at higher voltages levels that can be
utilized in the MV Static UPS systems for Power quality improvement and loss
reduction for high power applications in LV distribution system.

1.3 Aims

The purpose of this study is perform a study on UPS topologies in the industry
and to evaluate the performance of the proposed UPS system with Modular Multi-
level Converters in comparison to the traditional Two-level based UPS systems. A
Modular Multi-level Converter based UPS is implemented in Matlab/SIMULINK
with PLECS Blockset. A case study is selected to demonstrate where the UPS
system can be applied in practice and its performance is studied.
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2

Uninterruptible Power Supply
Topologies

2.1 Rotary UPS Systems

This type of UPS topology utilizes the motor-generator set and it is a classical way of
mitigating voltage dips [9] and interruptions for a few seconds. Rotary systems find
applications where the power requirements are somewhat high, typically 125kVA
and above [10]. These systems consist of three basic building blocks, that is: the
motor, generator and a flywheel, see Figure 2.1. The motor-generator set offers
high efficiency, fault handling capability and tolerance when used to supply loads
with high inrush currents [10] in noisy environments. However this kind of topology
is expensive when it comes to maintenance, since it consists of mechanical moving
parts thus it is prone to wear and tear making it to require periodic maintenance.
This topology is also characterised by high noise production and high system losses
due to friction in the mechanical moving parts [9] [10].

Flywheel

Generator
Sensitive load

Figure 2.1: Rotary UPS System

Principles of rotary UPS systems

The motor is mechanically coupled to the flywheel and the synchronous generator at
the supply frequency. During normal operation, the voltage regulator regulates the
generator voltage and the system frequency is maintained. When there is a short
interruption or voltage dips, then the flywheel will transfer its stored to the generator
to maintain its frequency within the pre-determined limits for a time duration that
is determined by the inertia of the flywheel [10]. The autonomy time of the UPS
system is very short compared to that of the Static UPSs and these UPS systems can
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only be used to bridge short disturbances or until the diesel generators are started
to provide backup.

2.2 Static UPS System

The Swedish Standard, SS-EN 62040-1 for general and safety requirements for UPS
defines a UPS as “a combination of converters, switches and energy storage devices
that make up a power system for maintaining continuity of the load power in case
of failure of the input-power” , as well as improving the power quality of the electric
supply. The SS-EN 62040-1 has no provisions for Rotary UPS systems. In this thesis
from here and thereafter when the word “UPS” is used, reference will be made to
a Static UPS system unless specificity to a Rotary UPS is stated. A static UPS
system is constituted by a rectifier, an Inverter and an energy storage mounted in
the DC link [10] as shown in Figure 2.2. The structure of the Static UPS can closely
be related to that of the variable speed drive with the only difference being that the
UPS has an energy storage connected to the DC bus [9]. Static UPS systems come
in three main topologies, namely; Single-conversion Static UPS systems, Double-
conversion Static systems and Multi-mode Static UPS systems.

Static Switch

=k
L
Power System Rectifier Inverter oy
Sensitive load
@ AC DC
J = DC l AC
I Battery

Figure 2.2: Static UPS System

2.2.1 Single-conversion Static UPS systems

This UPS operates on the batteries in the event of a disturbance from the grid
supply such as an interruption or a power quality phenomenon for example a volt-
age dip. The topology transfers sensitive load back to the mains with the help of
static transfer switches under normal operation. The direction of power flow in this
topology is shown in the Figure 2.3 [11].

6
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Normal power flow

=
Lo
Supply Sensitive load
AC . DC
DC l AC
Charging ' Emergency =
power flow

Figure 2.3: Single conversion UPS System

2.2.2 Double-conversion Static UPS systems

In the double conversion topology, like its name suggests, it has two power conversion
stages from AC mains to DC to charge the battery pack and finally to AC at the load
connection point [11]. It protects the load by isolating it from a direct connection
to the grid supply side. The direction of power flow for double conversion UPS
topology is shown in the Figure 2.4. This is of a lower cost compared to the multi-
mode topology but has very lower efficiency because of the double power conversion
process.

Emergency By-pass power flow

—ESL]’

— Normal power flow ———=
Supply ‘ Sensitive load

Charging Emergency =
power flow

Figure 2.4: Double Conversion UPS System

2.2.3 Multi-mode Static UPS systems

This static UPS system combines the good features of the double as well as the
single conversion UPS system thus achieving improved reliability and efficiency [11].
During normal operation, the UPS system operates in Mode 1 (see Figure 2.5).
In the event of occurrence of a disturbance from the supply side it automatically
transfers the sensitive load to Mode 2, which is the double conversion in a bid to
ensure maximum protection of the load but compromising system efficiency. If the
power quality of the supply drops below preset tolerances for the rectifier during
the operation under mode 2, the load will then be finally transferred to the battery
packs [11]. Restoration of the mains supply takes the operation back to Mode
1 of operation. This topology is very energy efficient but more costly than its

7
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counterparts.The conversion between different modes of the topology is governed by
the characteristics of the static transfer switches.

Maintenance By-pass

Normal power ﬂo_w Mode 1
‘F’;‘q*'l |
Lopks]

Normal power flow Mode 2

Supply

— A/C/Dr ' D& ac™
Charging J _Charging

- ’ ‘Emergency

power flow

Figure 2.5: Modular Multi-mode UPS System

2.3 Transformer based and Transformerless UPS
Systems

2.3.1 Transformer based UPS systems

The transformer based UPS system consists of a battery pack directly connected
to the DC link. The UPS converter on the grid side consists of either a 6-pulse or
12-pulse Silicon Controlled Rectifier (SCR) rectifiers at its input and an isolation
transformer to provide galvanic isolation of the AC side from the DC link and passive
fault management by adding impedance in the circuit as shown in the Figure 2.6a
and 2.6b[12]. The isolation transformer at the output of the UPS provides a local
solid neutral-ground which enables common mode noise rejection [12].

FEH 43
SR RS0 hia B

Figure 2.6: Transformer Based UPS Systems (a) 6-Pulse and (b) 12-Pulse.
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A natural operating characteristic of a six-pulse rectifier is the generation of har-
monic currents on the input source. A six-pulse rectifier will generate a total har-
monic current distortion (THD) of greater than 30 percent [13]. Because of this
reason, the transformer based topology is in two common configurations namely; 6-
pulse configurations in Figure 2.6a above and 12-pulse configuration in Figure 2.6b
to provide filtering to meet the set standards for maximum harmonic pollution.

2.3.2 Transformerless UPS systems

In transformerless UPS systems, the DC-DC converter enables the battery pack to
be connected to the DC link of the UPS. In the transformerless UPS system only
IGBTs are used for all the power conversion stages [14]. There is no direct connection
of the batteries to the DC link as shown in Figure 2.7. In this topology IGBTs they
have faster switching speeds than thyristors and can easily be controlled by on and
off signals applied to the gate terminal of the device unlike for thyristors where you

have to wait for the zero crossing [14].
H} 4‘9}4 s %%} H} AJ}

wil
49 T

Figure 2.7: Transformerless UPS System

In this topology, it is necessary to phase out the chance of a DC fault from propagat-
ing to the AC side by equipping the UPS with active fault management strategies.
This topology has a higher efficiency since it uses power electronics unlike passive
components. It has a relatively lower price and requires a smaller footprint area.
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3

Voltage Source Converters for
UPS Applications

3.1 Power Semi-conductors for UPS applications

The basic building blocks for Static UPS Converters are power semiconductors and
these include: Diodes, MOSFETS, Thyristors, GTOs, BJTs and IGBTS. The choice
of selection of the device to be used depends upon the power as well as the voltage
level for the UPS application.

T Voltage

Current
1 kHz

10 kHz

7 100 kHz
Mosfets r

1 MHz
500A  1000A 1500 A 2000A 3000 A

Frequency

Figure 3.1: Performance evaluation of Power electronic semi-conductors

Figure 3.1 [15] shows the comparison of power semiconductors for various applica-
tions in-terms of power handling capabilities as well as switching speeds. Since the
UPS is a custom power device at Low voltage and Medium voltage, then it is nec-
essary for the choice of power semi-conductor to have capability to respond fast to
disturbance owing to poor power quality, while also being able to handle the power
and voltage level in the application in which the UPS is to be used. For UPS ap-
plications at Low and Medium Voltage, IGBTs and Thyristors are commonly used

11
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to design the converters owing to their relatively faster switching speeds and their
ability to handle the low voltage as well as the Medium voltage.

Thyristors

These devices can be fired on if a positive pulse is applied to its gate terminal for
a very short duration when it is forward biased [16]. The Thyristor can be used at
high voltages up-to 6000V and current of thousands of Amps with a low forward
voltage drop [17]. Because of its reliability and relatively lower cost [17], it finds
application in the state of art large UPS systems in the rectifier stage in the kVA
range both in the six pulse and twelve pulse configuration converter system. It can
also applied in designing static transfer switches

IGBT

These devices combine the good properties of the BJT, MOSFETs and GTOs [16].
With fast switching time of about 300 ns for power levels like those of the BJT
with improved voltage control despite a large forward voltage drop of about 3 V
for 1200V [17]. IGBTs are used in the state of the art PWM transformerless UPS
systems in both the rectifier stage and at the load side inverter.

12
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3.2 Two-level Voltage Source Converters

3.2.1 Operating principles of the Two-level Voltage Source
Converters

The static switches are controlled by switching signals, S, that have two states
1 and 0 where k is the phase and 1 denotes closing of the upper switch and 0 is
opening the upper switch.The Figure 3.2a shows the Two-level VSC.

S — { ! (3.1

Sualt) Suwslt) Sudt)

Phase AI PhaseBI Phase C

|

|

| I I

| | |

| | | ioft)

HCE HGE HCE .

| | |

If. | | .
ST | T H R, (stjw)ls
e UM . i

Ve (¢} [ | i |

| | |

| | | V U

Sk - Hﬁ} : g

(a) (b)

Figure 3.2: a) Three phase Two-level VSC b) Equivalent Single phase Dynamic
model of the VSC

Where,

Vy grid voltage

U, converter voltage
R, resistance of filter
L, inductance of filter
ig grid current

If ideal switches are used, taking KVL at each phase leg from Figure 3.2a

Lgdifg‘t(t) = Via(t) — (Ry + jwly)iga(t) — uga(t)

Lgdiift(t) = Vg (t) — (Rg + jwLg)igy(t) — ug(t) (3.2)

Ly 8500 = Vielt) = (Ry + jeo L ige() — tge()

13
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In Figure 3.2aTaking KCL at the upper side of the load

dudc

C
dt

= iga<t)5wa + iga<t>swb + Z'ga (t)swc - i[) (33)

The equations above describe the behavior of the three phase converter in the abc-
frame. It is necessary to make a dg- transformation where the reference sinusoidal
will be a constant DC value and thus it will make it possible to use the conventional
PI control to obtain the zero steady state error [18], (See Appendix A.1). Therefore
in the dq frame the equations below are used per phase.

dida
LQ% = VU Ri% — jwL,i% — u (3.4)

Re-arranging (3.4) above by making u% the subject

d d didq d d
Uq:Vq—LgE—Rgiq—jWLgiq (35)

Separating the real and imaginary parts yields in (3.5)

dig

ug = Vy — Lga — Rgid + ngid (36)
di, . :
ug =V, — LQE — Ryiqg —wlyiy (3.7)
dug. 3. } .
C d;fi = i(zdsd +1454) — do (3.8)

14
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3.2.2 Modulation strategies for Two-level Converters

i) Pulse Width Modulation [15]

Pulse Width Modulation (PWM) determines the switching patterns for the Two-
level VSC to control its output voltage. In this modulation technique the reference
voltage is compared with a triangular wave form to determine the switching sequence
for the converter.

Where,

Uqge DC link Voltage

Vier Magnitude of the reference voltage vector

© Phase of the of the reference voltage

U () = Vo pe?? (3.9)
re’ u, (1) ap If:\(f]-
t_‘laff;v(’) o - u;u)
> u:,,(f) s (r].
> U
a+jp abc >

Figure 3.3: Transformation from af- to abc - frame
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Figure 3.4: PWM Switching signals

When the triangular wave is higher than the reference voltage, then the upper
switches will be turned off for the corresponding reference voltage in the phase leg
and conversely when the triangular wave is lower than the reference voltage then
the upper switches will conduct for that given reference voltage. The elements of

15
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the voltage vector show the corresponding switches that are conducting for a given
phase at a given time. Element 1, denotes that the upper switch for that phase
leg is conducting while Element 0, of voltage vector denotes that the upper switch
of that phase leg is turned off and that the lower switch is the one conducting at
that time.The switching pattern below for one switching cycle T, are computed from
Figure 3.4 [15].

ii) Space Vector Modulation (SVM)

In this type of modulation, the switching combinations of the converter are mapped
in the af plane [15] as seen in the Figure 3.5.

001
Vs

v, 101

Figure 3.5: Switching Vectors for the VSC

If a voltage reference vector, V,.s is considered, then the dwell times ty, t; and ¢,
for the switches for one switching period T}, in the vector diagram below in Figure
3.6 located in sector one can be obtained using using (3.10), (3.11) and (3.12) [15].

Figure 3.6: Space Vector Modulation (SVM)
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3. Voltage Source Converters for UPS Applications

1 Viey 3 sin «
t, = — - 1
T o U V2T )] (3.10)
1 ‘/ref
t 3.11
° 2f5w Udc \/_ ( )
b= —— T T, (3.12)
0= 2 o 1 2 .

Where, T, = f is the sampling time Uy, is the DC link Voltage V,.; is the magni-
tude of the reference voltage vector «v is the phase of the of the reference voltage. If
the reference vector is not in sector one, its rotated 60n to sector one and the same
procedure is followed using (3.10), (3.11) and (3.12). The Switching patterns and
durations are obtained by the expressions below;

0 1 1 1 1 1 0
0 0 1 1 1 0 0
0 0 0 1 0 0 0

ATl Lo ATQ =1 ATg =19 AT4 =1y AT5 =19 AT@ =1 AT7 L]
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3. Voltage Source Converters for UPS Applications

3.2.3 Controller design for Two-level VSC

The traditional control of the Two-level VSC is used to control the UPS on the grid
side. The load side converter is controlled in open loop and the SIMULINK model
is shown in Figure A.7. The block diagram in Figure 3.7[19] is adopted from the
control of a classical Two-level VSC presented in [19] with no modifications and is
adapted to work as the rectifier part for the Two-level converter based UPS system.
This controller makes use of a Phase-Locked Loop (PLL) that track the grid voltage
angle, 6 which is necessary to perform coordinate transformation [19]. The matrices
to perform this kind of transformation can be found in Appendix A.1. The control
strategy with double closed control loops is used in the d-q frame and it comprises
of the current inner loop that considers error between the measured and the refer-
ence current as well as the voltage outer loop whose input is the error between the
reference DC link voltage and the measured DC link voltages [18]. The basic control
objective of this converter is to control the power factor to unity and also to control
the DC Link voltage at the set reference.

i7(t)=0
uu'c4. do®
U » Outer + is (E)

(i controller
= =
aft)
Vaalt) af l ve™ift) Inner a )
voelt) g 3°° o5 ve (1) 1 T @ g Controller . af ||
Vaelt) — T
8 (thae
aft)
_”;al’t)_.. r'!:ﬂ(l‘) l r-?u'r.'{tj
ip(t) ] @< . > of >
J?{U—. of N
Vo (1) o
' [t
e —ee| PWM L ug.k‘{rj = e v (t)
+ ¥ v | Ve (t)
Sudlt)) S]] Sucdt)]
1 I |
I I |
\ '
T -
I ] |
:_“.\/;}S :_Hi} ‘:‘”:} = Hgesz
] 1 ]
. lgalthy ot |
Vo () Ry Lg | :fgb{ﬁ Uq&ﬁj
Ve : Rg, Ly | | H‘gcl.{r)\
—@o—l\f\f\,—rvw. Ll
veelt) Fsls | : e 1
I | |
| | | —
ﬂ}s 34 [ e

Figure 3.7: Overall control of the UPS Rectifier
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3.3 Modular Multi-level Converters

3.3.1 Operating Principles of the MMC

The structure of the Modular Multi-level Converter with half-Bridge modules is seen
in Figure 1.1. It consists of three arms with 2N sub-modules per phase leg. It is
symmetrical and there are N sub-modules in the positive, as well as the negative
arm of the phase leg. The electric model for a single phase of the VSC is shown in
the Figure 3.8 below. To understand the overall operation of the MMC VSC, it is
pertinent to understand the operation its single phase first.

+u def 2

SMﬂl

Ina
. i R L
Ve Ry Ly -t Vy

|||—
©
—

|
| Uges 2
|

Figure 3.8: Modular Multi-level Converter

Using KCL at the node connecting the positive and negative arms of phase leg a,

fa = lpa — ing (3.13)
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Using KVL at the upper loop

Ude dip,(t)

_uml_qu_"'umN_L

0= T

— Ryipg — Vg (3.14)

where u,,y is the capacitor voltage of cell located at position N in the phase leg.

Uc N d'at ,
d —Z Unmj — Ly Zf;t( ) — Ryipg — va (3.15)

Consequently, for the Lower Loop

_ U & 7 dina(t
: Z Umj — 7‘ d ( ) - Rrina + Vq (316)
2 A dt

Subtracting (3.15) from (3.16) yields (3.17),

S Ui — Y Uy =20, — L, d <)—er‘m+Lr fpal(?) + Ryip (3.17)
J=N+1
1 |& 2N 1] di di
o mj| — o Lrﬂ - L'I‘ o RT‘ ) a .na 3-18
T2 [g j%:ﬂu ]] 2[ dt q o e = )] (3.18)

Substituting (3.13) into (3.18) yields (3.19) below.

[\ \

J=N+1

3 3 — L L,— di + R 1
Z:: = D Um 2[ dt Za] (3.19)
Adding (3.15) and (3.16), we obtain,

d (zpa + ina)

=L,
dt

+ R, (ipa + ina) (3.20)

{Z Umj + Z U

j=N+1

From (3.20) above, if the arm is to be controlled to be DC, then the sum total of
the currents in the positive and negative arms of the phase leg is DC [20].

Z‘pat + lpa = lde (321)
Therefore (3.20) becomes,
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N 2N d idc
Uge = | D Umj+ D Umj| = Lr—— + Ryige (3.22)
j=1 j=N+1 dt

For UPS system applications, In the rectifier mode of operation, the sum of the
sub-module voltage will be controlled to be greater than the DC Link voltage to
enable power flow from the AC side to the DC side [20]

N 2N
S tmi+ Y Umg| > g (3.23)
J=1 j=N+1

And conversely, when the sum total of the sub-module voltages is less that the DC
link, then power will flow from the DC side to the AC side and now the converter
will be operating as an inverter.

Circulating Currents

The presence of circulating currents in the phase legs of the converter is one of the
significant differences between Two-level VSCs and Modular Multi-level Converters.
These currents circulate through the phase legs of the MMC without causing mod-
ifications to the AC Voltages. If we consider phase leg a, the circulating currents
iqiff can be expressed in (3.24) and (3.25)

: , lq

pa = Udif f + 5 (324)

: : la

Ina = Uiff T 5 (3.25)
Comparing (3.24), (3.25) and (3.13), we get

. Z a —"_ ina

Ldiff = pT (3.26)

Thus, the circulating current is half of the sum of the positive arm current and
the negative arm current per phase leg. These circulating currents have significant
second order harmonics that could increase the rating of the semiconductors compo-
nents if not controlled. The concept of circulating currents is analyzed and proved
in [20].
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Modulation strategy for the MMC

Pulse width Modulation with vertically shifted carriers is used for the MMC. In this
modulation, the reference signal is compared with the triangular carrier waves to
generate the switching signals. In the MMC, with m voltage levels, (m-1) triangular
carriers with the same frequency that are in phase are arranged vertically one above
the other [21]. The Figure 3.9 shows the 10 triangular carriers at 1kHz frequency
compared to a sinusoidal modulating wave at 50 Hz in vertically shifted PWM.

AVAVAVAYAS A AAYAYN 2 A (seconds)

Figure 3.9: Carrier arrangement for vertically shifted PWM
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3.3.2 Controller Design for Modular Multi-level Converters

Current Controller design

The equivalent dynamic model of the MMC with inductor filter is similar to that of
the Two-level VSC in the synchronous rotating frame described in Figure 3.2b. The
model of the single phase model of the MMC is shown in the Figure 3.10 below.

Rs (s+jw)Ls

Vg UQ

Figure 3.10: Equivalent Dynamic model of the MMC

Where,

R, Arm resistance

L, Arm inductance

Ry resistance of filter where Ry = Ry + =
L¢ inductance of filter where Ly = L, + %

By

Owing to the similarity in the circuit structure of the equivalent dynamic model of
the MMC in Figure 3.10 and the Two-level VSC shown in Figure 3.2b, the basic
control strategy of the MMC will be adopted from that of the traditional Two-level
VSCs. However there is additional voltage balancing of the sub-modules per phase
leg of the MMC [5]. The controller for the MMC UPS is based on the internal model
control (IMC) theory basics presented in [22] where the controller is designed based
on the parameters of the plant model and the bandwidth that is desired in closed
loop.

The Figure 3.11 shows the control structure based on IMC

d
x s *A\ G(s)

- T
G(s)

Figure 3.11: Structure of Internal Model Control system

where,
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G(s) plant

G (s) plant model

C(s) IMC controller

T input

y output

d disturbance

The control structure in Figure 3.11 can be simplified as shown in the Figure 3.12 |
which is depicted as the classical control system. See [22] .

Figure 3.12: Re-arranged Structure of Internal Model Control system

Where the transfer function, F(s) of the controller with input e and output w is
given by the expression in (3.27).

_ C(s) _ o A-1(g
F(s) = - O(s)é’(s) “Grapo a”G (s) (3.27)

For a first order system the n=1, and (3.27) becomes;

F(s)= -G (s) (3.28)

(3.29) relates the converter voltage and the grid voltage in the in the synchronous
rotating frame from Figure 3.10

sLy = V™ — (Ry + jwLy)il® — u® (3.29)

dg __ ,,dq
-dq __ V;] ug

= 3.30
K Ry +sLy+ jwLy (3:30)

Thus, the transfer function, G(s) that relates u and i% in the process model is
obtained by re-arranging and finding the laplace of (3.4) shown below in (3.29).

-1
B Ry +sLy+ jwLy

G(s) (3.31)
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Active damping and current decoupling are introduced to speed up grid voltage
disturbance response by selecting u, as shown in (3.32).

ult = w — (R, — jwLy)ide (3.32)

Where R, the damping resistance
Substituting (3.32) into (3.31), we obtain

—G(s) 1

Gls) = 14 (R, — jwLy) G(s) - Ry + R,+ sLy

(3.33)

iref + e

Fs)[

Figure 3.13: Grid current control with active damping

The Figure 3.13 shows a control system structure for grid control with inner current
decoupling and active damping [22] , the current controller F'(s) is given by (3.34).

F(s) = %G’(s)‘1 = a.L} + %(Rf + R,) (3.34)

Ry is designed to be very small [22]. From the (3.34),

ke = a L, (3.35)

kie = ac(Ry + R,) (3.36)

Where «, is the bandwidth of the current controller and It should be chosen less
than a tenth of the sampling frequency

Q. < — (3.37)
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DC Link Voltage Controller design

The control system structure for the DC link voltage of the grid connected VSC
can be achieved by feedback linearization [22]. This is because the DC link voltage
has a non-linear relationship with the d-axis current, therefore the VSC cannot be
controlled by the traditional linear PI controller [18]. In a UPS system there exists
energy storage in the DC link such as Lead Acid batteries. A smoothing Capacitor
is used to maintain a stable DC link voltage.DC voltage dynamics can be described

by (3.38).

dvg . .
C dtd =iy — 1

Where,

ig current from the grid

1; current to load

C capacitance of DC link capacitor
vge. DC link voltage

From the principle of power balancing,

d Vde .
Pg = Udc(CW + Zl)
thus,
d Vde
Pg = UdCCF + B

Where, P, is the power from the grid and P, is the power to load

(3.41) can be written in the form below.

1 _.dv?
~CcSe —p, P
27 dt g
If,
W = v,

then substituting (3.42) in (3.41), we obtain (3.43)

1 dW
0= —p_p
20 @ gt
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(3.43) represents the energy dynamics of the DC link voltage, where the DC link
voltage has a square relationship with the power transferred on the DC link [22].

1 dWwW .
§CW = ?)Ugld - Pl (344)

Taking the Laplace transform on both sides of (3.44).

1

§CSW = 3uyiq — P, (3.45)
W 6, — P,
—_—= = 3.46
id sC ( )

For near unity power factor operation of the voltage source converter [18].

ldg = ld (3.47)

The transfer function, G(s) that relates W and i4 in the process model is obtained
as seen in (3.48) from (3.46).

G(s) = i?éz (3.48)

An inner loop for active damping is introduced since the transfer function has a pole
at the origin [18] by setting iy to be as shown in the (3.49) below.

ig =1, — G,W (3.49)

Where G, is the active conductance. Substituting (3.49) into (3.48), we obtain

B 6vy
~ sC+6G,V,

G'(s) (3.50)

Figure 3.14: DC link voltage control with active damping
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The Figure 3.14 shows a control system structure for DC link voltage control with
active damping in the inner feedback loop [22], the DC voltage controller F(s) is
given by (3.51).

« o, C G,
F(s) = =G (s) 1= 22 ! ey .5l
(5) = TG 6) ™ = GG+ (351)
Thus,
kiv = GaOéU (352)

Where «,, is the bandwidth of the voltage controller and It should be chosen less
that of the current controller, (a, < a.). G, is obtained by placing the pole of G'(s)
at —a, in (3.49). This is done in a bid to ensure that the inner feedback loop is as
fast as the closed loop system [22].

Thus,
q. = ¢ (3.53)

Gy

Putting (3.53) into (3.52) we obtain,

a2C

ki = =2 3.54
= (3.54)
and from (3.53)
o
Kpy = 3.95
P 6Ug ( )
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Voltage balancing of sub-modules

This voltage balancing control is based on the sorting algorithm that puts into
consideration a combination the magnitude of the sub-module capacitor voltage at
that time and the direction of the arm current to determine the sub-module that
should be switched on.

The sub-module with the lowest average voltage across its capacitor is inserted in
ascending order in the arm, this is provided the current through that arm is charging
the capacitors [23] and also on the contrally, the sub-module with the highest average
voltage across its capacitor is inserted in, in descending order in the arm when the
current through that arm is discharging the capacitors [23]. The module capacitor
voltage balancing algorithm described below is based on the sorting algorithm from
[5] and applied to balance the module capacitor voltages for the MMC converters.

3.3.3 DC Link capacitor Sizing

The DC link voltage V. should be at least be the amplitude of the AC input line
voltage V,om and it is given by the expression in (3.56)

2 2 nom
V> 2V2Vhom (3.56)
V3

When selecting the DC link capacitor for the UPS, the time constant 7, is selected
and used to compute the DC link capacitance Cy. based on (3.57) below.

_ CchdQC
B 2Sn0m
Where, Sy, is the rated power. The motivation behind (3.57) is that the capacitor

should have the ability to store energy equivalent to the power requirements of the
rated load for a time period, 7 seconds.

(3.57)

T
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4

Simulation and Analysis of results

4.1 Conventional UPS system with Two-level Based
converters

The Two-level UPS system was implemented using appropriate Matlab/SIMULINK
blocks from the Powersys Library [24]. The Figure 4.1 shows the circuit for the
UPS connected to a 400V LV supply. The static transfer switches facilitate the
transfer of the load to the batteries during emergency operation of the UPS. The
UPS circuit consists of a battery pack that is mounted in the DC link through a
DC-DC converter.

The battery model that is used in the simulation is the Lead Acid model that
was taken from the Matlab/SIMULINK library with appropriate parameters.The
motivation behind the choice is that the deep cycle lead acid batteries are commonly
used for UPS applications since they allow maximum utilization of the capacity of
the battery.

The circuit in Figure 4.1 consist of a DC-DC converter in the DC link which is a buck-
boost converter. Through appropriate input signals sent to the DC-DC converter,
it decides to charge or discharge the batteries by acting as a boost converter during
discharge and as a buck converter during the charging periods. The proposed input
signals to the DC-Dc converter include but are not limited to; the SOC of the
batteries, preference of the power source in case there are renewable energy sources
and the detection of disturbances in the grid supply. This DC-DC converter has
been included on the circuit diagram to show completeness of the UPS system but
was not implemented in the simulation model. rather ideal switches were used to
switch to the UPS battery operation. The simulation model for the UPS system is
shown in Figure A.5 and the Table 4.1 shows the Parameters of the UPS that were
used for the simulation.
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Figure 4.1: Simulation model for Two-level VSC based UPS System

Table 4.1: Two-level VSC based UPS Simulation Parameters

General Parameters Symbol Value
Nominal Voltage Vo 400V
Nominal Power Srom 45kV A
Nominal Frequency from 50H z
Carrier Frequency fsw 2kH z
Filter inductance Ly omH
Filter Capacitance Cy 159uF
Leakage resistance R, 10
DC link Voltage Vie 653V
DC link Capacitance Cae 1525 F
Rectifier Parameters Symbol Value
Proportional of current Controller Epe 0.5
Integral of current Controller kic 100
Proportional of outer Controller Ko 1.44X1072
Integral of Outer Controller ki 4.4X1074
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4. Simulation and Analysis of results

A. Two-level UPS Performance under Load with resistive-inductive Loads

The UPS was simulated with load of 0.75 p.f leading that was connected to the
output of the UPS. It is observed that the output voltage in Figure 4.2b and the
output current 4.2d shows that the wave forms are not in phase as a result of
non unity power factor operation. However because of the connection of the load
to the grid through the UPS system, the UPS presents a unity power factor to
the upstream power distribution system. This can be observed by a comparision

between the Figures 4.2a and 4.2c
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Figure 4.2: a) UPS input voltage b) Load Voltage ¢) UPS input current and d)

Load current with inductive-resistive load

The Two-level based UPS system had the following output square voltage wave form
at its inverter as shown in Figure 4.3 below.

Inverter output Voltage (V)

04 0.41 0.42 0.43 0.44 0.45 0.48 0.47 0.48 0.49 05
Time (seconds)

Figure 4.3: Two-level VSC based UPS Inverter output Voltage
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Harmonic analysis was performed by computing the FFTfor the first 140 harmonics
of the UPS output Voltage using powergui tool in matlab/SIMULINK and it indi-
cated that there were harmonics around multiples of the switching frequency and a
THD of 69.35% in the voltage output of the UPS at the inverter side. See Figure
4.4 below.

Signal

Selected signal: 25 cycles. FFT window (in red): 2 cycles

FFT analysis

=
Q 500
=
5 0
=
E -500 . ‘
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% 30 - B
£
=
c 20 B
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Frequency (Hz)

Figure 4.4: Harmonic analysis of the Two-level VSC UPS Inverter output voltage
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4. Simulation and Analysis of results

B. Performance with Non-linear Loads

In most applications where UPS systems are used, there a a number of Non-linear
loads such as power supplies for I'T or hospital equipment. With this background
the UPS system was simulated for during the operation with a non-linear load. The
non-linear load consisted of a full bridge uncontrolled rectifier circuit with a resistive
load. The Figure 4.5 below shows the grid voltage and currents for the UPS system.
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Figure 4.5: a) UPS input voltage b) Load Voltage ¢) UPS input current and d)
Load current with Non linear load

It is observed that the current wave forms are distorted at the load side as shown
in Figure 4.5d. The distortion is a sign that the wave forms contain harmonics that
if not filtered can create voltage distortions in the distribution systems and nearby
loads. Because of of the operation of the UPS system, there are no distortion in the
input current as well as the input voltage as seen in Figure 4.5a and Figure 4.5¢. In
addition the grid current and Voltage are in phase that implies that the UPS system
is operating at unity power factor.
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C. UPS under Emergency operation

During a power disturbance or an interruption at the grid side, the UPS system
will be able to continually supply the load through its batteries. In this simulation
the battery model used is the Lead Acid battery from Matlab/SIMULINK library.
The batteries are connected in the DC link of the UPS system and they ensure a
continuous supply of power to an active power load connected to the output of the

UPS.

A

IS
o
=

vV
N
8
V)
[22]
&

Load Voltage (V)
o
Battery Voltage

N
=3
o

IS
o
.o

1 I 1 1 650 .
2 1.22 1.24 1.26 1.28 1.3 12 1.22 1.24

1.26 1.28 13

T(irr:)(seconds) g:)sec"” S
r MO
- -

Figure 4.6: a) UPS input voltage b) Battery Voltage ¢) UPS input current and d)
Battery current during emergency UPS operation

The battery supply active power to enable continuous supply to the load during
an interruption or power disturbance from the grid supply. The lead acid battery

maintains a stable DC link voltage and current during its operation as seen from
Figure 4.6b and Figure 4.5d
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4. Simulation and Analysis of results

4.2 Simulation Model for the MMC based UPS
system

The circuit for the MV MMC based UPS system consists of two MMCs in a back
to back arrangement with storage mounted in the DC link. It has static transfer
switches to enable to transfer the load from the mains supply to the batteries under
emergency operation of the UPS system. In the DC link, we find a DC-DC con-
verter with the battery management algorithm that enables efficient charging and
discharging of the batteries as shown in the Figure 4.7 below. The static transfer
switches were not included for the simulation.

— +—
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Sub-Module, SMy, Rectifier E:g! : Inverter
|
—_—— 0 il
- = o s
H =
r
- 50
P44t f S el
PWM PWM
H“Inc:rv Load Voltage
Management cantrol
Algorithm Frequency control
Power control
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Figure 4.7: Simulation model for the MMC based UPS System

Where N =10 and = = (a, b, ¢) for (1 < j < 20)

The MMC UPS system was implemented in Matlab/SIMULINK with PLECS Block-
sets since MMC modules and controllers in PLECS can easily be implemented by
specifying the number of cells per arm of the MMC without the need to extend the
physical model with more cells and connection as compared to Matlab/SIMULINK
and other tools. Other simulation environments may necessitate making physical
connections of individual cells and this increases the complexity of the simulation
especially when dealing with an MMC with many cells. The simulation made use of
IGBT Half bridges from the PLECS power module library in the switched configu-
ration since the MMC UPS consisted of only 10 sub-modules per arm and therefore
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4. Simulation and Analysis of results

a relatively fast simulation could achieved using the configuration. The UPS model
is a modification of the HVDC model in [25], with appropriate changes made in the
circuit structure and control of the model to function as a UPS at medium volt-
age, 10kV. The control objectives for the MMC rectifier shown in Figure A.3 are to
regulate the DC link voltage and also achieve unity power at the UPS input. For
the inverter side where the load is connected as shown in Figure A.4, the control
objectives are to control the output voltage.

The simplest grid filter is the L-filter which consists of line inductors per phase
mounted between the converter and the grid [26] to provide smoothing and thereby
reduce the grid current ripple. The L-filter was selected for the implementation of
the MMC UPS system. The motivation for the choice of this L-filter is that it is a
simple filter than can suitably be used at higher switching frequencies. The filter
inductance, Ly was determined by running the simulation with the arm inductance,
L, fixed at 5bmH and a small grid inductor of 1mH. Using the powergui tool in
Matlab/SIMULINK, the THD in line current was computed as 18.9% . The line
inductance, L, was incremented in steps of 0.5mH for each proceeding simulation
until a THD of 1.5% was obtained in the grid current. The value of the L, was
recorded as dSmH. The filter inductance was computed from the expression L; =
L, + % To obtain smoother line current wave forms that have very low THD,
a higher switching frequency should be used or a bigger line filter. However, a
high switching frequency will result into more losses in the valves. The switching
frequency of the Two-level VSC is dependent on the rated power of the converter
[26]. The higher the power rating, the lower the switching frequency should be. For
high power UPS applications, the switching frequency for the Two-level VSC could
be as low as 1kHz [26] [27]. In this thesis, a switching frequency of 2kHz is chosen
for the Two-level VSC based UPS system. For the MMC based UPS system, a lower
but comparable actual switching frequency of 1kHz was used that is equivalent to
an effective switching frequency of 10kHz for the particular case of the MMC for
a higher power application. Appropriate control parameters were computed for
the UPS converter operation based on the theory in Chapter 3 of this thesis and
tabulated in the Table 4.2.The MMC UPS performance was simulated for various
operating scenarios that are described herein thereafter.
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4. Simulation and Analysis of results

Table 4.2: MMC based UPS Simulation Parameters

General Parameters

Symbol Value

Nominal Voltage
Nominal Power
Nominal Frequency
Carrier Frequency
Submodules per Arm
Filter Inductance
Arm Resistance
Leakage Resistance
DC link Voltage
DC link Capacitance

Viom 10KV

Shom 15MV A

frnom 50H z
fsw 1000H z
N 10 Cells
R, 0.1Q
R, 0.192
Ve 16.4kV
Cae 500uF

Rectifier Parameters

Symbol Value

Proportional of Inner current Controller
Integral of Inner current Controller
Proportional of Outer Controller
Integral of Outer Controller

Kpe 6.500x10~1
Kic 6.500x10*

Ky, 2.357x1077
Kiv 4.714x107°
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A. MMC UPS Performance with Unbalanced loads

Load balancing is when the current is equally shared among the phases at the
customer premises. The simulation was done and an unbalanced load with the blue
phase carrying only half of the load as compared to other phases as shown in Figure
4.8c. It was observed that at the UPS input there was a load balance as seen in
Figure 4.8d. Figure 4.8f shows the overall DC link voltage that is evenly shared
among the cells in the positive arm of the MMC as shown in the Figure4.8f. The
Figure 4.8 below shows the UPS operation under unbalanced load conditions. The
load in this scenario consists of three single phase resistive loads where the power
consumption of the blue phase is 50% less than in the other phases at the UPS
output. Observations in the supply to the UPS indicate that there is a load balance

and unity power factor operation as seen at the MMC base UPS input in Figure
4.8a and Figure 4.8c .
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Figure 4.8: a) MMC UPS input voltage b) Load Voltage ¢) MMC UPS input current
and d) Load current e) Average Cell Voltages f) DC link Voltage under unbalanced
load conditions

This result indicates that if the UPS system is used, the electric panel connected
to the grid will be balanced, the electric current is shared more evenly among the
phases and this cancels out the neutral current. In a poorly balanced network for
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example when one load is more loaded as compared to the other the neutral carries
large currents.

The MMC converter stair case output voltage waveform in Figure 4.9, is close to
a sinusoidal waveform as compared to the Two-level VSC which has square wave
forms. Because of this reason it is observed that in relation to the power rating of
the MMC UPS system, it has smaller filter requirements compared to the Two-level
UPS system to achieve the same value of THD in both voltage and current.

MMC output Voltage (V)

1 1 1 1
45 4.51 452 453 4.54 4.55 4.56 4.57 458 459 46
Time (seconds)

Figure 4.9: MMC based UPS Inverter output Voltage
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B. MMC UPS Performance with Non-linear loads

Most installations where UPS systems are installed house a number of non-linear
loads such as DC power supplies for DC loads with bridge rectifier circuits for exam-
ple DC motor drives and computer equipment. These non-linear loads in absence of
a UPS system reduce the quality of the supply current. The non linear load in this
simulation consisted of three phase full bridge uncontrolled rectifier circuit each a
resistive load.
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Figure 4.10: a) MMC UPS input voltage b) Load Voltage ¢) MMC UPS input
current and d) Load current e) Average Cell Voltages f) DC link Voltage with non-
linear load

It is observed that the current wave forms are distorted at the load side as shown in
Figure 4.10d. The distortion is a sign that the wave forms contain harmonics that
if not filtered can create voltage distortions in the distribution systems and nearby
loads. Because of of the operation of the UPS system, there are no distortions in
the input current as well as the input voltage as seen in Figure 4.10a and Figure
4.10a. The grid current and Voltage are in phase that shows that the UPS system is
operating at unity power factor. The overall DC link voltage in Figure 4.10f is also
well distributed in the cells of the positive arm of the MMC UPS inverter as shown
in the Figure4.10e
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C. MMC UPS Performance with inductive-resistive load

The UPS is loaded with an inductive-resistive load with a power factor of 0.7 lag-
ging at its output as shown by the wave forms in Figure 4.11b and Figure 4.11d.
Observation of the UPS input shows that the current and the voltage are in phase
as seen in Figure 4.11a and Figure 4.11c. This implies that the UPS is operating at
unity power factor at its input.
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Figure 4.11: a) MMC UPS input voltage b) Load Voltage ¢) MMC UPS input
current and d) Load current e) Average Cell Voltages f) DC link Voltage

Figure 4.11e shows the DC link voltage with an average voltage of 16400V that
is stable and it is well distributed within the cells of the MMC that show voltage
balancing as shown in Figure 4.11f.
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Case Study

5.1 Problem Description

In low voltage power systems with power back up systems, there is a tendency to
switch between different power sources and this results into de-energization and re-
energization of transformers back and forth. With this background such networks
are likely to suffer from consequences of inrush current. This case study in Figure
5.1 consists of an Emergency Power System (EPS) in a distribution network with
Low voltage UPS installations to protect sensitive loads from power disturbances of
short duration and also to provide backup power to the loads as the generators are
started.

One Section of the
EPS at Location X
CBl

10kV Bus

WA

l CSZ

1600kVA 1600kVA

O 4/10kv 10/0.4kV 10/0.4kV
2500kVA
10/ 0.4kV
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R Ff *_i /%Hlm

I Loads
1

. T

1500kv 1600kVA
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gg%

i

B

I
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To Critical Loads

Figure 5.1: Emergency Power System in a distribution system
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5. Case Study

The Figure 5.1 is Part of a section of the network that is extracted to demonstrate
the effects of transformer energizing in low voltage networks. This case study shows
where the proposed MV MMC based UPS system can be utilized. In Figure 5.1
during normal operation, the sensitive load is fed through the UPS while the essential
loads are fed directly from the mains and the emergency generator is off. In the event
of an interruption, the generators are activated and they take around 30s to load and
energize the 10kV bus during which time the sensitive load is continuously supplied
by the UPS. At the instant of transferring the load to the generators, the up-stream
transformers are energized and this leads to inrush currents due to transformer
excitation.

5.2 Simulation of the Problem

The case study shown in the Figure 5.1 was implemented in Matlab/SIMULINK as
shown in Figure 5.2. Since the main cause of inrush currents in electric distribution
networks is saturation of the magnetic core of the transformer [28], the simulation
was performed on unloaded transformers without the UPS loads connected. At
100ms, the circuit breaker was closed and line current measurements were done as
well as voltage measurements on the 10kV bus. Two saturable step down trans-

formers of 1.6MVA, 10/0.4kV were used in the model. Harmonics analysis was done
using the powergui tool in Matlab/SIMULINK
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Figure 5.2: Simulation model for Inrush currents in the Network
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5. Case Study

Simulation results in the Figure 5.3a showed that there were inrush currents, the first
peak of the inrush currents was 208A for the particular section of the network in the
simulation and the duration of the inrush currents is over 1s. However, this may not
be the case for a practical network since in the simulation the transformers that were
used had a negligible winding resistance and that resulted into oscillations in the
inrush currents. If measurements are done on a practical network, the duration of
inrush currents may be in hundreds of milliseconds owing to the transformer winding
resistance that damps the flux offset and the inrush currents decay to steady state.
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Figure 5.3: Voltage (a) Magnitude of inrush currents due to transformer energizing
(b) Harmonic analysis of Inrush currents due to transformer energizing

Harmonic analysis of these inrush currents is shown in the Figure 5.3b and it shows
that there are high second harmonics in the inrush currents. The inrush currents
due to transformer energizing are usually observed in one set of windings and their
corresponding current transformers and are likely to appear as a fault to the pro-
tective relays [29]. The consequence of these kind of negative sequence harmonics
is that they may result into mis-operation of system protection and may cause un-
necessary trips of the fuses and circuit breakers without any apparent reason [13].
The second harmonics need to be filtered out and this can be achieved by using
transformer differential relay with harmonic filtering capabilities.
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Figure 5.4: Voltage dip at the 10kV Bus due to Transformer energizing

Figure 5.4 shows the r.m.s voltages per phase in p.u at the 10kV bus due to inrush
currents from transformer energizing. It was also observed from Figure 5.4 that
the inrush currents led to a 0.9p.u unbalanced voltage dip on the 10kV bus. This
resulted from the flow of the inrush currents through the series impedance of the
between the power source and the transformer itself. Other essential loads farther
downstream on this bus will suffer the effects of the dip.

5.3 Solution with M2C UPS system

Among the current industrial practices to mitigate inrush currents is to add external
components to improve on the overload capability of the network. Over time these
components age due to effects of temperature and require periodic maintenance.
Addition of these components reduces the reliability of the network and makes it
hard for the customer to comply with IEC standards on safety. An evaluation for
the selection of the most suitable inrush current limiting devices are discussed in
[30].

With the adoption of the medium voltage MMC UPS; it will enable medium voltage
operation of the UPS system since the MMC UPS enables the series connection of
cells to obtain higher operating voltages. Medium Voltage operation reduces the
number of mains transformers upstream on the medium voltage network and/or
number of isolation transformers. This solution can eliminate inrush currents. In
addition to medium voltage operation of the UPS system, the MMC UPS system
offers very high reliability compared to the Two-level converter based UPS system
because a failed cell in the arm of the MMC can be bypassed and replaced while the
UPS remains under operation. The MMC UPS system also requires smaller filters
due to the more sinusoidal nature of the wave forms at the output of the MMC.
Owing to the requirement of smaller filters and elimination of some transformers in
the network, there is a significant reduction in the footprint area of the MMC UPS
system.
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Conclusion and Future work

6.1 Conclusion

The Medium Voltage MMC based UPS with half bridge modules is a promising
candidate for the future UPS. It puts up better performance in-terms of power
quality by having more sinusoidal converter output voltage wave forms. During
the simulations it was observed that the MMC based UPS system because of this
property required smaller output filters in relation to its power level compared to
the Two-level converter based UPS system. The inductance of the MMC filter
was 7.5mH comparable to 5mH for the Two-level converter based UPS system to
achieve the similar UPS performance objectives in all the scenarios that were put
under consideration. The Switching frequency of the MMC based UPS system was
1000Hz which was smaller than that used for the Two-level converter based UPS
system at 2000Hz. Lower switching frequency meant lower converter losses hence a
higher efficiency. The structure of MMCs was also described and it was observed
that it offers more reliability than the Two-level converter based UPS system since
a faulty cell in the arm can be by-passed or hot swapped while the UPS remains
in operation. It was also shown that MMC based UPS systems at higher voltage
levels which is possible through series connection of the cells in the structure of the
MMC while still achieving cell voltage balancing of the cells.Operating a UPS at
medium voltage means there will be a reduction in system losses. The MMC also
allows the energy storage devices to be integrated into the cells of the converter while
for the Two-level converter based UPS systems, the batteries can only be directly
mounted onto the DC link. Integrating the batteries in the cells increases system
redundancy of the MMC UPS systems. However, some design considerations of
the transformerless MMC based UPS systems such as improvement of fault current
handling capabilities and other grounding/safety requirements need to be addressed
before it can fully be rolled out in the Medium Voltage power distribution network
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6.2 Future Work

The thesis considered UPS systems with MMC that have half bridge modules. With
full bridge modules there are enhanced capabilities of the MMC such as the addition
of short circuit proofing where the full bridge are turned off with the help of appro-
priate gate signals and this ensures that current does not flow from the AC side to
feed a DC fault on the DC link [31]. This will imply that an Isolation transformer
would not be needed. It’s therefore recommended that the UPS be re-modeled into
a UPS with full-bridge MMC modules.

A study should be made to ascertain the optimal location and number of the iso-
lation transformers that are required for various UPS applications with respect to
grounding and safety requirements for both transformer based UPS systems as well
as for the MMC based UPS.

It is suggested that a study be done to evaluate various existing solutions for static
transfer switches for UPS applications in the industry.

The scope of the IEC standard, IEC 62040-3, for specifying UPS performance and
test methods is limited to UPS installations up-to 1kV hence there are no existing
standards for MV UPS installations despite their vast benefits. It is suggested that
test scenarios and methods to specify performance for MV UPS systems should be
done.
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Appendices

A.1 Transformations from Three Phase to Rotat-

ing Reference Frames

The three phase system that consists of the following quantities, v,(t) , vy(t) and
ve(t) can be transformed into the rotating reference frame by first transforming it
into the complex reference frame (a3 -frame). The transformation in (A.1) below
can be applied in this case [32],

u(t) = va + jug = K [va(t) + vy(t)e75 + v (t)e5 ] (A.1)

where the K factor is % or \/g to ensure voltage or power invariance respectively.

For power-invariant transformation, (A.1) in matrix form is given as shown in (A.2)

va(t)
Vo (t) _

—~
~—

where,

S-S
SILSIL
=
=

and,
)| = a1y ) (A1)

If we consider the aS-frame, and the vectors v(t) and u(t) rotate in the anti clockwise
direction with angular frequency w(t), thus they appear to be stationary in the dg-
plane. Taking the vector u(t) on the d-axis in the dg-plane, then the vector v(t) will
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have two components in the dg-plane, one a projection on the direction of u(t) and
the other in the orthogonal direction [32] as shown in the figure A.1

B
v(t) ‘YI
q A
0! d
u(t)
v, (1)
v, (1) o)
Va(rt ) o ]

Figure A.1: Transformation to and fro a8 and abc frames

The transformation from stationary - af reference frame to the rotating reference
frame - dq can be described by the (A.5) below.

v1(t) = v (t)e 7 (A.5)
where,
t
0(t) = 6o + /0 w(r)dr (A.6)
Conversely,
v P (t) = (1) (A7)

In the matrix form, (A.8) and (A.9) below can be used for transformations between
the af - and the dq - coordinate system

[vd(t)] B [COSQ ~sin e] [va(t)] s

v,(t) sinf cosf | |vg(t)

and

lva@)] B l cos 6 sme] lvd@)] Ao

vg(1) —sinf cosf| |v,(t)
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A.2 MMC UPS UPS System

Figure A.2: PLECS Simulation model for MMC based UPS System
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A.3 MMC Rectifier Controller
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Figure A.3: Control for the MMC rectifier

A.4 MMC Load side Controller
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Figure A.4: Control for MMC Load side converter
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A.5 Two Level UPS System

The ‘PreLoadFecn’ automatically sets

Ts=2e-6; Ts_Control=100e-6 Volage:
lsbc g Curr

Figure A.5: SIMULINK Simulation model for Two level VSC based UPS System

A.6 Controller for the two level VSC
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Figure A.6: Control for the two level VSC
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A.7 Controller for the two level load connected
converter
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Figure A.7: Control for the two level load connected converter

A.8 Lead Acid Battery
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Figure A.8: SIMULINK Lead Acid Battery
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