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ABSTRACT

This works focuses on analyzing ac/dc hybrid power systems with large number of power
converters that can be used for a variety of applications. A computer model of a sample
power system is developed. The system consists of various detailed/switching models
that are connected together to study the sample system dynamic behavior and to set
conditions for safe operation. The stability analysis of this type of power systems has
been approached using time domain simulations. There are three types of stability
analysis that are studied: steady-state, small-signal analysis and large signal analysis. The
steady-state stability analysis is done by investigating the nominal operation of the power
electronics system proposed. The small-signal stability of this system is studied by
running different parametric case studies. First, the safe values of the main system
parameters are defined from the view of the stability of the complete system. Then, these
different critical parameters of the system are mapped together to predict their influence
on the system. The large signal stability is examined through the response of the power
system to different types of transient changes. There are different load steps applied to
the critical parameters of the system at the maximum or minimum stability boundary
limit found by the mapping section. The maximum load step after which the system can
recover and remain stable is defined. The other type of large signal stability analysis done
is the study of faults. There are different faults to be studied; for example, over voltage,

under voltage and over current.
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Chapter 1 Introduction

I. Scope of this Work

This research numerically investigates the stability and fault analysis of electric
power systems through computer modeling. Most electric power systems nowadays are
turning towards being electronic since this offers a high potential for life-cycle cost
savings, great improvement in system’s efficiency, high density, voltage regulation,
reliability, smaller size and lighter weight with continuous growth of system complexity
[1]- [2]. Fig. 1-1 shows the architecture of an electric power system composed of three
main stages. The first stage is an electrical power source. It can be a battery or a high
voltage storage system as in electric and hybrid-electric vehicles. It can also be a
generator as in an aircraft power system, photovoltaic arrays for space station power
system or a combination of more than one power source. The second stage is made up of
different power electronic converters in the form of ac-dc, dc-dc, dc-ac and ac-ac
converters, and transformer units. Finally, the third stage is the load. The load can be
electric motors and machines, air-conditioning systems, low power loads as power factor
correction circuits. One significant part of the system other than those three stages are the
ac connections between the main system components; and this is done through feeders.
The feeders can be modeled as lumped-parameters impedances representing the phase-

wire resistance and self-inductance.

Due to the size and complexity of most of these power systems, a good way to
analyze them is through simulation. Simulation illustrates how the system performs based
on the interaction between its different components. It also provides means for validating
and verifying the models designed [3]. In addition, simulation models minimize the cost
through avoiding repetitive hardware; minimize the concept-to-production time lag
through improving the whole system’s reliability [4]. There are several simulation
programs available nowadays, however, the selection is based on the application of the
system. Saber simulation program is used since it allows for functional modeling using

the MAST modeling language, SPICE-type model construction, combined digital and

1



analog capabilities. It is a robust simulator that allows almost any size model, and has a
large component library [3]-[8]. In addition, Saber is usually used in most multilevel
simulation because it is capable of circuit partitioning and decoupling which allows
significant speed improvement compared to modeling the whole power system as one

block. It allows the user to reduce the large system into many small sub-systems [2].
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Fig. 1-1 Power electronics system.

Switching models with detailed controllers are used in this research. Switching
models are necessary when switching ripples are of interest or detailed transient
information is required [9]. They also provide accurate results but when introduced in a
large system, they can compromise the numerical convergence of the solution. The other
main drawback of using switching models is the long simulation time. Furthermore, when
the switching power system is integrated together, components dynamics and interactions
arise which can then lead to instability, or fault cases. The present work focuses on
integrating an ac-dc power electronic system and analyzing its performance using time

domain simulation. The analysis concentrates on stability, control and faults.

For fault analysis, the selection of models had to be carefully done in order to facilitate
the data manipulation and analysis of the results, in addition to optimizing the resources
[10]. Usually switching converters with protection schemes are chosen in this type of
analysis to realize the real performance of the devices. It is also usually assumed that the

fault resistance is very small, ideally zero. However, the simulation of this type of very
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low resistance faults may complicate the simulation convergence making it more

convenient to give the fault resistance a value of several tens of mille-ohms instead.

I1. Literature Review and Motivations

A. Modeling of Power Electronic Systems

The modeling of power electronic converters has generally followed two paths.
One of these paths is through modeling the individual components where the converter
model is derived from a detailed analysis of the operation that combines the component
models. A different approach that avoids this complexity focuses on the relationships
among the input/output magnitudes, producing models that are simpler, yet represent the
original system under a limited set of circumstances [11]. In this way, a wide variety of
models has been proposed, each one applicable for a particular study. Therefore, it is
useful to be familiar with models proposed in addition to the phenomena they describe
and their range of validity. Most of power electronics research is focused on analyzing
each converter individually in its stand-alone operation, and rather than the reaction of
this model in a complete system due to sophistication of most of these power systems
[12]. Some literature analyzed large dc-dc systems where multiple dc-dc converters are
used to supply needed power levels at different voltage levels as the simulation of space
station electric power system including multiple levels of switching dc-dc converters
providing different electrical loads [13]. The modeling and simulation of distributed
power system is shown in [9], and [5] illustrated the dynamic performance of a 20-kHz

spacecraft power system using computer simulation.

B. Power Electronic Systems Stability

Many efforts had been devoted in the research of power electronic system
stability. There are three types of stability analyses, steady state, small-signal and large
signal analysis [14]. Steady state analysis is the first step to approach a system stability
study that provides useful understanding of the system behavior. The next step in a

system stability study is the small-signal analysis. The small-signal analysis uses average
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linearized models around the equilibrium point of interest. This allows using different
analytical tools that can help in the study as Bode, Nyquist and root loci plots. The small
signal stability analysis is usually done following Middlebrook’s work [15] based on the
impedance criterion, which ensures stability by preventing the loop gain Z,/Z; from
circling (-1,0) point in the s-plane. This design criterion is quite conservative as much of
the forbidden region in Nyquist plane has little influence on stability. Therefore, different
criteria were developed like the opposing component criterion and gain and phase margin
criterion (GMPM) that are considered less artificially conservative [16]-[19]. Following
that, a new stability criterion was proposed in the form of a forbidden region for the locus
of the return ratio Zs,c.(s) / Zioaa(s) on which the stability of the dc interface depended
[20]. This new criterion was extensively used in very large scale dc distributed power
systems (DPS) as for the International Space Station by redefining the forbidden region
for cascaded parallel loads [21]-[22]. In this study since switching models are used, small
signal stability is studied by running different parametric case studies. Different
parameters of the main components of the system are mapped together to predict their

influence on the system and know the limit beyond which the models become unstable.

Small-signal analysis does not always ensure stability in the large-signal sense,
therefore the stability margins based on the small signal study are often quite
conservative and the large signal stability study is necessary. The large signal stability
analysis is usually performed using computer simulations. It is examined through the
response of the system to different types of transient changes and its ability to withstand
or recover from these large perturbations [23]. These transients can be a large change in
the system parameters, which can correspond to a load step; or could be a change in the
system’s structure, as when faults appear in the system and a branch is disconnected.
There are different faults to be studied; for example, short circuit, open circuit and switch
failures. The time domain computer simulation approach is not considered an efficient
way in terms of use of the computational resources; however, it still continues to be the
most used practice, especially when detailed models are required and it can produce
accurate results based on the correctness of the models developed. Therefore, some

literature has been devoted to the modeling and implementation of stability studies in



computers and the use of time domain simulations as basis for the stability analysis [24]-

[26].

III. Objectives

The main objective of this research is to develop an approach for the analysis of ac/dc
hybrid power systems with large number of power converters, which can be used for a
variety of applications like automotive, ship spacecraft or aircraft. The research focused
on the computer modeling of the different parts of the system, the study of its dynamic
behavior and setting conditions for safe operation. The main challenge is to have the
system with proper switching/detailed models, sophisticated controllers and complex load
dynamics perform well without migrating close or into the unstable conditions. For this
reason the study investigated the stability behavior from the point of different critical
system parameters at different operating conditions to be able to draw some margins and

boundaries for stable and unstable operations.

IV. Thesis Outline and Summary of Contributions

Chapter 2 of the thesis discusses the modeling aspects of the major system
components. A sample system was chosen which contains components that are
representative in many ac/dc hybrid systems. These components have been developed by
others and repeated with some modifications that are related to the purpose of this study.
From these components are the three phase synchronous generator, the multi-pulse diode
rectifiers, the PWM rectifiers, the power factor correction circuits and the motor drive
loads. It concentrates on the different levels of details, accuracy and complexity of the

models.

Chapter 3 is devoted to the system stability analysis using time domain simulations. It
starts with the steady state analysis of the sample system to illustrate its performance
under normal conditions. The chapter then analyzes the small signal stability through
mapping critical parameters of the sample system. This mapping methodology allows

quantifying the impact of the system parameters on the stability of the system. Several
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cases are analyzed allowing extracting conclusions on the stability margins and the
criticality of some parameters. Finally, the large signal stability is analyzed by means of
time domain simulations. Different types of disturbances are applied to the system to see

their impact on the system stability and define the maximum perturbations the system can

handle.

Chapter 4 examines a fault analysis for some of the critical components of the sample
system. The analysis is first done with no protection in the system to analyze the real
effect of the fault applied and study the stresses on the system components then some
basic protection schemes are added to prevent the models from breaking and the analyses
is repeated. The protections are based on monitoring the voltage or current needed using

sensors and shutting down the circuit in time of fault to avoid any losses.

Finally, chapter 5 states the main conclusions of this thesis in addition to some
proposed future work. A simulation software Saber was used to build and simulate a
sample electronic power system. This sample system was used for different stability and
fault studies like steady state, small-signal and large-signal stability analysis and time
simulations fault analysis. This work can be extended to different types of systems and

for more studies like power quality, EMI and harmonics studies.



Chapter 2 Power System Modeling

I. Introduction — System Description

The power system under study combines different types of components. The different
components are modeled in the stand-alone operation and then interconnected to study
the interaction of the different models together. The object of this chapter is to present the
power system and provide a description of the models of the main components. Fig. 2-1
shows the circuit schematic of the system under analysis with all the power ratings of the

components.
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Fig. 2-1 Schematic of the complete system under analysis
The system consists of a three-phase, synchronous machine generator with per-unit
parameters, feeding multiple ac-dc and ac-to-ac power electronics loads. The feeders are
modeled as lumped parameters impedances representing the phase wire resistance and

self inductance. The main load is a multi-pulse transformer rectifier (MPTR), comprised



of a transformer and directly paralleled three-phase diode bridges, and loaded with two
PWM voltage-source converter motor drives connected to a permanent magnet motor
(PMM), in parallel. The second branch consists of a two level three phase active rectifier
(3DAR) connected to a dc-fed PWM voltage source converter motor drive connected to a
permanent magnet synchronous machine (PMSM). The third branch is a three level three
phase active rectifier followed by a motor drive model consisting of an inverter and a
permanent magnet synchronous machine (PMSM). Finally, the last branch is a
transformer model loaded with three single-phase active rectifiers (1PAR). Each model
has different characteristics that are necessary depending on the type of analysis it will be

used for.

II. Individual Component Modeling

This section explains the modeling of the various system components. The focus is on
models appropriate for stability and fault studies. Models for stability studies required
simplified models with full controllers. The model has to account for the dynamic
behavior but still has straight forward implementation method. They have to have a high
degree of details since the analysis is based on time domain simulations. All the
following models described below have been developed before by others [27]-[38],

however, there are some modifications made based on this study.

A. Power Source Modeling

A three-phase synchronous generator with per unit parameters, variable speed and
remote regulation is modeled. It consists of a single machine that is represented in the d-
g-0 synchronous reference frame and a linear core has been assumed as shown in Fig.
2-2. The generator is mounted on the shaft of a significantly larger turbine which means
that the prime mover has a power capacity several times larger than the electric power of

the synchronous generator. Therefore, the mechanical dynamics can be neglected.
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winding in d,q

Fig. 2-2 Synchronous generator machine diagram
The transformation to the d-q rotating reference frame makes use of a matrix
transformation generally called the Park transformation. The following matrix equation
for the currents shows the Park transformation used in this work to refer the three-phase

quantities to the d-q frame:

: ) ( Zﬂj ) ( 27[)_
sinw,t sin|wt——| sinj of+—
i 3 3T
i[ _% cosw.t COos a)t—z—” cos a)t+2—ﬂ iu
.q - 3 (3 r 3 r 3 .17 (2' 1)
1 ! I
| 2 2 2 ]

The machine equations shown in (2.2) in the d-q reference frame describe a fifth order
machine model, as shown in Fig. 2-3, where five windings are represented: one field
winding, and one stator (armature) and damping equivalent winding in each of the d-q
axes [27]. The exciter has no physical damper windings; only the field winding and the
equivalent armature windings in the d and q axes are modeled. Note that the armature

windings are physically placed on the shaft for the exciter.

Fig. 2-3 Fifth order machine model schematic.



A, =v, +ri, + .4,

/iq =v,—ri,+ol,
’i}d =V =Tl (2.2)
j’l:d =V 1 k'dilrcd
/i,:q = Vi — r,;qi,’(q

Using the machine equation set (2.2), the currents are calculated as:

i = ﬁ(— Ay +Loliy +il,)) 2.3)
iy = ﬁ(ﬂ}d ~L(~i, +1,)) (2.4)
i :ﬁ% L1 +i,)) 2.5)

iy, = ﬁ(ﬂq +L,0,)- (2.6)

If w, is constant, or can be assumed to be approximately constant, this system can be
considered a linear system and analyzed under linear system theory. Otherwise, if @, is

not constant, the system is non-linear. To represent the system in a state-space form, we

can say:

X =Ax+ Bu
2.7)
y=Cx+ Du

The state space model variables are defined. The array of state variables x are given as
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the input variables u,

and the output variables y,

.
lfd

(2.8)

(2.9)

(2.10)

The state space representation of the generator model is given by the matrix equations

below in (2.11).
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1 1 1
+—+
Is qu L

mq

aq

S O O = O

S o = o O
<
<
~~
[\
—_
—_
N—

(2.12)

(2.13)
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Although the measurement of the damping winding currents is not practical in the

synchronous machines, they can be included in vector y as output variables.

_ld _
iq
— ‘4
Y=lu (2.14)
.f
L
.f
| g
Therefore, the output equation is given by (2.15):
_Lzzd - L[s Lzzd Lad ]
L 0 LL L.L 0
Is Is™ fd Is ™ kd
L —L L
Zd O aq ~ Is 0 0 aq' ﬂ’d
i Lls Llstq ﬂ’
l,q | L 0 Lu-La Ly 0 /17
fd | ' [’ ' fd
i’ Lde[v Lé Llstd 2 (2'15)
fd _ Lad _ Lzzd _ Lad — Ll/cd 0 k’d
Gl | L, Ly, L, L7 &
e o Ll
L L/stq Lk‘/

This state space model can be represented in a block diagram as that in Fig. 2-4.

iq
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1)
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-
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Fig. 2-4 Machine input and output variables.
Since the interest is in having the machine voltage as the output, a system representation

closer to the formulation of the problem under study is obtained with the addition of the

load in the block diagram, as shown in Fig. 2-5.
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Fig. 2-5 Machine and load variables formulated for the voltage regulation problem.
The controller consists of two loops as shown in Fig. 2-6. The internal feedback
loop C..(s) controls the unidirectional exciter field current. The idea for the design of the
excitation current control loop is to have the largest possible gain and bandwidth. The

transfer function of the i., controller to estimate the loop bandwidth is given as:

C. (s)= kQM
slow  +1

pex

(2.16)

@pex 18 the pole that gives the bandwidth of the loop and the dc gain of the loop. The value
of @y, has to be chosen in order to limit the bandwidth of the excitation loop and avoid
instability. The bandwidth is practically limited by the stability requirement, with one of
the limiting factors being the delay caused by measurement time-lag due to digital
sampling. It is found that a good choice for @,.. is to make it ten times larger than the
regulator zero, provided that it is still considerably smaller than the sampling frequency.
.o 18 the zero and is calculated as,
T

@, = 2.17)
Ly + Ly,

where L'q/. is the equivalent inductance of the exciter field winding considering exciter
load for controller design.

The exciter has to have limits in the maximum current or voltage that can be fed to the
machine field. These limits help in avoiding any huge fault current to pass during a short
circuit fault. They also require the implementation of an anti-windup scheme in the

excitation controller. Finally there is a current filter in the feedback loop, as shown in Fig.
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2-6. The purpose of this filter is to get rid of the noise on the excitation current when the
generator is connected to different switching models and distortion starts to appear. The

cut-off frequency must be at least two times higher than the bandwidth that is limited by

sampling.
rotor speed
2 ] - - - -
I - V., MM
Vier v Iexreg Controller Vexps Loads
SO O-fewsp{tm Y |23 ™
-4 |Voop with-# lexc loop '\3' /7 v
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: eeder
- Loy
I_filter | ——— RMS
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V_filter -

Fig. 2-6 Schematic for the generator model with control loops.
The second control loop is the outer feedback loop, C,(s), for direct output voltage
regulation of the main generator. The voltage regulator C,(s) is chosen to be a lead-lag
plus an integrator. The use of a lead-lag is dictated by the dominant pole and the zero of
the transfer function. The integrator is added to cancel any steady-state voltage error. The
presence of the integrator makes it necessary to locate the controller zero at a lower
frequency than the g-axis damper winding pole but the final placement depends on the
desired stability margin and a good choice is to shift the controller zero to at least half of
the original frequency, which enables an approximately 60° phase margin [28]. The
proposed regulator function is shown in (2.18), where ¢, accounts for the frequency shift
of the zero. The stability analysis also shows that it is convenient to shift @,,, the pole of
C\(s), to a higher frequency than the g-axis damper winding pole for better phase and
gain margins. Note also in (2.18), to compensate for the machine characteristic change
with speed (frequency), the gain of C,(s) is adapted in inverse proportion to the square of

the rotating speed o, .

14



2 ' !
C(s)=K w, |1 S(leq +L,, )/ TigCrg T1
! ' s slw,, +1

rmax

(2.18)

As in the current loop, a filter is added in the voltage feedback loop to avoid any
distortions. The voltage loop-gain bandwidth is limited by stability margins, so the filter
used would need to have a cut-off of at least five times higher than the bandwidth of the

voltage loop [9].

B. Multi-pulsed Transformer Rectifier (MPTR)

Multi-pulsed transformer rectifiers are composed of a transformer and one or more
sets of six-pulse diode bridges. The number of bridges is given by the number of phases
in the secondary side of the transformer, with a minimum of three phases corresponding
to one diode bridge. In order to reduce the output voltage ripple the number of phases in
the secondary side is increased by an appropriate interconnection of windings. Models of
this type are described in [29]-[32]. Fig. 2-7 shows the schematic of switching 18-pulse

diode rectifier as an example.
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Fig. 2-7 18-pulse diode rectifier schematic
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The model is implemented in Saber where the built-in diode model is used for the diode
bridges and a linear core is used in the transformer model. The transformer is used to
create two additional three-phase systems, one leading the input ac supply voltage by 40°,
the other lagging by 40°, with the amplitudes of the created phase voltages equal to the
amplitude of the supply voltages. The three resultant three-phase systems are then
connected to the diode bridges. The outputs of the rectifiers are directly fed to the load.
Each rectifier bridge conducts one third of the total output power. Fig. 2-8 shows the
phasor diagram for the nine-phase autotransformer. Each diode transfers the full load
current and each diode bridge transfers one third of the output power. The
autotransformer has a gain of 1. It creates 9-phase voltages, the three input phase

voltages, and a leading and lagging voltage for each phase.

kl k1
|

Vb Va

Vbp Vapp

Fig. 2-8 Nine-phase autotransformer phasor diagram

The first step in the design is to calculate the transformer turns ratio, using the vector

diagram below and the cosine law on the triangle (Vapp-Vap-O):

K1 A
Vapp g

RN 120 \ K2
~

=~ ~
0684a ~ _
70 \ Vap

40
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vector (V,, =V,,,) = \/a2 +a’ —2a” cos(40°) = 0.684

Therefore,
a _vector(V,, _V,.)
smzZ0_V, V, sin (40°)
0 v,, V,=70°
a vector(V,, _V,,.)
sinZ0_V, V., sin (40°)
Z0_v, V,,=70°
and,

LV, V, A=90°—L0_V, _V, =90°-70°=20°.

ap — = app

The cosine law is applied again to find the turns ratio gain K/ and K2,

0.684040286 K2
sin (120°) sinZV,, V. A

app —

3

K2 =0.270148
Finally,
V., V., A=180°=120°—-2V, ¥V, _A=180°—-120°-20°=40°.
Therefore,
0.684040286 K1
sin (120°) sin/V,,, V, A ’

K2 =0.507713305

With selecting the number of primary turns, N, then,

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)



(2.25)
N N,-K 2
k2 \/5
In addition, the output average dc voltage can be calculated as,
v o9 Gain %% v 0
de — T ’ 1z peak 'Sln(X) X
_ 18
9
(2.26)
=2 Gain V peat cos£7—7zj
/4 1
9

The second step is the design of the core used for the autotransformer by calculating the
different dimensions like the cross sectional area, the magnetic path length, the relative
permeability of the material used and the size of the wire used to handle the amount of
current needed. The cross-sectional area is related to the input voltage, primary number

of turns and the magnetic flux by the following equation,

v

in max

. d
-sin(wt)=N_-(—B)-A ,
(ot) ”(dt) e

Va

P . 1
jz{u Kﬂ max : Sln(a)t) dt = Vil’l max = N ' Bmax ’ Ae >
0 ® g (2.27)
V. v
Ag — in max or Ae — inrms
Blnax.Np'ﬁine'zﬂ B N ﬁ zi
max P ine \/E

For the same model, a nonlinear core can be used when the model is used for fault
analysis. The circuit is connected to a filter at the dc side used to attenuate both common-

mode and differential-mode harmonics.
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C. PWM Converters

There are different types of converters needed in the system which required the design of
various two-level, and three-level three phase active rectifiers (3®AR) and voltage source
inverters. A three-phase converter can be divided in its power stage and controller as

shown for a voltage source inverter in Fig. 2-9.

LA g g
— i i i Load
_ Tk 4
Ve - S\‘/M .
»| Controller

Fig. 2-9 PWM voltage source converter circuit schematic with sub-systems
The power stage model includes the semiconductor bridge and the main passive
components. The switching model of the bridge can be easily implemented in a circuit
simulator using ideal switches and diodes. This method provides an appropriate level of
accuracy for stability and fault analysis. However, when simulating the complete system
numerical convergence may become an issue due to the large amount of components in
the circuit. For those cases a switching function modeling of the bridge may help to
improve the convergence and also speed up the simulations. Switching function
implementation is described in [33]-[34]. For the VSI model, the switching function
model is implemented by implementing the following input and output relationships

equations:
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van :g[z.sub 'vdc +Sbc .vdc]’

vbn = 3[2 ’ Sbc ’ vdc + Sca ’ vdc]’ (228)

1

:_[2 ‘Sca 'vdc +Sab ‘Vdc]’

VCII

Where vy, vin, ven are the three phase voltages, v, is the output dc voltage and 545, Spe, Sca
are the switching functions of the VSI and the dc current i, is given in terms of the three

phases current i,, i, i. as:
lpe=8,1,+8,1,+5. 1. (229)

Fig. 2-10 shows the implementation of the switching functions s,s, s, Scq 0f the VSI.

_— o
;

f"*\ ."J"." .__.-\‘ :\\ - Sab
ARV Y !
LAY \;"r V \

Fig. 2-10 Implementation of the switching functions

The usage of these different methods depends on the type of analysis the system will
be used for. For example, for fault analysis, it is obligatory to use the switching models to
be able to analyze the performance of the switching devices. However, for a large system
as the one presented, simulating all converters as switching models is impossible. For this
case, the converters that are directly affected by the fault are the only ones that use
switching models. In addition to the implementation method of the converter bridge,
there was an essentiality of having high impedance R-C ground connections at the dc bus

when interconnecting those converters with the various loads as the motor drive.
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D. Load Modeling

i) Motor Drive

The model is for a permanent magnet synchronous machine (PMSM) followed by a
mechanical load. It also has an input L-C harmonic filter that helps decreasing voltage
distortion. The permanent magnet synchronous machine (PMSM) is a linear dq based
model. The following transformation is used to convert the PM machines voltage

equations into the rotor reference frame.

2 {cos wt | cos(wt—2r/3) cos(wt+ 27[/3)}

3| sinwt | sin(ot—27/3) sin(at+27/3) (2.30)
Applying (2.30), the resultant voltage equations are
r r .7 d
ddVdc = vds = Rslsd + Eﬂ’sd - a)rﬂ’sq (23 1)
. r o d (2.32)
qudc = vqs = Rslsq + E/ﬂi'sq + a)rﬂ’sd .

where Ay, Ay are the stator d-q flux linkages, R; is the stator resistance, subscript (1)

denotes rotor reference frame, d;and d, are converter d-q axes duty cycles in the rotor

reference frame and w, is the rotor speed.

The stator d-q axes flux linkages are defined as follows:
Ay = Liig + 4, (2.33)

//i’sq = Lsit;s * (234)

Replacing (2.33) and (2.34) in (2.31, 2.32) while considering that 4,, is a constant
magnitude finally yields

, . d ., .
Vi, =R +LSEzdS —w.Li, (2.35)

, . d .. .
v, = Ri +LsEzqs +oli, +ol,. (2.36)
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Where 4, is the permanent magnet flux constant, and L, the leakage inductance.
The state space representation of the PM machine model for the real system without

including the rotor damping effects is thus given by,

lxd - Rs /Lx a)r lsd + I/Ls 0 0 r
. = v . .
[ -, -RJL |1, 0 /L, -o, ;5 (2.37)

PM

And the electrical torque of the PM machine is expressed as:
3 P .y YT
]’; = (E)(E) (ﬂ’mlqs + (Lds - qu )ldslqs)’ (238)

Since the stator inductance in the d-q axis are equal, L, =L, hence the electrical torque

reduces to,

3 -
Q:ZP4W%, (2.39)
where Ap) is the permanent magnet flux constant, L, the leakage inductance, the
superscript » denotes rotor reference frame, w, is the rotor speed, P is the number of poles

of the machine and 7, is the electromagnetic torque.

The mechanical load is a centrifugal load where the power is proportional to the
cube of the speed. The input signal is the PM machine electrical torque (7,), and its
output is the rotor mechanical speed (w,,,). The signal flow diagram of the mechanical

load implements the load dynamics described by the following equation:
d P

where T} is the load torque.

The model uses vector control strategy to control the PMSM speed comprised of a
d-q axis current regulator featuring PI controllers with decoupling terms and anti-windup
loops, and an outer speed-loop PI regulator with anti-windup loop and a pre-filter
compensator for optimum transient response as shown in Fig. 2-11 [35]. This last loop

sets the reference for the g-axis control-loop that generates the torque current component
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Fig. 2-11 Block diagram for vector control method used

In the following section, the current and speed controller are described and analyzed

providing design rules for their respective parameters.

Current Controller:

The ac equations of the system are given in (2.31, 2.32). Those equations present
coupling between channels, as well as a dependence on the rotor speeds affecting the g-
axis current. These terms may be canceled out by means of state feedback if we modify

the command voltages by adding the following decoupling terms to them,

.r

vdﬁdecoupling = _a)rleqs s (2.41)

v =wLi, +ol,. (2.42)

q _decoupling

The new command voltages when using PI controllers are then given by:

k s+k

A .7 p_c i_c .
Vq.r - (ldsire_'f - lds ) s - a)rleqs 4 (2.43)
ro_ ( . ) kpfcs +ki70 L .7 ﬂ,
vqs - lqsiref - lqs ’ f + a)r slds + a)r m* (2.44)

Ignoring the decoupling terms defined in (2.41) and (2.42) and rewriting equations (2.43)
and (2.44),
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d
V;S = Rél; + LS El; and (2.45)
r .7 d s
Vqs = Rslqs + LSEqu . (2.46)

If the Laplace transform is then applied to (2.45) and (2.46), the transfer functions from

command voltages to stator currents may be obtained as follows:

vi(s) _vals) 1
in(s) i(s) Ls+R’ 2.47)

The resultant closed-loop transfer functions for the d-q axis current loops may then be

derived as shown below.

k, s+k . 1
() i(s) s Ls+R,
l‘dsiref (S) iqsire_/' (S) 1 + kp_cs + ki_c 1 (2.48)
S Ls+R,

Clearly, the PI zero of the controller may be used to cancel out the machine dynamics if
k, . and k; . are chosen as L, and R;, but in order to tune the response of this closed loop,

k, . and k; . are additionally made proportional to the desired closed-loop bandwidth @,

as follows,
k, .=Lao, (2.49)
kiic = Rsa)c (2.50)

Replacing equations (2.49) and (2.50) in equation (2.48) yields the closed-loop transfer
function as:
idrs (S) _ lf:? (S) _ a)c

idsiref (S) lqsiref (S) s+ a)c .

2.51)

This closed-loop transfer function shows that, in effect, the current control is only a
function of the controller bandwidth, since the machine dynamics are cancelled by the

appropriate selection of the controller parameters and the use of state feedback for
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decoupling purposes.

There is also a d-q vector limiter to the output of both of the d-q axis current controllers,
to ensure the correct operating region. This is because duty cycles d; and d,— which are
indeed the control inputs to the converter-machine system — correspond to the actual
outputs of the d-q current loops. The intrinsic operational characteristics of the PWM-

VSI bound these control variables within the following range,

—-1<d,<land
(2.52)
-1<d, <1,

which means,

Jdi+d; <1. (2.53)

However, this required implementing an anti-windup loop because there might be
winding up of the current controllers occurring when the output of the PI controller enters
the limiting region, and its integrator keeps building up without effecting any control
action. This situation leads to large current overshoot, slow settling times, and eventually
instabilities or even drives shut-downs. The wind-up is implemented as in [36], where the
difference between the limited and unbounded duty cycles is fed back through a
proportional gain (kg o) in order to limit the error entering the PI integrators, and thus

avoid their windup. This gain is defined as:

we T (2.54)

Speed Controller:

The speed controller is depicted in Fig. 2-12, where both a PI regulator and pre-filter
compensator are clearly depicted. The output of the controller—reference to the g-axis
current regulator—yprotects the machine and converter from over currents using a current

limiter that binds the output to
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1 vy < Ly - (2.55)

Plw
Filter o, limiter
@ kiis iq,rz?/' T
T _ref emm— kpiss +k[7l‘v > lq,"c?f
+
kawis -
Fig. 2-12 Speed controller schematic.
The PI and pre-filter compensator gains are set by:
k, ,=2¢wJ,
(2.56)
kiis = a)sz‘]m

with J,, the machine inertia, { the desired damping coefficient, and @, the desired speed-

loop bandwidth.

The anti-windup gain is simply defined by:

aw_s - (257)

ii) Single-phase active rectifier (1 PAR):

The model represents low-power loads that are designed as an average model in
which the PWM-switch is replaced with controlled sources. The average model is used
here, because the switching frequency is high (100 kHz) so this is more simplified and

saves the simulation time [37].
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Fig. 2-13 Schematic for the single phase PFC average model with controllers.

It consists of the main circuit and the controller, as shown in Fig. 2-13. The
controller has a feed-forward loop, and current feedback and voltage feedback loops that
are designed so that the input current of the boost converter tracks the input voltage,
hence minimizing the distortion or maximizing the power factor of the converter. The
main advantage of this design is that it provides a good power factor with easy control
and with no conservative output voltage regulation. This design uses the average current
mode control because it’s simple and easy to implement. The main feature of this method
is the usage of an amplifier in the feedback loop around the boost power stage so that
input current tracks the boost regulator input current signal. Another way of
implementing the controller is using the peak-current mode control. However, this is
unsuitable for a high-performance power-factor corrector, and would cause distortion and

a poor power factor because of the low gain and wide bandwidth current loop [38].

The first step in the design of a power-factor correction circuit is to define the
specifications and the operating requirements. The main requirements that need to be

specified are the output power, the range of the input voltage, the line frequency and the
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desired output voltage.

Input Inductor (L):

The input inductor determines the amount of high-frequency ripple current in the
input. Therefore, the maximum peak current of the sinusoidal input that occurs at the

peak of the minimum line voltage is chosen and is given by:

V2-P

1y, (pk) = v (i) (2.58)

where P is the power.

The peak-to-peak ripple current in the inductor is normally chosen to be about 20% of the
maximum peak line current. The value of the inductor is selected from the peak current at
the top of the half sine wave at low input voltage, the duty factor D at that input voltage

and the switching frequency ( f,) where

VO - Vil’l
D=—2= (2.59)
and the inductance L is,
V. -D
L — 14
7oAl (2.60)

where Al is the peak-peak current ripple.

Output Capacitance (C):

The total current through the output capacitor is the root mean square (RMS) value of the
switching frequency ripple current and the second harmonic of the line current. It is

calculated using the following equation:

o 2PN
o V2 _y? (2.61)

in(min)

where P is the load power, At is the hold-up time, ¥, is the output voltage, and Viymin) 1S
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the minimum voltage at which the load will operate.

Current Sensor

For current sensing, a resistor current sense (R,) configuration is used, as in Fig. 2-13, so
the inverting input to the current error amplifier is connected to ground through R.;. The
non-inverting input to the current error amplifier acts like a summing junction for the
current control loop, and adds the multiplier output current to the current from the sense

resistor (which flows through R,,,). The difference controls the boost regulator.

Multiplier Setup

The multiplier/divider is the heart of the power factor corrector. The output of the
multiplier programs the current loop to control the input current to give a high power
factor. The output of the multiplier is therefore a signal, which represents the input line
current. There are three inputs to the multiplier circuits: 1,.(A), Vy(C), and Ve, (B). The
multiplier output current 7, is related to the three inputs by the following equation:

2 2.62
Vi (2.62)

K, I, (V.1
]:mac( )

mo

Feedforward Voltage

Vi is the input to the squaring circuit, and its range depends on the chip used. In this
design it was assumed to be 1.2V. The voltage divider for the V input has three resistors
(Rg1, Ry and Ry3) and two capacitors (Cyy and Cye), and thus it filters as well as provides
two outputs. The resistors and capacitors of the divider form a second-order low-pass

filter so the dc output is proportional to the average value of the input half-sine wave.

Multiplier Current

The operating current for the multiplier comes from the input voltage through R,c. The
multiplier has the best linearity at relatively high currents, but the recommended
maximum current is 0.6mA. The maximum output of the multiplier occurs at the peak of

the input sine wave at low line. The maximum output current from the multiplier can be
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calculated from (2.62). This current, /,,, must be summed with a current proportional to
the inductor current in order to close the voltage feedback loop. R, a resistor from the
output of the multiplier to the current sense resistor, performs this function and the

multiplier output pin becomes the summing junction.

Current Error Amplifier Compensation

The current loop must be compensated for stable operation. The boost converter control
to input current transfer function has a single pole response at high frequencies, which is
due to the impedance of the boost inductor and the sense resistor (R;) forming a low-pass

filter. The equation for the control to input current transfer function is:

V}”S — I/out RS
A (2.63)

Where V, s the voltage across the input current sense resistor and V., is the output of the
current error amplifier. V,,, is the DC output voltage, V; is the peak-to-peak amplitude of

the oscillator ramp, sL is the impedance of the boost inductor, and R; is the sense resistor.

The compensation of the current error amplifier provides flat gain near the switching
frequency and uses the natural roll off the boost power stage to give the correct
compensation for the total loop. A zero at a low frequency in the amplifier response gives
the high gain, which makes average current mode control work. The gain of the error
amplifier near the switching frequency is determined by matching the down slope of the
inductor current when the switch is off with the slope of the ramp generated by the

oscillator.
The crossover frequency can be calculated as:
o VaRR
“ V,27-R, (2.64)
Where f; is the current loop crossover frequency and R../R.; is the gain of the current

error amplifier.

The placement of the zero in the current error amplifier response must be at or below the
crossover frequency. If it is at the crossover frequency, the phase margin will be 45°. If
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the zero is lower in frequency, the phase margin will be greater. A 45° phase margin is
very stable, has low overshoot, and has good tolerance for component variations. The
zero must be placed at the crossover frequency so the impedance of the capacitor at that

frequency must be equal to the value of R..
The equation used for the calculation of the capacitance is:

1
C. "2 R (2.65)

A pole is normally added to the current error amplifier response near the switching
frequency to reduce noise sensitivity. If the pole is above half the switching frequency,

the pole will not affect the frequency response of the control loop.

The transfer function for the current compensator is given in (2.66),

S
Gci(s)z_ézﬂ @

Z, s Y (2.66)
I+—
a)p
where
1 1
(R, +—)—
C. sC,
Z,= T 1 (2.67)
R +—+——
sC,  sC,
From (2.64 — 2.67):
Z, -1 sC.R._+1
G, (s)=—"F=—(5 — : (2.68)
Z R, s’C,C.R. +s5(C,+C.) :
which means,
C,+C,
0w =—
’ C,C.R. (2.69)
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o, = CR. (2.70)
. 1
i (Cp + Cz)RCi . (271)

Voltage Error Amplifier Compensation:

The voltage control loop must be compensated for stability, but because the bandwidth of
the voltage loop is so small compared to the switching frequency, the requirements for
the voltage control loop are really driven by the need to keep the input distortion to a
minimum rather than by stability. The loop bandwidth must be low enough to attenuate
the second harmonic of the line frequency on the output capacitor to keep the modulation
of the input current small. The voltage error amplifier must also have enough phase shift
so that what modulation remains will be in phase with the input line to keep the power

factor high.

The first step in designing the voltage error amplifier compensation is to determine the
amount of ripple voltage present on the output capacitor. The peak value of the second

harmonic voltage is given by:

P

mn

V .= .
opk 27[ . fr . Co . VO (272)

Where V,« 1s the peak value of the output ripple voltage (the peak to peak value will be
twice this),f- is the ripple frequency which is the second harmonic of the input line
frequency, P;, is the input power, C, is the value of the output capacitance and V,, is the
dc output voltage. Following that, the amount of distortion which the ripple contributes to

the input must be decided.

Cy, the feedback capacitor, sets the gain at the second harmonic ripple frequency, and is
chosen to give the voltage error amplifier the correct gain at the second harmonic of the

line frequency. The equation used is:
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C - 1
2%/ R-G. (2.73)

where R; can be chosen arbitrarily, but its value must be low enough that the operational
amplifier bias currents will not have a large effect on the output, and it must be high
enough so that the power dissipation is small. The gain G,, is calculated as the peak
ripple voltage allowed on the output of the voltage error amplifier divided by the peak

ripple voltage on the output capacitor.

The voltage compensator transfer function is given as

w.
GEA(S)z—l
[HSJ (2.74)
a)P
where
o = ! and
» " C,R, (2.75)
R
—_f
@; = R (2.76)

Feed-forward Filter Capacitors of Voltage Divider

The percentage of second harmonic ripple voltage on the feed-forward input to the
multiplier results in the same percentage of third harmonic ripple current on the ac line.
Capacitors Cy; and Cyy attenuate the ripple voltage from the rectified input voltage. The
second harmonic ripple is 66.2% of the input ac line voltage. The amount of attenuation
required, or the “gain” of the filter, is simply the amount of the third harmonic distortion

allocated to this distortion source divided by 66.2%, which is the input to the divider.

The recommended divider string implements a second-order filter because this gives a
much faster response to changes in the root mean square (RMS) line voltage; typically
about six times faster. The two poles of the filter are placed at the same frequency for the

widest bandwidth. The total gain of the filter is the product of the gain of the two-filter
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section, so the gain of each section is the square root of the total gain. The two sections of
the filter do not interact much because the impedances are different, so they can be

treated separately. The cutoff frequency is given by:

Jo=Gy - 1, (2.77)

Where Gy is the gain of the filter and f. is the ripple frequency. The cutoff frequency is
used to calculate the values for the filter capacitors, since the impedance of the capacitor
will equal the impedance of the load resistance at the cutoff frequency. The two equations

given below are used to calculate the two capacitor values:

co_ 1
N om SR X, (2.78)
and
co-_ 1
2 0 f R, (2.79)

The circuit shown in Fig. 2-13 is implemented in Saber, and the controllers are
implemented using their derived transfer functions instead of using the operational

amplifiers [38].

III. System Implementation

The power system is simulated using Saber software. The main feature of this
system is its ability to perform parametric studies, small and large signal stability
analysis, in addition to fault analysis. It allows the simulation of realistic operating
scenarios so that an assessment of the system performance can be studied. Simulating and
understanding a large power system as the sample one proposed here is not an easy task,
and it can only be done by running different simulations with different parts of the system
and at different operating points. The system was simulated in stages. First, each model
was designed and tested for the stand-alone operation. The system was then connected
branch by branch and tested under normal operating conditions to study the steady state

stability, until finally it reached the complete system. There are several simulation

34



parameters that need to be adjusted in Saber in order to ensure a robust simulation
process, namely the time step that is chosen 100 times less than the converters switching
frequency, the number of target iterations and the truncation error which are chosen from
the algorithm selection and calibration parts respectively. The latter ones has an effect of
reduction of the time steps as its value increases [39], while the former will affect the

overall numerical convergence.

The other main issue while simulating the whole system is the essentiality of
having some high impedance R-C ground connections at the dc and neutral point model
terminals and some key power system terminals as the dc busses of the PWM converters
and at the mechanical load model as mentioned when discussing the PWM converters.
Sometimes a small resistance of 0.01 Q is needed at the dc link busses to ensure smooth
and faster simulation. The key grounding points are shown in Fig. 2-1 in red. Finally, the
main drawback of simulating this system is the long time required for simulation, which

is to be expected as a large switching system is being simulated.

IV. Summary

This chapter described the system to be studied in this work. The different models
used in the system were illustrated; and their characteristics based on the stability and
fault analysis were also explained. Most of the models analyzed are detailed/switching
models that were easily implemented in Saber simulator which made the transient
stability analysis possible. Saber software was used to verify the models and system

operation. However, the main drawback is the long simulation time.
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Chapter 3 System Stability Analysis Using Time Domain

Simulation

1. Introduction

Along the discussion in chapter 1, it was mentioned that there are three types of
stability analysis: steady-state, small-signal analysis and large signal analysis. This
chapter analyzes these types of stability for the given system in chapter 2 using time
domain simulation. The steady-state stability analysis is done by investigating the
nominal operation of the power electronics system proposed. The small-signal stability of
this system is studied by running different parametric case studies. First, the safe values
of the main system parameters are defined from the view of the stability of the complete
system. Then, these different critical parameters of the system are mapped together to
predict their influence on the system. The large signal stability is examined through the
response of the power system to different types of transient changes [23]. There are
different load steps applied to the critical parameters of the system at the maximum or
minimum stability boundary limit found by the mapping section. The maximum load step
after which the system can recover and remain stable is defined. The other type of large
signal stability analysis done is the study of faults. There are different faults to be studied;

for example, over voltage, under voltage and over current.

These analyses, done using the detailed/switching models, are verifications for the
stability analysis in [39] using the linearized average models. In [39] a computer based
algorithm was implemented in Matlab language in order to map the parameter space of
the power electronic system under study. Given a desired subspace of the parameter
space that is desired to map, the mapping algorithm will determine the local stability of a
set of equilibrium points in that subspace. Those equilibrium points will be classified in
stable equilibrium points (SEP) or unstable equilibrium points (UEP). Given a set of
parameters p,, in order to do the classification the mapping algorithm must perform the

following computational steps:
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1. Estimate the equilibrium state x,, corresponding to 0= £, (x,, p,)

2. Obtain the linearized small-signal model around the equilibrium state x,

¥=Ax where: 4= (3-1)

Ox

Xo

3. Calculate the eigenvalues of the state-space matrix of the linearized model
4. Apply Lyapunov’s indirect method criteria expressed by:

Rela[4], )<0 w2 = SEP
Re(i[A]xO )2 0 forsomel = UEP

After the previous four steps have been covered the procedure can move to the next
point to be mapped. The systematic application of this methodology to the system model
provides the parameter map where conditions for SEPs or UEPs can be easily identified.
The values of the state variables will also change as a consequence of the parameter
change and those values at the equilibrium points can also be extracted from the

procedure. A flowchart of the procedure described is presented in Fig. 3-1.

Simulation to initial
steady-state

uncovered
states?

Y
Steady-state
solution
Determine the limit
situation

Small-signal
linearization

Eigenvalue
evaluation

Equilibrium point
classification

Move to next state

simulate

Fig. 3-1 Flowchart of the basic mapping procedure
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A. Definition of stability

The meaning of the stability of the system is its ability to reach and remain at the desired

equilibrium operating state. There are different definitions for stability but the one

followed in this study is the Lyapunov definition of stability, defined below.

For an autonomous nonlinear dynamical system [41],

x=fx@), x0)=x, (3-2)

and assuming that the origin is an equilibrium,

1)

2)

3)

The origin of the above system is said to be Lyapunov stable, if, for every € >

0, there exists a 0 = d(¢) > 0 such that, if ||x(0)|| < 0,then ||x(t)|| < g, for every

t>0. This means that solutions starting "close enough" to the equilibrium
(within a distance o from it) remain "close enough" forever (within a distance

¢ from it) for any ¢ that one may want to choose.

The origin of the above system is said to be asymptotically stable if it is

Lyapunov stable and if there exists 6 > 0 such that if ||x(0)|| < J,then
limx(¢#) =0. This means that solutions that start close enough not only remain
—®

close enough but also eventually converge to the equilibrium.

The origin of the above system is said to be exponentially stable if it is
asymptotically stable and if there exist a,f,0 > 0 such that if ||x(0)|| < 0,then
||x(t)|| < a||x(0)||e‘ﬂ’ ,for £ > 0. This means that solutions not only converge, but

in fact converge faster than or at least as fast as a particular known rate

a||x(0)||e‘ﬁt .

II. System Performance Analysis

The system proposed in chapter 2 is used for the stability analysis and shown in

Fig. 3-2, together with data describing the nominal operating point.
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Fig. 3-2 Power system used for stability analysis

The system is first evaluated under steady state operation. The system performance
analysis verified the design of the different models discussed in chapter 2 and validated
the performance of the system under nominal conditions. The system is loaded in a
sequential order as shown in the state transition diagram in Fig. 3-3. First, the generator
starts at no load till the switch closes at 10 ms and it is then loaded in order. The first
motor drive starts is M1 at 30 ms but before it can start, the bus voltage needs to be
brought up to its nominal value. To avoid a big inrush current, a charge resistor is
connected with the capacitance (increases time constant) at 29 ms, so that when the filter
is energized the inrush and over-voltage are reduced. After that, the resistor is opened and
the bus is ready to feed the inverter. The switch on the output is closed 5 ms after the
drive is started (at 35 ms). As mentioned, the motor M1 starts at 30 ms where its speed

reference starts from zero and increases with a ramp till it reaches the nominal point at
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100 ms. The second 100 kW motor drive (M2) that is running at half load, 50 kW,
follows M1 and starts 10 ms later at 40ms and reaches its full load point at 110 ms. There
is also an input filter for M2 that follows the same charging procedure as in M1 to avoid
any inrush current. The charging resistor starts at 39 ms and then the switch on the output
is closed 5 ms after the drive is started (at 45 ms) and is ready to feed the inverter. The
three-level three-phase active rectifier is connected next. It has a switch at the ac bus that
closes at 40.5 ms and connects the rectifier to the generator. The three-level three-phase
active rectifier is feeding a resistive load in the beginning till the dc bus is charged to
avoid any inrush current then a switch is opened at 55 ms and the rectifier starts feeding
the motor drive. The small 25 kW motor drive M3 connected to the three-level three-
phase active rectifier start after M2 with a 10 ms delay and 5 ms before the resistive load
is disconnected, which means it start at 50 ms and reaches steady state at 130 ms. The
motor drive M4 is fed from a two-level three-phase active rectifier that is connected to
the generator with a switch at 42.5 ms. The motor drive M4 starts with M3 at 50 ms and
reaches steady state at 130 ms. Finally, the low-power loads are connected directly as

soon as the switch closes with no delays.
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Fig. 3-3 State transition diagram for the system

The system runs with a variable speed from 400 Hz to 800 Hz so all the performance
results were done for the maximum and minimum speed. The source is generating a three
phase sinusoidal rms output voltage of 230 V. Fig. 3-4 depicts the three phase output
current and voltage of the generator with low and high speed respectively. The distortion

that is seen on the waveforms is due to the switching of the different active rectifiers.
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Fig. 3-4 Generator three phase output current and voltage with low and high speed

respectively

It can be seen from Fig. 3-4 that voltage is a little more distorted than the current
waveform. Usually the voltage source is relatively strong which means it has low
impedance so the voltage distortion is less than the current distortion, however, in an
autonomous system like that one studied here, it is not true anymore. Fig. 3-5 shows the
results of running the generator with a resistive load with low speed and high speed
respectively. The waveforms looks less distorted, however, as soon as the transformers

and rectifiers are connected, the system becomes more distorted.
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Fig. 3-5 Generator three phase output current and voltage with low and high speed

respectively

The generator is connected to different loads as mentioned above. The main load is the
MPTR feeding two 100 kW motor drives, one running at full load (100 kW) and the other
at half load (50 kW). Fig. 3-6 shows the dc link voltage at the output of the MPTR (600
V) that is feeding the motor drives (M1 and M2) at both low and high speed. It also
shows the torque and speed of both machines. The waveforms follow the state transition
diagram in Fig. 3-3 where the speed reference of M1 (100 kW) starts at 30 ms and M2
(50 kW) at 40 ms and increases till the speed reaches 100%. A higher voltage is also seen
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when the system is running at light load then starts to decrease till it reaches the nominal

operating point at full load.
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Fig. 3-6 MPTR dc link voltage, torque and speed for M; and M, connected to the MPTR
running at low (400 Hz) and high speed (800 Hz)

The generator is also feeding a two-level three phase active rectifier that is connected to a
25 kW motor drive. Fig. 3-7 shows the waveform for the dc output voltage of the rectifier
(650 V) and the motor drive speed and torque running at both low (400 and high speed.
The 2-level three phase active rectifier is connected at 42.5 ms while the speed reference
of M3 starts increasing at 50 ms till it reaches maximum speed at 130 ms and the dc
voltage decreases when connected from light load to full load till it reaches the

equilibrium point. In addition, the generator is also supplying a three-level three phase
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active rectifier with an output dc voltage of 700 V feeding another 25 kW motor drive.
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Fig. 3-7 DC output voltage of the two-level three phase active rectifier and the torque and
speed waveforms of the 25 kW motor drive connected to it at low and high speed

respectively
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In addition, the generator is feeding a three-level three-phase active rectifier that is

connected to a 25 kW motor drive. Fig. 3-8 shows the waveforms for the dc output

voltage of the three-level three phase rectifier followed by the torque and the speed of the

motor drive.
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Fig. 3-8 DC output voltage of the three-level three phase active rectifier and the torque and

speed waveforms of the 25 KW motor drive connected to it at low and high speed

respectively

Finally, the last branch is the low-power loads. It consists of a transformer fed from the
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generator and supplying different 3.3 kW single-phase active rectifiers (1PAR). The
transformer creates rms output voltage of 115 V, and the dc output voltage of the one

phase active rectifiers (1®AR) is 400 V for both low and high speed is shown in Fig. 3-9.
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Fig. 3-9 Three phase output voltage of the transformer and the output power and dc voltage of

one PFC at low and high speed respectively

The time of the speed ramp for each motor drive from the state transition diagram was

100 ms. This value was just assumed and based on it the system performed well.
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However, a test was done to investigate the fastest ramp the system can handle for each

motor drive. The minimum step ramp required for the large two motor drives (M1 and

M?2) if the other two motor drives (M3 and M4) have a 100 ms ramp time is 45 ms. Fig.

3-10 shows the MPTR dc link voltage having some oscillations that are large enough and

then going to the nominal operating speed so the system is still stable. However, if the

ramp time is decreased more, the system becomes small-signal unstable.
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Fig. 3-10 MPTR dc output voltage when M; and M, speed ramp time is 45ms

III. Steady State Stability Analysis

There are parameters of the system that are identified as critical components that

should have a big influence on the stability of the system. These components are:

The MPTR filter components (capacitance and inductance),

Motor drive speed regulation bandwidth,
Feeder length

Generator voltage controller loop bandwidth
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e [Excitation current limit
e Excitation voltage limit

Each of these components is studied separately in the system to identify its stability

boundaries and which parts of the system are affected by their change.

A. MPTR Output Filter Capacitance

The MPTR is followed by a low pass filter that is used to attenuate both common-
mode and differential-mode harmonics as shown in Fig. 3-2. Fig. 3-11 shows the MPTR
output filter with emphasis on the parameters that are changed in this study. There are
two cases for which the MPTR filter parameters are studied. The first case is with the
system proposed in Fig. 3-2 where the two main loads, M1 and M2, are 100 kW motor
drives, one running at full load (100 kW) and the other at half load (50 kW). The second
case is when M2 is changed with a 50 kW rated motor drive instead of a 100 kW drive
running at half load. In this case, all the machine and controller parameters are changed

to correspond to a 50 kW drive.

Fig. 3-11 MPTR output filter

i) Case 1: M1 and M2 are 100 kW motor drives, running at full load and half load

respectively

The base value for the dc capacitance (C) is 500 pF. This capacitance is decreased until
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the system becomes unstable. The minimum stable capacitance value that can be used is
200 pF when the system is running at low operating frequency (400 Hz). Fig. 3-12 shows
the MPTR dc link voltage when a 180 pF is used where the system is still trying to
overcome the changes and stay stable so it can be seen different oscillations that starts
and decay and continuous in the same manner. Fig. 3-13 then shows an unstable case
where the MPTR dc voltage is depicted when a 150 pF capacitance is used, and the

system undergoes the same transient shown in Fig. 3-3.
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Fig. 3-12 MPTR dc link voltage with C=180 pF at low line frequency (400 Hz)

Fig. 3-13 shows small-signal instability phenomena in the form of continuous
oscillations in the dc link voltage. These oscillations are more than 200 V peak to peak,
which could be outside of the limits for the power quality (PQ) standards. The dc voltage
starts at zero when the switch is open then it closes at 10 ms where a large transient is
observed, and then the dc voltage starts decreasing because the load goes from light to

full load till it finally reaches the nominal operating condition.
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Fig. 3-13 MPTR dc link voltage with C=150 pF

At high operating frequency (800 Hz), the capacitance can be decreased until it
reaches 2 uF which was the minimum value tested, and the system is still stable as shown
in Fig. 3-14. It can be concluded that the capacitance value doesn’t have much influence
on the stability of the system when the system is operating at high frequency. This also
means the system would have a larger feasibility region when operating at high
frequency. It is interesting how small the capacitance value can reach when the frequency
is increased to 800 Hz. Since the frequency is doubled from 400 Hz to 800 Hz, one would
expect the impedance to double and the value of the capacitor can be decreased to half its
value in the 400 Hz case, but that was not the case. In [39] the analysis showed an effect
caused by the commutation inductance that introduces higher damping at higher
frequencies which could be part of the reason why the capacitance was increased more

than double the amount, however, this effect is small.
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Fig. 3-14 MPTR dc link voltage with different capacitance values at high speed (800 Hz)

B. MPTR Output Filter Inductance

The base value for the MPTR output filter inductance (L) is 250 pH. The inductance

is increased until it reaches the stability limit which is 550 uH as shown in Fig. 3-15.
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Fig. 3-15 MPTR dc link voltage with inductance L=550 pH at low frequency (400 Hz)

If the inductance is increased more, the system becomes unstable. Fig. 3-16 shows
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the MPTR dc link voltage when a 625 pH inductance is used and the system becomes
unstable. There are large oscillations similar to the phenomena seen in decreasing the

capacitance value case.
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Fig. 3-16 MPTR dc link voltage with inductance L=625 pH at low frequency (400 Hz)

However, when the system is operating at a high frequency (800 Hz), the inductance
value can be increased more to a limit where the system is asymptotically stable. Fig.
3-17 shows an example where the inductance is increased to 1250 uH. In this case, the dc

link voltage starts to oscillate, but is able to recover after some time.
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Fig. 3-17 MPTR dc link voltage with inductance L=1250 pH at high frequency (800 Hz)
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However, if the inductance value is increased more, for example to 1500 puH, the system
becomes small-signal unstable in a form of continuous oscillation in the dc link voltage,

as shown in Fig. 3-18.
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Fig. 3-18 MPTR dc link voltage with inductance L=1500 pH at high frequency (800 Hz)

i) Case 2: M1 is a 100 kW motor drive, and M2 is a 50 kW motor drive, both running at
full load.

In this case, M2 is replaced by a 50 kW motor drive running at full load instead of being
a 100 kW motor drive running at half load. The mechanical load parameters and the
speed reference is changed but the controller stays the same which mans the bandwidth is
now changed. In this case, the system becomes unstable faster than in case 1. For
example, the capacitance instability point is now 450 pF which is 50 pF from the base
value of 500 pF. Fig. 3-19 shows the dc link voltage at the MPTR output being small-

signal unstable.
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Fig. 3-19 MPTR dc link voltage with C=450 pF for case 2 at low frequency (=400 Hz)

In addition, if analyzed the inductance effect on stability for the this modified system-
case 2, it can’t be increased more than 25 pH of the base value of 250 pH. Fig. 3-21
shows the dc link voltage when an inductor of 275 pH is used.
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Fig. 3-20 MPTR dec link voltage and the zooming of the oscillations with L=275 pH at low
frequency (f=400 Hz) for case 2

From these two cases, it can be concluded that the modified system is bad for stability as

it decreased the feasibility region. The motor drive always behave as a constant power
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load (CPL), but the change being 100 kW or 50 kW changes the behavior of the CPL. If
the CPL behavior is approximated with a second order approximation then the
characteristic frequency, w, and the damping & will define the dynamic response. For the
half loaded motor drive w, must be smaller and & must be higher than the 50kW full
loaded motor drive because the operating speed of the motor is smaller. This means the
half loaded motor drive is better for stability. Therefore the continuation of the analysis
will use two motor drives rated at 100 kW, one operating at full load (M1-100 kW) and
the other at half load (M2-50 kW).

In addition to that, the stable and unstable areas at 400 Hz and 800 Hz due to the change
in the MPTR filter parameters require more analysis. There are two reasons that explain
the difference between the low and high ac frequency stability regions. The first is the
change of the ac circuit impedance, and the source impedance (generator) changing with
the frequency. The second reason is the existence of the commutation inductance on the
primary side and how it produces a dc voltage during the commutation process. The

average output voltage of the MPTR can be calculated as,

L (m)(18) 9 .
Vi =V, sin [5)(;};@5,( (3' 1)

where the second term represents the voltage drop created by the commutation. This

voltage drop can be considered a commutation resistance (R m) as:

9
Rz'om :;2ﬂfAC LL‘ :lngC Lc (32)
This means the commutation resistance is proportional to the ac frequency of the source.
Therefore, it doubles when the operation frequency changes from the 400 Hz to the 800

Hz. The large resistance increases the damping in the circuit so its better for stability.

C. Motor Drive Speed Regulation Bandwidth

The speed loop bandwidth of the two motor drives connected to the MPTR branch
(M1 and M2) is changed, which in turn changes the current loop bandwidth, since the
relationship between the speed and the current controller is left constant. The base
bandwidth used for the speed loop is 30 Hz, and the system is like in “case 1” where both
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M1 and M2 are 100 kW drives, one running at full load and the other at half load.

When the system is running at low operating frequency (400 Hz), the system is
stable, with the speed controller bandwidth ranging between 1 Hz and 100 Hz. However,
if the system is running at high operating frequency (800 Hz) then the system becomes
small-signal unstable with large oscillations observed in the dc link voltage, as shown in
Fig. 3-21, when the motor controllers’ speed loop bandwidths are increased to 100 Hz
from 30 Hz (base value). The nominal steady-state dc bus link voltage as shown in the
steady-state analysis section is about 600 V with a small ripple; however, in this case it

ranges between 416 V to 799 V, which is more than 200 V peak-to-peak oscillations.
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Fig. 3-21 MPTR dc link voltage with motor drive speed controller bandwidth 100 Hz

If the speed loop bandwidth is decreased to be smaller than the base bandwidth of 30
Hz, the system is slower and takes longer to reach the stable operating point but does not
become unstable. Fig. 3-22 depicts the MPTR dc link voltage when the motor drive speed
regulation bandwidth is 10 Hz showing the system is stable and the dc voltage is at its

nominal operating condition.
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Fig. 3-22 MPTR dc link voltage with motor drive speed controller bandwidth of 10 Hz

At high operating frequency (800 Hz), if the speed loop bandwidth is decreased to
1 Hz, resonance is observed, as shown in Fig. 3-23. The oscillation zoomed in on in Fig.
3-23 is about 30V peak to peak, which means the system is still stable and this

phenomena is only resonance. These results match the resonance study results in [30].
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Fig. 3-23 MPTR dc link voltage with motor drive speed controller bandwidth 1 Hz

To prove the validity of the system results for the motor drive case, the motor drive
must be tested by itself to make sure it is stable on this range (1 Hz - 100 Hz). If the
motor drive is stable, then the previous results discussed are due to system interactions.
Fig. 3-25 and Fig. 3-26 show the results for testing a 100 kW motor drive fed by an ideal

dc source as shown in Fig. 3-24.
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Fig. 3-24 Motor drive test fed by an ideal source

Fig. 3-25 shows the motor controller is stable when the speed loop bandwidth is
100 Hz. However, when the speed loop bandwidth is increased to 125 Hz, the system
becomes unstable, as shown in Fig. 3-26. It can be concluded that at 125 Hz, the
instability is due to the nonlinearities represented by the hard limits. The controller limits
are reached, so it enters into a limit cycle and finally the system saturates. Analyzing Fig.
3-25 and Fig. 3-26, the first two curves show the iq current limiter and the dq saturation
limit input and output. Fig. 3-26 shows that the limits are reached when the motor-drive
speed loop bandwidth is 125 Hz. The following curve is for the input phase A current,
which is distorted when using a speed controller bandwidth of 125 Hz, since it’s hitting
the limit, then trying to recover, and so on. Finally, the last two curves show the
mechanical speed and torque, depicting some oscillations at 125 Hz because it is in the

limit cycle.
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Fig. 3-26 Waveforms for motor drive fed from dc source with speed controller bandwidth of
125 Hz
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D. Feeder length

The feeder introduces series impedance in the link between the different loads and the
source (generator). The characteristics of this impedance can impact the system operation
and affect the stability behavior. Along the study the per unit values of the feeder
inductance and resistance, L = 10 pH/m and R = 1.2 mQ/m, remain constant while the
length is used as changing parameter. Increasing the feeder length causes a large drop in
the MPTR dc output voltage. The system is still considered stable, but there is a
maximum permitted deviation beyond which the dc voltage cannot reach. This limit is the
limiting factor for increasing the feeder length. At a low frequency (400 Hz) the system is
always stable with feeder lengths between 10 m and 100 m with a very small drop in the
dc bus voltage at the output of the MPTR, which is negligible. However, at a high
frequency (800 Hz), the system is still stable, but the MPTR output dc voltage has a large
voltage drop when operating at full load. Fig. 3-27 shows the MPTR output dc voltage
when using a 100 m feeder, where the dc voltage drops to about 470 V from the nominal
value of 600 V when the load increases till it reaches the nominal value as shown in Fig.

3-3. This large voltage drop was predicted due to the high impedance of a long feeder.
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Fig. 3-27 MPTR dc output voltage with feeder length 100m at high frequency (800 Hz)
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E. Synchronous generator voltage controller loop bandwidth

The generator voltage controller base bandwidth is 300 Hz when the system is stable.
If the system is running at high frequency, and the voltage controller bandwidth is
decreased to about 200 Hz, the system is stable but oscillating. Fig. 3-28 shows the
MPTR output dc voltage going into a limit cycle when the generator is operating with

200 Hz voltage loop bandwidth.
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Fig. 3-28 MPTR dc output voltage with generator voltage controller loop bandwidth at 200 Hz

When the generator voltage controller regulation bandwidth is decreased even further, to
100 Hz, the system has a large drop in the MPTR dc link voltage. As a result, the 100 kW
motor drive enters a limit cycle and becomes unstable. Fig. 3-29 shows the MPTR dc
output voltage when the generator voltage loop bandwidth is 100 Hz emphasizing the
large voltage drop from 600 V to 410 V which is an undesirable point that is reached due
to reaching the limit of the controllers in the large drive (M1) as shown in Fig. 3-30. This
means the system variables collapsed and the system recovery can not be achieved. The
instability due to low generator bandwidths is because of the inability of the generator to

follow faster load power variation requirements and its high source impedance.
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Fig. 3-29 MPTR dc output voltage with generator voltage controller loop bandwidth at 200 Hz
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Fig. 3-30 MPTR dc output voltage with generator voltage controller loop bandwidth at 200 Hz

From the analysis of the ac parameters, it can be concluded that increasing the ac
operating frequency made the system become unstable faster and this is because of the ac

reactance increment with frequency.
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IV. Small Signal Stability Analysis

The small signal stability is studied by mapping the critical parameters of the system in
Fig. 3-2 defined in the previous section. The impact of these system parameters is studied
with several case studies defined. Each of these case studies analyzes the impact of a
particular parameter or group of parameters in the system stability. The list of those case
studies is given in Table 3-1. The following sections analyze the impact of those
parameters in the system stable operation which means after the transients and when the

system reaches the nominal point as shown in Fig. 3-3.

A. Case definition

The cases presented in Table 3-1 represent a wide set of parameters covering the different
equipment connected in the power system of Fig. 2-1. Some of the parameters change the
system dynamic response and also the circuit stationary operation magnitudes. Example
of these types of parameters can be series ac impedance. On the contrary, other

parameters only change the dynamic behavior like the case of a controller bandwidth.

Table 3-1 PARAMETRIC CASE STUDIES

Case # Case description Parameters to map
1 Multi-pulse transformer rectifier filter parameters L, C, fump (bw MD)
2 Source (generator) versus ac impedance (feeder) Feeder length,

fyg (bw Generator)

fyg (bw Generator), fmp

3 Source (generator) versus load (MD) parameters
(bw MD)

4 Generator parameters fyg (bw Generator), Ly, Vex

B. Multi-pulse Transformer Rectifier Filter Parameters Analysis

The purpose of case one is to study the impact of the multi-pulse transformer rectifier
filter on the system. The multi-pulse transformer rectifier capacitor and inductor impact
on the system stability behavior is studied. The dimensioning of the filter is based not
only on stability considerations but also on other requirements like the power quality in

the system. Therefore, it is important to know the range where the filter basic
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dimensioning (L, C) does not impact on the system stability behavior. These mapping
were also done under different motor drives speed regulation bandwidths to see how the
load is related to the multi-pulse transformer rectifier in affecting the system. There are

several sub-cases for this case that are shown in Table 3-2.

Table 3-2 Parametric studies considered for case one

Case # Case description Parameters to map

MPTR filter capacitance vs. inductance with
1-a MD speed regulation bandwidth of 10 Hz and C,L
low line frequency 400Hz
MPTR filter capacitance vs. inductance with
1-b MD speed regulation bandwidth of 30 Hz and C,L
low line frequency 400Hz
MPTR filter capacitance vs. inductance with
I-c MD speed regulation bandwidth of 50 Hz and C,L
low line frequency 400Hz
MPTR filter capacitance vs. inductance with
1-d MD speed regulation bandwidth of 70 Hz and C,L
low line frequency 400Hz
MPTR filter capacitance vs. inductance with
1-e MD speed regulation bandwidth of 30 Hz and C L
high line frequency 800Hz

The mapping corresponding to case 1-a is shown in Fig. 3-31. The filter capacitance

was mapped from an original rated value of 500 puF to 100 uF. The filter inductance was
mapped from an original rated value of 250 pH to 1000 pH. M; and M; in Fig. 2-1, those
connected to the MPTR branch, are the ones whose bandwidth is changed since they
consume more than half the total power of the system. The motor drives speed loop
bandwidth for this case is 10 Hz which is smaller than the base bandwidth used in the
steady state stability analysis. It can be seen from Fig. 3-31 that the region of stable
operation is small. The inductance has a bigger range of operation than the capacitance.
In addition, the capacitance value has to be large enough for the system to have stable
operation. The inductance value can’t be increased more than 750 pH and the capacitance

value can’t be decreased more than 400 pF.
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MPTR filter capacitance vs inductance with MD speed controller
bandwidth 10 Hz at low line frequency (400 Hz)
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Fig. 3-31 MPTR filter capacitance vs inductance with MD speed controller bandwidth 10 Hz at low

frequency (400 Hz)

The case 1-b map is shown in Fig. 3-32 where the unstable area has shrunk
considerably. This case maps the same motor drives (M; and M,) speed loop bandwidth
at the base value of 30 Hz where the steady state stability analysis was performed, with
different MPTR filter inductance and capacitance. The capacitance ranges from 600 puF to
100 pF and the inductance from the rated value of 250 pH to 750 pH. The mapping result
proves the stability limits found in the steady state stability analysis as the capacitance
can be decreased to about 200 puF when the inductance is at the base value. In addition,
the inductance can be increased to 500 pH when the capacitance is at the base value.
Since the simulation time of the system is large, the mapping is not wide-ranging, but it
does give a complete conclusion of the performance of the system. Comparing the
mapping of case 1-a with that of case 1-b, we find that when the motor drive speed
regulation bandwidth is increased from 10 Hz to 30 Hz, the range of operation of the

system is increased.
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MPTR filter capacitance vs inductance with MD speed controller
bandwidth 30 Hz at low line frequency (400 Hz)
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Fig. 3-32 MPTR filter capacitance vs filter inductance with MD speed controller bandwidth 30 Hz at
low frequency (400 Hz)

Case 1-c maps the MPTR filter capacitance and inductance with speed loop
bandwidth of 50 Hz again for both the motor drives (M; and M;) connected to the MPTR.
The capacitance is mapped from the rated value of 500 pF to 100 puF and the inductance
is also mapped from the rated value of 250 puH to 1000 puH. Fig. 3-33 shows the mapping
depicting the ability to decrease the capacitance from the base value (500 pF) to the
minimum limit (200 pF) found in the boundary limits in the steady state analysis, but
without changing the inductance base value (250 pH). This means the inductance is most
affected in this case. Comparing this mapping with case 1-b, we conclude that the region
of operation is much smaller when motor drive speed controller bandwidth is 50 Hz.
However, if compared with case 1-a, we see that when the motor drive speed loop
bandwidth is 10 Hz, the inductance value can be increased until it reaches the maximum
limit of the inductance found in the stability boundary limits; however, the capacitance
can’t be decreased much more than the base value. However, in the case of a motor drive
speed loop bandwidth of 50 Hz, capacitance can be decreased until it reaches the stability

limit, but the inductance can’t be increased, which is exactly the opposite conclusion.
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MPTR filter capacitance vs inductance with MD speed controller
bandwidth 50 Hz at low line frequency (400 Hz)
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Fig. 3-33 MPTR filter capacitance vs filter inductance with MD speed controller bandwidth 50 Hz
at low frequency (400 Hz)

Case 1-d maps the same parameters as the previous cases but with the motor drives

(M; and M;) speed loop bandwidths increased to 70 Hz. The same conclusion of case 1-c

can be seen in Fig. 3-34 in that the MPTR filter capacitance can be decreased but the

limit is more restricted, which means a smaller stable region of operation than with the

case of bandwidth of 50 Hz, shown in Fig. 3-33.
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MPTR filter capacitance vs inductance with MD speed controller
bandwidth 70 Hz at low line frequency (400 Hz)
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Fig. 3-34 MPTR filter capacitance vs MPTR filter inductance with MD speed controller bandwidth
70 Hz at low frequency (400 Hz)

Finally, case 1-e maps the MPTR filter capacitance and inductance with the base
value of the motor drive speed regulation bandwidth (30 Hz) just as case 1-b, but with the
system running at high frequency (800 Hz). Fig. 3-35 compares cases 1-b, 1-e, where it
shows the system has a larger operating region when running at high frequency (800 Hz).
At high frequency, the capacitance can be decreased to about 100 uF and the inductance
can be increased to 1500 pH. In comparison with the instance using the same mapping
parameters but running at low frequency (400 Hz), it is found that the operation region is
smaller in that case, as the capacitance can only be decreased to 200 puF and the

inductance can be decreased to 625 pH.
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MPTR filter capacitance vs inductance with MD speed controller
MPTR filter if vs i with MD speed bandwidth 30 Hz at high line frequency (800 Hz)

bandwidth 30 Hz at low line frequency (400 Hz)
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Fig. 3-35 MPTR filter capacitance vs filter inductance with MD speed controller bandwidth 30 Hz
at low frequency (400 Hz) and high frequency (800 Hz) respectively

From the multi-pulse transformer rectifier filter parameters analysis, it can be
concluded that the system has a larger feasible operating region at high frequency which
is more beneficial for the system stability. In addition, when the motor drive speed loop
bandwidth is increased beyond the base value, the range of inductance values for the
normal operation region is decreased. Furthermore, when the motor drive speed loop
bandwidth is smaller than the base value, the range of capacitance values for the normal
operation region is decreased. This means the unstable region appears for relatively low
dc capacitor values and high MD bandwidths. It can also be concluded that increasing the
inductance value is not beneficial for the system stability due to the increased voltage
drops during load current changes. However, increasing the capacitance value can
mitigate the effect and improve the stability. The change of the motor bandwidth, dc bus
inductance or dc bus capacitance do not imply a change in the stationary conditions; in

this way no operational limit is activated during the mapping.

C. Source (Generator) versus AC Impedance (Feeder)

The purpose of this case is to analyze the impact of the ac feeders on the source. The
analysis considers the mapping of the feeder length and the generator voltage regulator
bandwidth when running at different operating frequencies. Along the study the per unit
values of the feeder inductance and resistance, L = 10 uH/m and R = 1.2 mQ/m, remain
constant while the length is used as changing parameter as mentioned in the previous
section. Moreover, remote point of regulation is assumed for the voltage reference of the
generator excitation regulator, which is located at the system ac bus as shown in Fig. 3-2.
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Fig. 3-36 shows the mapping between the feeder length and the generator voltage
controller bandwidth when the system is running at low, and high frequency respectively.
When the system is running at low frequency, it is always stable for the range mapped.
The feeder length ranges from 10 m to 90 m where 30 m is the rated value used for the
steady-state stability analysis. In addition, the generator voltage regulator bandwidth is
mapped from 100 Hz to 500 Hz with the base value of 300 Hz. We can conclude that for
this range, the feeder length with the generator voltage controller bandwidth does not
affect the stability of the system. If the generator bandwidth is smaller than 100 Hz, the
system might become unstable, but this was not tested in this mapping. However, when
the system is operating at the high frequency (800 Hz), the system is always stable for
any feeder length if the generator voltage controller bandwidth is 300 Hz or more. If the
generator voltage loop bandwidth is decreased to 200 Hz, the system is asymptotically
stable for small feeders where the system goes into a limit cycle but doesn’t become
unstable. This phenomenon is related to the generator itself as mentioned in the stability
boundaries section. However, long feeders, more than 40 m, make the system become
unstable. When the generator voltage controller bandwidth is decreased to 100 Hz, the

system becomes unstable regardless of the length of the feeder.

Feeder length vs the voltage [l ion loop Feeder length vs the generator voltage controller regulation loop
bandwidth at high line frequency (400 Hz) idth at high line (800 Hz)
600 600
500 . . . . . ; 500 . . . . . # Stable
M Unstable
400 > *> * »> - 400 *> * »> - -
a a
o o
o= PN
o 2 300 1 * * * * * o £ 300 * * * * *
g7 g
° °
> 200 * > * * * > 200 * * [ ] [ ] [ ]
100 - * > * * * 100 ] a a a a
0 T T T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Feeder length (m) Feeder length (m)

Fig. 3-36 Feeder length versus generator voltage controller bandwidth mapping at low frequency

(400 Hz) & high frequency (800 Hz) respectively

This case shows a better stability for the low frequency operation. For the 400 Hz the
system was stable for the range mapped but for the case of 800 Hz, long feeders drive the

system to be unstable. In addition, Fig. 3-36 shows unstable behavior for low generator
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voltage regulation bandwidths, corresponding to 100 Hz.

D. Source (Generator) versus Load (Motor Drive) Parameters

The analysis studies the impact of the generator bandwidth against the MD load
magnitude and speed control loop bandwidth. The generator voltage regulation
bandwidth is mapped against the MD speed loop bandwidth. In this case, the generator
control bandwidth is mapped from 100 Hz till 500 Hz where the base value is 300 Hz and
the motor drive speed regulation bandwidth is mapped from 10 Hz to 100 Hz with the
base value of 30 Hz. This case showed stability of the system to be very sensitive to low
generator control bandwidths as was concluded from the previous case. The unstable
behavior for low source bandwidths is rather independent of the load bandwidth as the
almost horizontal bound between the stable and unstable zone pictures. It was also seen
from Fig. 3-37 that the motor drive speed regulation bandwidth for (M; and M;) cannot
be larger than 100 Hz as the system becomes unstable in regardless of the generator
voltage loop bandwidth. The comparison between the 400 Hz and 800 Hz indicates a
larger requirement on the generator control bandwidth when the system is operating at

higher frequencies but really did not change from the view of the motor drive speed

regulation bandwidth.
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Fig. 3-37 Motor drives speed controller bandwidth versus the generator voltage controller

bandwidth at low frequency (400 Hz)

E. Generator Parameters

This case analyzes the impact of the source (generator) on the system. The generator
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excitation current limit provided in the excitation controller loop and the generator
excitation voltage limit provided to the system are changed with the generator voltage
loop bandwidth at different operating frequencies. The cases analyzed are shown in Table

3-3.

Table 3-3 Parametric studies considered for case four

Case # Case description Parameters to map

Generator voltage loop bandwidth vs. generator
4-a excitation current limit at low operating frequency fabws Lextimit

(400 Hz)

Generator voltage loop bandwidth vs. generator
4-b excitation current limit at high operating frequency fabws Lextimit

(800 Hz)

Generator voltage loop bandwidth vs. generator
4-c excitation voltage limit at low operating frequency fabws Vextimit

(400 Hz)

Generator voltage loop bandwidth vs. generator
4-d excitation voltage limit at high operating frequency fabws Vextimit

(800 Hz)

Cases 4-a, 4-b analyze the impact of the generator excitation current limit on the
system. The excitation current limit is changed from 40 A to 180 A with the generator
voltage loop bandwidth mapped from 100 Hz to 400 Hz with the base value of 300 Hz
and running at low and high operating frequency (400 Hz and 800 Hz respectively). It
can be concluded from Fig. 3-38 that the system is more stable when running at low
frequency, and the generator is the main influence of instability in this case so it needs to
be fast for the system to be stable. The excitation current doesn’t really affect the stability
of the system. The mapping showed the system became unstable with an excitation
current limit of 40 A and that is because it is a hard limit being 1.5 A only larger than the
rated excitation current and that caused the system to go into a limit cycle and the system

to become unstable.
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Fig. 3-38 Generator excitation current limit versus the generator voltage controller bandwidth at
low frequency (400 Hz)

Cases 4-c, 4-d analyze the impact of the generator excitation voltage limit provided
to the system. The excitation voltage is mapped over the range 200 V to 1200 V and the
generator voltage regulation bandwidth is again changed from 100 Hz to 400 Hz. It can
be concluded from Fig. 3-39 that the excitation voltage limit doesn’t have an impact on
the system. When the system is running at low operating frequency (400 Hz), the system
is stable throughout the range mapped and when it is running at high operating frequency
(800 Hz), the system is unstable with a generator voltage regulation bandwidth of 100 Hz
which is the stability boundary of the system.
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Fig. 3-39 Generator excitation current limit versus the generator voltage controller bandwidth at low
frequency (400 Hz)

From mapping cases 2-4, it can be concluded that the system is more stable at low
frequency. The comparison between the system when running at low line frequency (400
Hz) and at high line frequency (800 Hz) indicates a larger requirement on the generator
control bandwidth when the system is operating at higher frequencies. In addition, for
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both low and high frequency, when the motor controller is at 100 Hz, the system becomes

unstable and a longer feeder is bad for stability of the system.

V. Large Signal Stability Analysis

The large signal stability is studied by analyzing different load transient and fault
analysis. This section will concentrate on different load steps applied to some of the
critical components in the system. The maximum sudden load step after which the system
can recover and remain stable is identified. These simulations are done using the
maximum or minimum stability boundary limit found in the stability boundaries section

in the steady state stability analysis.

A. Load Transient Analysis for MPTR Output Filter Parameters

i) MPTR Output Filter Capacitance

This case uses a capacitance value of 200 pF, which is the minimum stable point
found in the stable boundaries section. A step down change is applied to the speed
reference of the two motor drives connected directly to the MPTR (M1 and M2) at
different operating frequencies. The speed reference has a ramp increase till it reaches the
nominal speed then different load steps are applied. If a load step of 100% (where the
speed goes from the nominal value to zero) is applied to the system, the system will
become unstable whether it’s running at low operating frequency (400 Hz) or high
frequency (800 Hz). The instability can be seen in both motor drives to which the load
step is applied. The other two small motor drives (M3 and M4) connected to the two- and
three-level three phase active rectifiers remain stable during and after the load step
occurs. Fig. 3-40 shows the dc bus voltage waveform due to a load step applied to the
two large drives when the system is running at low operating frequency (400 Hz), where
the speed go from nominal speed to 50% of nominal speed, back to the nominal speed,
then decreased to 25% of nominal speed, then back to the nominal speed, as shown in the

blue curve in Fig. 3-40.
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Fig. 3-40 MPTR output dc link voltage with load steps applied

There are some oscillations in the dc bus voltage, as shown in Fig. 3-40, however, when
the system goes back to the nominal speed this load transient effect is cleared and the
system was able to recover and go to the new operating point. This represents a highly

non-linear behavior as the oscillations are larger for a smaller load step.

ii) MPTR Output Filter Inductance

For the MPTR filter inductance, at low frequency (400 Hz) the maximum step size
that can be applied to the speed of the two large motor controllers (M; and M;) connected
to the MPTR is 50% of nominal speed. Fig. 3-41 shows two steps applied to both motor
controllers. It goes from the nominal speed to 40% of nominal speed, back to nominal
speed and then another step to 30% of the nominal speed, as shown in the blue curve in
Fig. 3-41. The instability observed in this case is a type of small signal instability since

the dc voltage has continuous oscillations but doesn’t blow up.
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Fig. 3-41 MPTR dc output voltage when applying a load step and system running at low frequency

However, when the system is running at higher frequency (800 Hz), the load step size can
be larger, as the system becomes unstable when a speed step is applied from the nominal
value to 25% of the nominal value, as shown in Fig. 3-42. The same phenomenon is

shown as the dc bus voltage has continuous oscillations and does not recover with time.
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Fig. 3-42 MPTR dc output voltage when applying a load step and system running at high frequency
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VI. Results Verification Using Averaged Linearized Models

Experimental prototypes are usually used to validate the simulation results; however, due
to the complexity of the system, it is hard to have all the models available. Therefore, for
this study; the validation was done using average linearized models. The first way is to
compare the transient response of both types of models (switching and average) to a load
step. Fig. 3-43 depicts the evolution of the system magnitudes obtained with the detailed
average and switching models when a speed step is applied at the motor drive

reference [11].

Vab (V)

Fig. 3-43 Speed reference step, motor drive phase current and line to line voltage

respectively

Another possible way to evaluate different models used in stability analysis is to
compare the value of critical system parameters that define the limit when the model
becomes unstable. This type of parametric study can be done for both small and large
signal stability as was done in the previous sections. Fig. 3-44 shows the values of the
MPTR filter components connected to the 100 kW rated motor drives. The limit between
the red and blue zone corresponds to the stability limit according to simulations done
using the system switching model, whereas the dotted black line corresponds to the same

limit when using the average models [39].
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Fig. 3-44 Mapping the MPTR filter capacitance and inductance using switching and

average models.

VII. Summary and Conclusion

This chapter analyzes the system stability using time domain simulations and system
model that includes switching power converters. First, the stability boundaries for the
system most important parameters were found. Then the small and large signal stability is
studied through different parametric mapping and load steps. Because of the size and
complexity of the system studied, not every possible situation is studied. There are some
significant parametric case studies performed on the main parameters of the system,
including the MPTR output filter parameters, the cable length, the generator, and the
motor drives’ bandwidth. Through a list of selected cases studied it is possible to obtain a

complete picture of the system performance and stability.

The simulation of sudden load steps showed that respect to the studied parameters
the small-signal stability boundary is situated very close to the large-signal stability
boundary. In other words, the values of the parameter driving the system unstable for the

small- and large-signal cases are very similar.

From the different mapping results given in this chapter, some conclusions can be

drawn. Those conclusions are stated in the following paragraphs.

The MPTR filter parameters define stable region of operation. Decreasing the
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capacitance and increasing the inductance value can make the system less stable. The

system also has a larger operating region when running at high ac frequency (800 Hz).

From the generator point, the system is less stable when running at high ac frequency
(800 Hz). In addition, low generator voltage control bandwidths produce small-signal
instability. When in unstable operation the dc voltage starts continuous oscillations which

drive the motor drive to enter a limit cycle.

From the mapping of the motor drive speed regulation bandwidth with the generator
voltage loop bandwidth, it was observed that the system goes unstable when the motor
drive speed regulation bandwidth is 100 Hz with any generator voltage loop bandwidth.
Also when the system is running at high ac frequency (800 Hz), and the generator voltage
loop bandwidth is 100 Hz or less, the system is unstable with regardless to the motor

drive speed loop bandwidth.

The motor drive speed loop bandwidth affects the stability from the MPTR filter
parameters point of view. When the system is running at 30 Hz motor drive speed
regulation bandwidth, which is the nominal operating point the system is designed for,
the system has the largest operating region. Nevertheless, when the motor drive speed
regulation bandwidth is increased the capacitance stable region of operation is increased

and the inductance region is decreased.
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Chapter 4 Fault Analysis of Different Components of the
System

1. Introduction

The reliability of power electronic converters became extremely important in industry
applications especially in fault situations [43]. A basic requirement for developing a
fault-tolerant scheme is a comprehensive understanding of the regular system operation
so that its behavior can be compared to that one at the onset of faults [44]-[45]. There are
different ways of detecting the fault that were proposed in different literature. The best
way of them is to monitor the output voltage and current directly [46]. The fault analysis
of two-level three phase active rectifiers is covered in a large number of references,
however, the three-level three phase active rectifier is not addressed as much. There are
different types of failures in the switching power stage of two-level three phase active
rectifier as dc link short-circuits, open circuit and short circuit damage of the switch, line
to line short-circuit and single line to ground fault at machine terminal discussed in [46].
[47] defines a generalized method for predicting the post-fault performance of IM-drives
after identifying the various faults that can occur. It studies different faults as machine
faults (open or short), inverter converter faults as phase switch open or short, multiple

phase fault or dc-link voltage drop.

This chapter analyzes the different types of faults that can occur in three phase
rectifiers and shows a comparison between the two-level and three-level three-phase
active rectifiers. The stresses over the system components are calculated and simple
protection schemes are developed. The protections are based on monitoring the voltage or
current needed using sensors and shutting down the circuit in time of fault to avoid any
losses. It also studies the large-signal stability of the system when the large-perturbation

is created by a fault.
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II. System under considerations

A. System 1: Two-level AC Fed Motor Drive

Fig. 4-1 depicts the first system under fault study. The system consists of a three-phase
two-level switching active rectifier fed by a synchronous generator, and feeds a 25 kW
motor drive. This fault study concentrates on analyzing the two-level three-phase active

rectifier faults at the input and output terminals in addition to the rectifier itself.
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Fig. 4-1 System architecture: generator feeding a two-level three phase active rectifier and

a 25kW motor drive

B. System 2: Three-level AC Fed Motor Drive

The system in Fig. 4-2 represents a three-level three-phase switching active rectifier that

is fed by a synchronous generator and feeds a 25 kW motor drive.
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Fig. 4-2 System architecture: generator feeding a three-level three-phase active rectifier

and a 25 kKW motor drive
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III. Fault Types
For the three-phase active rectifiers shown in Fig. 4-1 and Fig. 4-2, there are various
types of faults that can be applied. These faults can be classified as:
e Faults at the input side of the rectifier such as:
1) shorting two phases of the ac link at the input of the rectifier
2) grounding one phase on the ac side at the input of the rectifier
3) grounding the three ac phases at the input of the rectifier
e Faults at the output side of the rectifier such as:
4) shorting the dc link
5) grounding the positive rail of the dc link
6) grounding the negative rail of the dc link
e Faults inside the rectifier such as:
7) one phase switch is shorted in the rectifier
8) one phase switch is opened in the two-level rectifier
9) short circuit of the rectifier main bridge diode
10) open circuit of the rectifier main bridge diode
IV. Fault Analysis with no Protection
All the faults given in the fault types are analyzed and compared for both rectifiers to
study the impact over the system operation. Depending on the type of fault it is possible
that instabilities during the fault period create additional stresses and worsen the fault
effects. There are some assumptions made that might not be realistic as the inductance
does not saturate so the current stresses are not real but are based on that assumption. In
addition the fault analysis for this part was done with no protections in the system

assuming that the controllers will keep working even after the fault happens.
Case 1. Shorting two ac phases together

This case analyses the system if two phases (Phase A and B) were shorted together. A
switch is added between the two lines that is open till the system is in steady state and
then closes at 0.22s to apply the short fault. Fig. 4-3 shows the performance of the two-
level three phase active rectifier before and after the fault. The dc link voltage starts

discharging till it reaches zero but have a little spike that it caused by phase C since the
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other two phases are shorted, as can be seen in Fig. 4-3. The ac current is also affected
and this can be seen in the overcurrent that disappears by time and the current reaches a
steady point. This steady point is the maximum current due to the impedance of the input
inductor. If this case is analyzed more, it can be seen that shorting the two phases is as
connecting those two ac voltage terminals after the inductance together to ground. This

means the current passing will be due to the impedance of the inductance. This current

V
can be calculated as/,,, = "ezk , which is for this case around 215.7 A since the RMS
@.

voltage is 230 V and the inductance is 600 uH with a line frequency of 400 Hz. It was
also seen from Fig. 4-3 that at the moment when the short circuit fault is applied, the

current goes to 304.17 A.
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Fig. 4-3 Waveforms of two-level three-phase active rectifier for a two ac phases short circuit fault

This current can be investigated looking at the spectrum of the current waveform in Fig.
4-4. This 304.17 A i1s the dc component and the fundamental component, and as
calculated the fundamental component of the current is about 215.7 A rms current which

means the rest is the dc component.
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Fig. 4-4 Current spectrum for phase A current at the time the fault occurs

Fig. 4-5 shows the waveforms on the motor drive side where the speed and torque
decrease till it reaches zero since the motor drive is not working. The ac current at the

motor drive side is also zero since there is no voltage applied from the dc side.
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Fig. 4-5 Waveforms of the motor drive when a two ac phases short circuit fault occurs

For the three level three phase active rectifier, this case causes an overcurrent on the
ac side in addition to unbalanced current and overvoltage on the dc side. In addition, V,
and V., go from 350 V to about 650 V, which is more than double the rated value, as in
Fig. 4-6.
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Fig. 4-6 Waveforms of the three level three phase active rectifier when a two ac phases short circuit

fault occurs

Case 2: Grounding one ac phase

This case analyzes the fault of grounding an ac phase (Phase A). In this case, there was a
huge overcurrent that the system tried to overcome and this can be seen in Fig. 4-9 as the
current started by coming together as balanced three phase systems but then the controller
was not able to and the system diverged and became unstable. This is also seen in the
voltage as it decreased a little bit due to the internal impedance of the generator but then
exploded. The dc voltage was decreased to about half the value when the controller was
trying to keep regulating but then as the system went unstable, the dc voltage increased

dramatically going unstable.
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Fig. 4-7 Waveforms of the two level three phase active rectifier when phase A is grounded

Case 3: Grounding the three ac phases

The results of the system performance under a three ac phase ground fault are depicted in
Fig. 4-8. The output voltage of the generator is decreases a little bit after the fault due to
the internal impedance of the source. In addition, the ac current has a huge overshoot that
settles till it reaches the maximum current, the impedance of the inductance can handle
which is the same as derived in the previous case. Finally, the dc voltage is also shown to
go to zero since there is not ac voltage applied at the input side which makes the dc

output voltage zero.

Fig. 4-8 Waveforms of the two level three phase active rectifier when three phases are grounded

87



Case 4: DC link shorted

This case presents shorting the dc link. A switch is added in parallel with the dc link and
is left open till the system is in steady state. The switch is closed at 0.22 s. Fig. 4-9 shows
the performance of the two-level three phase active rectifier before and after the fault.
The dc link voltage starts discharging till it reaches zero since it is shorted, as can be seen
in Fig. 4-9. The ac current is also affected and this can be seen in the overcurrent and the
unbalance in the three phases. This huge overcurrent causes large stresses on the system
components as the current increases from 70 A to 302 A which is more than 5 times.
However, after some time the current decreases to about 150 A which is the maximum
current due to the impedance of the input inductor as mentioned in case 1. If this case is
analyzed more, it can be seen that shorting the dc link is as connecting the three ac

voltage terminals after the inductance together to ground. This means the current passing

peak —

V
through will be/,,, =~ eL“k again, which is for this case around 215.7 A since the RMS
@

voltage is 230 V and the inductance is 600 uH with a line frequency of 400 Hz. It was
also seen from Fig. 4-9 that at the moment when the short circuit fault is applied, the
current goes to 302 A and this is can be investigated looking at the spectrum of the
current waveform. This 302 A is the dc component and the fundamental component, and
as calculated the fundamental component of the current is about 215.7 A rms current
which means the rest is the dc component. The dc component will really depends on the
time when the fault occurs and which currents are positive or negative, however, one can
calculate the worst case when two of the currents are positive and the third is negative
and in this case the current is twice the voltage divided by the impedance of the
inductance which is about 431.4 A. The ac input voltage also decreases a little bit and

that drop is because of the internal impedance of the generator.
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Fig. 4-9 Waveforms of two-level three-phase active rectifier when dc link is shorted
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Fig. 4-10 The current spectrum of Ia

Fig. 4-11 shows the waveforms analysis for the three-level three-phase active rectifier for
the same case. The results show both converters are acting in the same manner. It can be
seen that there is a huge ac overcurrent and unbalance due to the dc component that
disappears after some time in addition to the dc voltage going to zero. The huge
overcurrent can be calculated by the same way explained above where the current is

calculated based on the maximum impedance of the inductance. The inductance for this
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case is 300 uH and the RMS voltage is 230 V so the current passing will be

p
Ly == ezk which is for this case about 431 A. It can also be seen from Fig. 4-11 that the
o,

load torque goes to zero because the applied dc voltage is already zero.

Graph(
L) iE

750.0
la

500.0
250.0

Level: 435.53

.

-250.0
-500.0
-750.0

L
vde

1.0k

500.0

0.0

()1
175.0 ¢
torgue

150.0
1250
1000
750
50.0

250

0.0

0215 022 0225 0.23 0235 024 0.245 0.25
1

Fig. 4-11 Waveforms of the three-level three-phase active rectifier for a dc link short fault
Case 5: Grounding the positive rail of the dc link

This case reveals a ground fault applied to the positive rail of the dc link. The system
reaches steady state then a fault is applied at 0.22s. Fig. 4-12 shows the waveforms
analyzing the fault case. The dc voltage is decreased to zero while the output ac voltage
of the generator decreases slightly with the huge overcurrent in the ac current. The
current through the three phases continue in the same direction as at the instant when the

fault occurred.
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Fig. 4-12 Waveforms of the two-level three-phase active rectifier for grounding of a positive rail dc
link

Fig. 4-13 shows the waveforms analyzing the same fault case for a three level three phase

active rectifier. The ac current has a huge positive overcurrent and the dc voltage goes to

zero with ripple because of the voltage through the capacitor C2.

Fig. 4-13 Waveforms of the three-level three-phase active rectifier for grounding of a positive rail

dc link
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Case 6: Grounding the negative rail of the dc link

This case is the exact opposite of case 5 where the negative rail of the dc link is now
grounded. Fig. 4-14 shows the waveforms analyzing this ground fault case. The dc
voltage is again decreased to zero while the output ac voltage of the generator decreases
slightly with the huge overcurrent in the ac current due to the source internal impedance.
The current through the three phases continue in the same direction as at the instant when
the fault occurred and become unbalanced. The current becomes either negative or

positive oscillating current.
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Fig. 4-14 Waveforms of the two-level three-phase active rectifier for grounding of a negative rail dc
link

Fig. 4-15 shows the waveforms analyzing the same fault case for a three level three phase

active rectifier which are exactly the reverse of the previous case. The ac current now has

a huge negative overcurrent. Since the negative rail is now grounded, V., is discharged to

zero, and V. decreases from the rated value but not to zero. In addition, the dc voltage

goes to zero with ripple because of the voltage through the capacitor C1.
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Fig. 4-15 Waveforms of the three-level three-phase active rectifier for grounding of a negative rail

de link

Case 7: Short circuit applied to one phase switch

In this case, a switch is added in parallel to the phase switch. It is opened till the system
reaches steady state operation and then closes at 0.22s shorting the phase switch. The
current through the switch of phase A becomes zero since the switch is open and the
other two phases face some small shoot through current. As can be seen from Fig. 4-16
the ac current has a huge unbalanced over current and the dc output voltage goes to zero

and has spikes when the other two phases are supposed to conduct.
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Fig. 4-16 Waveforms of the two-level three-phase active rectifier for a short circuit fault at one

phase switch
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For the three level three phase active rectifier, when one phase switch is shorted, the
dc voltage is charged to about double the rated value, as shown in Fig. 4-21. It’s actually
a little more than the rated value due to the energy in the inductor. The three-phase
current is distorted especially at the time where the current should pass through the
shorted switch. When the current through phase A is increasing, the voltage across C; is
discharging till current through phase A becomes negative, and increases again till the
load opens. C, is charging when current through the other two phases (B and C) is

negative.
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Fig. 4-17 Waveforms of the three-level three-phase active rectifier for a short circuit fault at one

phase switch

Case 8: Open circuit applied to one phase switch

In this case, a switch is added in series to the phase switch. It is closed till the system
reaches steady state operation and then opens at 0.22s causing an open circuit fault in the
phase switch. As can be seen from Fig. 4-18, there is no ac overcurrent or dc over
voltage. The three phase currents are now distorted as the current in phase A can not go
through when the switch is closed, and this causes the dc voltage to have some drops and
the ripple will consequently increase. The switches current for phases B and C stays the
same since there is no fault applied to them, however, phase A is shorted so the current
goes to zero. This case can be considered stable case where the system and the controller
are trying to maintain the normal operation of the system inspite of the fault that

occurred.
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Fig. 4-18 Waveforms of the two-level three-phase active rectifier for a open circuit fault at one

phase switch

For the three level three phase active rectifier, the three-phase currents are now
distorted, not balanced sinusoidally. Current in phase A can’t go through when the switch
is closed, and this causes the dc voltage to have some drops so the ripple increases. In

addition, V.; and V, are no longer balanced.
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Fig. 4-19 Waveforms of the three-level three-phase active rectifier for a open circuit fault at one

phase switch
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Case 9: Short circuit applied to one phase main diode
This case is exactly case 7 so the reader is referred to case 7 for more details.
Case 10: Open circuit applied to one phase main diode

This case opens the positive diode for phase A. A switch is added in series with the diode
that is closed in the beginning till the system reaches steady state then opens at 0.22s,
which opens the positive leg of phase A. Analyzing the waveforms for this case, it can be
seen from Fig. 4-20 that the negative portion of phase A current is normal, but when the
current should be positive, it is zero when the switch is off and it is charging the inductor
when the switch is on. The currents of the other two phases, B and C have come
switching ripple when the phase A current is negative, but they maintain their normal
waveform for the remainder of the cycle. In addition, the ac voltages have large spikes
when the current through phase A is negative. There is still no large over current or over
voltage so the dc link voltage is considered stable with larger ripple than in normal

operation.
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Fig. 4-20 Waveforms of the two-level three-phase active rectifier for a open circuit fault at main

diode of phase A

The following table compares the stresses on the rectifiers from the various faults

studied.
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Table 1: Voltage and current stresses of three phase two-level & three-level boost rectifier under

faults
Two-level three-phase active Three-level three-phase active
rectifier rectifier
Type of fault Voltage Current Voltage Current
stresses stresses stresses stresses
(dc link voltage) (three phase ac (dc link voltage) (three phase ac
current) current)
1 084 . Vrated 32 . Irated 153 . Vrated + 96 ° Irated
2 0.84 - Vrated 4- Irated +1.39- Vrated Is:i 11- Irated
3 0.67 * Viated 4.5 « Tiated 0 £10.5 - Liated
4 O 3 ° Irated 0 i 145 ° Irated
5 0.67 - Vrated 6 - Irated -2.86 - Vrated 20 - Irated
6 0.84 - Vrated -6 - Irated 2.6 Vrated -20 - Irated
7 0.84 - Vrated -9- Irated 2 Vrated +2.9- Irated
8 Vratedi 40V 1.4- Irated Vratedi 50V +1.25- Irated
9 0.84 - Vrated -9- Irated -2.72 - Vrated +15.5- Irated
10 Vratedi 30V Irated 0.66 Vrated +2.1- Irated

From Table 1, the fault cases causing the largest stresses is the one applied to the dc
link, either ground or short circuit fault in addition to shorting the main diode bridge.
When the stresses (thermal, mechanical, etc) over the system components are quantified,
the protection settings can be defined in a way to decrease or avoid completely the

stresses.

V. System Protection

A basic protection scheme was set up for the system in order to have a reference for the

simulated fault scenarios. This protection scheme was set up based on common practices
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for the protections of the individual pieces of equipment in the system and on the results
of the fault analysis without protection. TABLE 4-1 shows the typical protection times

and the limits defined for all models protections.

TABLE 4-1: Protection types with defined limits

Protection type Limit defined
AC over current Twice the rated current
DC over voltage 200V greater than the rated voltage
DC under voltage 200V less than the rated voltage
Shoot-through current Three times the rated current

A. Three-phase AC Circuit Breaker

This model represents an ac circuit breaker that has two input signals. The first signal
is the output signal of a current sensor that calculates the absolute maximum value for
each of the three-phase ac currents, and compares them to the limit defined in TABLE
4-1 (twice the rated current). If this fault occurs, a signal is sent to open the breaker.
The other input signal to the breaker is a signal coming from the other parts of the
system, which declares there is a fault elsewhere and that this fault requires opening the
breaker. The circuit breaker has a delay of 10 ms and then opens if a fault happens. The

schematic for the circuit breaker is shown in Fig. 4-21.

Sensing any over AC current

3AC

isconnect Delay_10ms

Fig. 4-21 Three phase circuit breaker schematic.
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B. Two- Level AC-fed Motor drive with Protection

This model consists of a two-level three phase active rectifier feeding a motor drive. The
design process of the models is explained in chapter 2. There are some protections added
to this model in order to be used for the fault analysis. Fig. 4-22 shows a block diagram

of the system.

disconnect MDH’
disconnect 3® Disconnect
MD
o
AC Circuit 2-level 3@
Source Breaker rectifier AC
] :
Disconnect
30
Disconnect Disconnect
30 MD

Fig. 4-22 Block diagram for the system representation.
There are two signals as shown in Fig. 4-22 called disconnect 3® and disconnect MD.
Disconnecting 3® means disconnecting the circuit due to a fault in the two-level three
phase active rectifier; and disconnecting MD means disconnecting the circuit because of
a fault in the motor drive. The circuit breaker is explained in the three-phase ac circuit
breaker section, and as mentioned, it tests for ac overcurrent faults and for faults coming
from other parts of the system. For example, in this case the other parts are the two-level
three phase active rectifier and the motor drive, and if either of these experience faults it
disconnects the source from the rest of the faulted system. For the two-level three phase
active rectifier, the protection designed is shown in Fig. 4-23. There is over- and under-
voltage protection for the output dc current, and shoot-through protection for the current
through the switches. If any of those faults occur, the sensor declares a fault error and a
signal is sent to disconnect the controller and another signal is sent to disconnect the

circuit (i.e., disconnect 3®). In addition to those built-in fault detections, there is also an

99



input signal to the two-level three phase active rectifier that announces there is a fault

elsewhere in the system and the two-level three phase active rectifier must stop its

operation (i.e., disconnect MD).

200V+Vvdc

200V-Vdc

Vdc e—
>
circuit
Over Vdc Cir
Vdc e—
<
Under Vdc V ‘_ID_ disconnect
delay
cont
1a_S @m—
> Controller
S —\\
| —1/ Shoot
through
>

2Iabcﬁs

Fig. 4-23 Schematic for the two-level three phase active rectifier protection.

Fig. 4-24 shows the protection scheme for the motor drive. The model is protected from

the same faults, any over- or under-voltage of the dc link voltage at the input of the

inverter, any ac over current at the output of the inverter, and any shoot-through current

in any of the switches of the inverter. If any of these faults occurs, a signal is sent to turn

off the controller and to disconnect the circuit. If a fault occurs in the two-level three

phase active rectifier, the disconnect signal is also sent to the motor drive to stop its

controller. The limit for all protections is the same in all models, and they are all given in

TABLE 4-1. It tests for twice the rated ac current, and for 200V above and under the

rated dc voltage.
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Fig. 4-24 Protection scheme schematic for the motor drive model.

C. Three-Level AC-fed Motor Drive with Protection

The three-level ac-fed motor drive model with protection consists of a three-level three
phase active rectifier and a motor drive. The protection scheme used for this model is
exactly the same as the two-level ac-fed motor drive. Fig. 4-25 shows a circuit schematic
of the model system. The protection is designed for dc bus over- and under-voltage faults,
whether at the output of the three-level rectifier or at the input of the inverter. In addition,
there is protection for ac overcurrent faults at the output of the inverter and at the input of
the rectifier, and finally the overshoot current through the switches of the rectifier and the

inverter.
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Fig. 4-25 Block diagram for the three level AC fed motor drive with protection model.

For the three-level three phase active rectifier, the dc link voltage is the voltage through

both capacitors, as shown in Fig. 4-26, so the over- and under-voltage fault detection is

designed for each of the capacitors, as shown in Fig. 4-26. The limit is still 200V above

and underneath the rated voltage. There is also three-phase ac over current detection and

shoot-through switch current detection with a limit of twice the rated current. Once any

of these faults is detected, a signal is sent to the controller to stop, and another signal is

sent to disconnect the circuit and open the breaker. The circuit disconnects right away;

however, the circuit breaker takes 10ms to open.
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Fig. 4-26 Protection scheme for the three level three phase active rectifier model.
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For the motor drive protection, the reader is referenced to the two level ac-fed motor

drive protection section.

VI. Fault Analysis with Protection

The systems used for the fault analysis are modified using the protection schemes defined
in the previous section. These modified systems are then used for a complete fault
analysis where the different types of faults are analyzed and the protection effect is
observed. The next sections show some examples of the different fault analysis done with

protection.

A. System I with Protection: Two-level AC Fed Motor Drive

i) System Architecture

The system main components didn’t change. It consists of a two-level three phase
active rectifier fed by a synchronous generator, and feeds a 25kW motor drive as shown
in Fig. 4-27. The three-phase circuit breaker is added to test for ac overcurrent faults and
for faults coming from other parts of the system (i.e., the two-level three phase active
rectifier and the motor drive (MD)). The two-level three phase active rectifier has over-
and under-voltage protection for the output dc link voltage, and shoot-through protection
for the current through the switches in the power stage as mentioned in the system
protection section. If any fault occurs, the sensor declares a fault error, a signal is sent to
disconnect the controller, and another signal is sent to disconnect the rectifier circuit (i.e.,
disconnect 3¢ signal). This signal is sent to the motor drive and to the circuit breaker. In
addition to those built-in fault detections in the two-level three phase active rectifier,
there is also an input signal to the two-level three phase active rectifier that announces
there is a fault elsewhere in the system and the boost rectifier must stop its operation (i.e.,
disconnect MD signal). This fault study concentrates on analyzing the two-level three
phase active rectifier faults at the input and output terminals in addition to the rectifier

itself. The different protections are explained in detail for all parts of the system in the
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system protection section.

Two-level three-phase active
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Generator Breaker D Machine
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) 4 ) 4 y .
Disconnect
30
y Y y Y y Y
Vdcn
Disconnect Disconnect
30 MD

Fig. 4-27 System architecture: Generator feeding a two-level three-phase active rectifier and

a 25kW motor drive

ii) Fault cases description

The different fault types described previously are analyzed, and are marked on Fig. 4-27.
Once a fault is detected, a signal is sent to the other parts of the system to disconnect, in
order to protect the system from being destroyed. All the parts disconnect immediately
with no delay except for the circuit breaker, which has a delay of 1 ms. This delay is so
fast and not realistic, however, if it takes longer then because of the other components of

the system that are not designed for thermal analysis, the devices would break.

As seen from the fault types section, there are different faults applied to the system to
study and analyze its response. There are some cases applied to the ac part of the system
and some to the dc part. The system first runs in nominal operating conditions and then
the fault is applied. Once the fault is applied, the protection starts to act and the system is

eventually shut down.

104



iii) Fault cases analysis with protection

Case 1: Short circuit fault at two ac phases at the input of two-level rectifier

In this case, a switch is added between phases A and B. This switch is left open till

the system is in steady operation and then closes to short them.

Fig. 4-28 shows the main conclusions for this fault case. This case causes ac

overcurrent and because of that the circuit breaker open and the system is shut down. At

the time of the huge overcurrent, the dc voltage goes to zero but as soon as the system

shuts down the energy stored in the inductor is transferred to the capacitance and

therefore the voltage on the dc link increases again and settles. The load is also

disconnected so the mechanical and electrical torques are decreased exponentially till

they reach zero.
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Fig. 4-28 Waveforms analyzing the system with two ac phases shorted together
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Case 2: Ground circuit fault at one of the ac phases at the input of two-level rectifier

This fault case discusses the effect of grounding one of the three phases at the input

of the two-level three phase active rectifier.

Fig. 4-29 shows an ac overcurrent in the three phases then as soon as the circuit

breaker is activated and the system is shut down, the currents go to zero. The ac voltage

has a large instantaneous spike at the time the fault is applied and then diminishes.

Finally, the dc link voltage has a sudden decrease in the voltage, but it recovers to the

amount of voltage that is transferred from the inductor to the capacitor.
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Fig. 4-29 Waveforms for the system analyses when one ac phase is grounded

Case 3: Ground circuit fault for the three ac phases at the input of two-level rectifier

In this case, the three-ac phases are grounded. There is a switch connected to each phase

to ground. This switch is opened till the system reaches steady state then the switch is

closed, meaning the phases are grounded. The results of the performance of the system

under this fault are depicted in Fig. 4-30. The system encounter a huge ac overcurrent,
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therefore, the circuit breaker is activated and the system is shut down. As soon as the
breaker is activated, the system shuts down and the current goes to zero. The three ac
voltage has a huge spike that happens at the instant when the fault is applied and then
goes to zero since the system is shut down. The dc voltage has a huge drop to zero at the
time of the fault then the energy charged in the inductors is transmitted to the capacitor

and the dc link voltage is increased a little bit and settles down.
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Fig. 4-30 Waveforms for analyzing the system when the three ac phases are grounded

Case 4: Shorting the dc link

This case is for applying a short-circuit fault through the dc link between the two-
level three phase active rectifier and the motor drive. There is a switch added, which is
open till the system goes to steady state operating conditions and then closes applying the

fault.

When the dc link is shorted, a fault is detected because the three-phase current has an

107



overcurrent fault and the dc voltage has under-voltage fault. As soon as the fault is
detected, two signals are sent to disconnect the rectifier and the motor drive so the
controller stops, and the circuit breaker opens the system after the delay time of 1 ms. As
can be seen from Fig. 4-31, the fault occurred at 0.22 s, and the system delays 1 ms till

the circuit breaker opens. The dc voltage decreases instantly to zero.
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Fig. 4-31 Waveforms for short circuit fault of the dc link applied to the two-level three-

phase active rectifier
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Case 5: Grounding the positive dc rail

For this case, the fault analyzed is the effect of grounding the positive dc rail of the
dc link between the two-level three phase active rectifier and the motor drive. There is a
switch added and a ground. The switch is first opened till the system is in steady state,

then it is closed to ground the dc link.

There is a huge positive overcurrent that is detected in the input current at the two-
level three phase active rectifier when a fault occurs. Since the positive rail is grounded,
V.1 is discharged to zero and V,, is also discharged, but not to zero. There is also an
under-voltage in the dc link voltage. This causes the circuit breaker to open and the
system to shut down as can be seen from Fig. 4-32. The ac three phase voltage has a huge

spike and then becomes all negative since the positive rail is grounded.
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Fig. 4-32 Waveforms for the analyses of the system when positive rail of dc link is grounded
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iv) Case 6: Grounding the negative dc rail

Case 6 is the exact reverse of Case 5, as the negative dc rail is now grounded. A
switch is used and it is connected to the negative dc rail and to ground. The switch is left
open till the system is in normal operation, and then the switch is closed to ground the

negative dc rail.

There is a huge negative overcurrent that is observed in the three-phase input current
in the two-level three phase active rectifier. The dc voltage decreases to zero at the instant
of the fault then increases and settles at a new operating point. Since the ac voltage is
positive now, it creates a new dc voltage that can be seen in Fig. 4-33. As mentioned
before, when a fault is detected, signals are sent to disconnect the other parts of the

system even if they are not faulted.
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Fig. 4-33 Waveforms for the analyses of the system when negative rail of dc link is grounded

Case 7: Short circuit fault at the switch of one phase of two-level rectifier

This case shows a short circuit fault that is applied to the switch of one phase of the
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two-level three-phase active rectifier. A switch is added in parallel to the phase switch.
This switch is open till the system is in nominal operation, then it closes; indicating the

switch is shorted.

Analyzing the system after the fault, we can see that since the switch is suddenly
shorted, an overcurrent is detected in the switch causing a fault to be detected. In
addition, the three-phase currents also have an overcurrent. Fig. 4-34 shows the dc
voltage decreases suddenly at the time of the fault but then recover to the new operating

point based on the ac voltage charged in the inductance.
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Fig. 4-34 Waveforms of two-level three-phase active rectifier when a short circuit fault of

the switch of phase A is applied
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Case 8: Open circuit fault at the switch of one phase of two-level rectifier

This case is for opening one phase switch, which means losing this phase. This fault
is applied using a time sequence switch that is closed till the system reaches the steady

operating condition, when it is opened.

When there is an open circuit fault at the switch of one phase of the two-level
rectifier, the system couldn’t detect any overcurrent or voltage at the beginning which
made the system act as if there is no fault. However, after some time the current sensor
detects an ac overcurrent and the system is shut down. This case needs the protection to
be more firm since as can be seen from Fig. 4-35 it took about 4 ms till the system
detected there is an actual fault. The fault is applied at 0.22 s and, as can be seen, the
three-phase current at the input of the two-level three phase active rectifier is a little bit
distorted after the fault occurs, but it doesn’t exceed the limits for some time and

therefore no fault was detected and the protections were not activated.
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Fig. 4-35 Waveforms for open circuit fault at the switch of phase A applied to the two-level

three-phase active rectifier
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Finally, the dc link voltage is displayed, and it increases a little more than the normal

operating point but still try to perform as if in steady state.

Case 9: Shorting the main bridge diode of the two-level rectifier

The reader is referenced to Case 1: shorting the switch of one phase of the two-
level three phase active rectifier. This case is exactly the same as shorting the same part

of the system.

Case 10: Opening the main bridge diode leg of the two-level rectifier

This case opens the positive main bridge diode of Phase A. A switch is added in
series with the diode, and it is closed till the system reaches steady state. For a fault to be

applied, the switch is opened, which opens a positive leg of Phase A.
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Fig. 4-36 Waveforms for open circuit fault at the main bridge diode leg applied to the two-

level three-phase active rectifier

Looking at the ac current and voltage at the input of the two-level three phase active
rectifier in Fig. 4-36, it can be seen that the negative portion of phase A current is normal,
but when the current should be positive, it is zero when the switch is off and it is charging

the inductor when the switch is on. The currents of the other two phases, B and C, have
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some switching ripple when the phase A current is negative, but they have a normal sine
wave for the rest of the waveform. At the same time that the phase A current is negative,

the three phases’ voltages have large spikes.

Since there is no ac overvoltage detection, this case continues to run normally at
the beginning more than expected as if there is no fault and the protections are not
activated. The dc link voltage has ripples as long as the fault was not detected yet but as

soon as the fault is detected, the dc voltage is increased and settles at new settling point.
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Chapter 5 Summary and Conclusions

This work used a simulation software Saber to build and simulate a sample electronic
power system. This sample system was used for different stability and fault studies like
steady state, small-signal and large-signal stability analysis and time simulations fault
analysis. This work can be extended to different types of systems and for more studies

like power quality, EMI and harmonics studies.

The different models of the system were designed for the stand alone operation then
connected together to form the system. There were different issues that face the design of
the system as when a large system is connected together, system interactions starts to
arise. The main two drawbacks of the system were the simulation time and the numerical
convergence errors due to the large amount of switching models of the system. There
were also some requirements that had to change in the software in order to get a fast and

robust system running and they are all related to the time step.

Once the system was designed, the second step was to concentrate on the stability
analysis. These analyses were done as mentioned using the detailed/switching models as
verifications for a stability analysis using linearized average models. The steady-state
stability analysis was done by investigating the nominal operation of the power
electronics system proposed. The small-signal stability of this system was studied by
running different parametric case studies. First, the safe values of the main system
parameters were defined from the view of the stability of the complete system. Then,
these different critical parameters of the system were mapped together to predict their
influence on the system and the boundaries for the safe operation. These boundaries can
be used to establish criteria for design based on physical parameters. The large signal
stability was examined through the response of the power system to different types of
transient changes. There were different load steps applied to the critical parameters of the
system at the maximum or minimum stability boundary limit found by the mapping
section. The maximum load step after which the system can recover and remain stable
was also defined. The other type of large signal stability analysis done was the study of

faults. There are different faults to be studied; for example, over voltage, under voltage
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and over current. A fault analysis was done for different components of the system to

analyze their performance and to predict their protection requirements.
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