ABSTRACT
PARKHIDEH, BABAK. Control Methods and Architectures for VVoltage-Sourced Converter
Based Systems for Utility Applications. (Under the direction of Dr. Subhashish
Bhattacharya).

The voltage-Sourced Converter (VSC) is the preferred building block for Flexible AC
Transmission Systems (FACTS) and utility-scale power electronics applications including
HVDC transmission. Despite recent advances in the semiconductor technology, there are still
many issues to address. This dissertation investigates the potentials and challenges that have
been introduced for VSC-based transmission technologies. The technology is characterized
in terms of switching frequency operation and switching patterns as either vector- or angle-
controlled-based converters. Through the detail study of the VSC technology, this
dissertation also offers unique applications of the VSC for utility applications which can be
extended to high power mobile mining equipment.

This dissertation addresses the DC link voltage control issues for vector-controlled VSC-
based transmission systems under power system disturbances. Having analyzed the state-of-
the-art methods to mitigate the DC link voltage fluctuations under grid faults, a control
structure in commonly used dg-synchronous frame is proposed. The proposed structure
obviates the need for sequence extraction block or resonant notch compensator. Therefore,
there is no diminishing bandwidth factor making it suitable for transmission applications for
which the switching frequency is limited.

This dissertation introduces the possibility of automatic control of active and reactive

power for voltage-sourced converters through angle control structure. A new control



framework which uses the properties of Single Input Two Output (SITO) feedback system is
developed for voltage-sourced converters. Clearly, one actuator, in this case angle cannot be
used to regulate two outputs (active and reactive power) to arbitrary setpoint values.
Nevertheless, this dissertation shows that a one-dimensional class of setpoint values is
feasible for the VSC technology. This work is an enhancement in the operational region of
existing shunt family of FACTS devices that can also be extended for transmission level
VSC based HVDC systems.

Currently, transmission level power electronics use custom designed converter structures
to meet power system requirements including efficiency and harmonic spectrum. This fact
for the VSC technology typically requires extensive engineering effort which makes the
power electronic solution costly and therefore precludes broad deployment of the technology
like FACTS controllers. Therefore, this research work focuses on development the concept of
Modular Transformer Converter (MTC) which is a standard drive converter system. Through
development of MTC, this dissertation identifies and introduces several applications and
architectures based on VSC technology. These applications include Recovery Transformer,
Transformer Life Extender, Re-locatable Transmission Controller, and Seasonal Renewable
Transmission Controller. In fact, MTC enables a versatile transmission controller which is
called Convertible Static Transmission Controller (CSTC). This research introduces Dual
Series Static Controller (DSSC) which is available in the CSTC concept as a new FACTS
controller. The DSSC provides significantly superior performance in terms of operational
characteristics compared to conventional power flow controllers such as UPFC or IPFC. It is

believed that 10 to 100 MVA MTC based CSTC which can be retrofitted into existing



transmission substations and transformers have a strong potential for the reliability,
controllability and efficiency of the grid.

Energy storage systems are expected to play key roles in future energy management.
Current state-of-the-art mobile mining equipment such as shovels and draglines are grid-
connected high power multi-machine systems up to 24 MW. This dissertation proposes the
integration of supplementary energy storage to capture and reuse the regenerative power
which is currently burnt into the DC choppers. In particular, it will be shown that
ultracapacitor is the technology of the choice in terms of energy price, temperature
characteristics and engineering efforts for mining equipment. However, this dissertation
identifies that advanced VSC technology is the enabling technology for this integration.
Consequently, the so-called “Hybrid Configuration” is introduced which enjoys greatly from

efficiency, density, and reliability compared to current state-of-the-art technologies.
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Chapter 1. INTRODUCTION

The Voltage-Sourced Converter (VSC) is the preferred building block for Flexible AC
Transmission Systems (FACTS) and utility-scale power electronics applications including
High Voltage DC (HVDC) Transmission, Figure 1-1. Despite of advances in semiconductor
technology, there are still many issues to address, including efficiency, reliability,
availability, quality, and effectiveness of the utility power electronics. This PhD dissertation
is organized to address these issues focusing on utility applications of power electronics
using VSC technology. Currently, the most prominent application and outlook for VSC
technology is (multi-terminal) HVDC transmission where traditionally Current-Sourced
Converter (CSC) technology with line-commutated semiconductor devices is deployed,

Figure 1-2.

Current Flow

- [
- Lot

3 phase
Z— Network
#2

Rs Ls
/

Figure 1-1. Example of VSC-based transmission.
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1.1 Dissertation Scope

This dissertation is divided into two main parts. The first part deals with the problem of
efficiency, reliability, availability, and quality of the converter (VSC) operation when they
are installed in the grid. The proposed solutions are based on comprehensive modeling and
analyzing the results which will be covered in Chapter 2 and Chapter 3. The second
part, Chapter 4 and Chapter 5 of this dissertation offers some unique applications and
architectures for which VVSC is deployed. With the help of the knowledge gained in the first
part, the proposed system benefits from high efficiency, high availability, and potentially low

cost.

1.2 Dissertation Structure

Chapter 2- examines the vector-controlled or PWM-(Pulse Width Modulation) based

VSC for transmission applications and presents detailed modeling of this type of converter.



In particular, resilient operation of the converters under power system disturbances is
proposed, considering the rating and low switching frequency operation of the converters.

Chapter 3 introduces the active power transfer capability of VSC through the angle
control structure. This chapter provides a design framework that enables the high power high
voltage VSC to operate at line frequency with a superior harmonic spectrum.

Chapter 4 introduces the Modular Transformer Converter (MTC) which is the building
block for a versatile and transportable transmission controller. Several MTCs can be arranged
to form a Convertible Static Transmission Controller (CSTC). The proposed transmission
controller can perform several functions including power flow control for renewable
resources transmission and transformer back-up for disaster management or life extension
purposes. This structure has several advantages in comparison with conventional FACTS
controllers, one of which is modularity for manufacturers and utilities using standard high
power electronic systems. In addition, different connecting configuration options with
different functions can be obtained in the transmission controller with MTC structures. These
features allow them to be deployed dispersed or aggregated to meet power, voltage, VAR and
configuration requirements.

Chapter 5 proposes the utilization of supplementary energy storage in high power
mining equipment for which the building block is the vector-controlled VSC system. This
dissertation shows that despite the economical values of a particular energy storage
technology, each technology suffers greatly from other factors such as large volume. For
instance, the ultracapacitor is significantly heavier and bulkier than lithium-ion batteries for

mining applications. On the other hand, the ultracapacitor exceeds other technologies in



terms of the required number of replacement units over the life time of the mining
equipment. Consequently, this dissertation proposes that the enabling technology for energy
storage integration for mobile mining equipment will be front end converters with higher
power density than the current state-of-the-art technologies.

Chapter 6 presents the conclusions of the present work and offers future work and

research paths that can be taken from the opportunities that this dissertation has identified.



Chapter 2. VECTOR-CONTROLLED VOLTAGE-
SOURCED CONVERTER

2.1 Introduction

It is desirable to have high power high-voltage electronics based systems available
during power system faults when they may be needed the most. If the protection measures
trip the converter system it can take several fractions of an hour, depending on the size of the
converter, to discharge the DC link and check the healthiness of the whole system. Hence,
several practical methods have been proposed and implemented to keep a system running

under power system faults and disturbances, 1-2.
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Figure 2-1. Simplified schematic of existing closed loop BTB VSC systems.



Today, the most promising market for HVDC technology is interconnection of the
networks where the centers of the loads are located far from the points of connection. The
problem of AC systems arises as the phase angle drifts and varies over a wide range of angles
with daily load changes, 3. This phenomenon especially in a weak network along with the
power line faults endangers the operation of HVDC systems. A voltage-sourced converter is
the main building block for FACTS devices and as of today, HVDC technology up to about 1
GW. The increasing emergence of VSC-based transmission is the result of development in
semiconductor devices, power electronic circuits, control, and executive engineering, 4-6.
Previously, the lack of these developments had prohibited this technology from being the
first choice. While each development is moving forward individually, the result of each one
influences the design criteria and application requirements of the system. However,
generally, the less dependence on power semiconductor characteristics amounts to having
more supplier possibilities for VSC-based transmission. The most important limiting factor
of power semiconductors is their switching properties since they are usually optimized for
the conduction intervals. Hence, high power electronic converters are desired to operate with
relatively low switching frequencies (max 9~15 times the line frequency, and even lower for
multilevel converters). Low switching frequency operation of the VSC systems imposes
control limitations in case of power system faults and disturbances when they may be needed
the most. To the best of the author’s knowledge, in the practiced FACTS and HVDC
projects, the ride-through capability is obtained either by proper passive elements design, 7-8
or a change in the control mode, 1. On the other hand, with emerging high power

applications such as 10MW wind generation turbines, 9 or transportable recovery



transformers, 10 the dynamic operation of the VSC under power system disturbances must be
revisited. This dissertation proposes an alternative control framework to obtain robust DC
link voltage with specific attention to designing the DC link controller VSC in a Back-To-
Back (BTB) configuration which is different from existing control structures as shown in
Figure 2-1. The proposed controller is implemented in the commonly used dg-synchronous

frame without sequence extraction.

2.2 Background on Controlling the Voltage-Sourced Converter under
Unbalanced Conditions

2.2.1 Single VSC Control under Unbalanced Conditions

The voltage-sourced converter is the main building block for FACTS devices and, as of
today HVDC technology up to about 1 GW. Therefore, the study on the methods to improve
the converter performance as a single system under network unbalanced conditions is
unavoidable. The theory of instantaneous active and reactive power for three phase switching
converters control was proposed by Akagi et al., 11. It has been shown that the power
quality in terms of current harmonics and reactive power can be improved using the
instantaneous reactive power definition. The work of 12 and 13 showed that network voltage
imbalances cause input current distortions which can transfer to the DC side due to the
negative sequence component of the voltage. An example of negative sequence appearance

in the positive sequence dg-synchronous frame is shown in Figure 2-2.
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Figure 2-2. Bus voltage variations under normal and single-line-to ground fault in three
phase abc-stationary and two phase dg-synchronous reference frames.

Rioual et al. in 14 probably proposed the very first control scheme for the VSC that
regulates the instantaneous power generated under network voltage dips. Their work of 14 is
mainly generated current references in both positive and negative synchronous references to
regulate the power at the PCC. Since then researchers have been developing “enhanced”
control schemes mostly to minimize input harmonics which is coupled to DC link voltage
ripples. For instance, Stankovic et al, 15 presented a model that can eliminate the harmonics
for generalized unbalanced conditions. However, this method needs a great deal of

computations steps for DSP-based control. In 16 and 17, authors consider the instantaneous



power at the converter poles not the PCC and consequently obtain better harmonic responses.
Although these methods are more effective than the work of 14 and relatively simpler than
that of 15, the proposed methods suffer from solving nonlinear equations in real time and low
bandwidth of the current regulator due to the extraction of the current sequence components.
Suh et al. continued their work 18 which resulted in a hybrid synchronous stationary frame
with oscillating reference currents, as presented in Figure 2-3. Consequently, the bandwidth-
diminishing functions are avoided. They also proposed a simplified current reference
generator that can be implemented more easily than that of 16 and 17. It is of interest that
in 16-18 the instantaneous reactive power definition is different from “classical” notion of
outer products of vectors presented in 11. Instead, these authors mainly employed the work
of 19 in which the authors developed the so-called “extension PQ theory” to resolve the
singularity issues existing in the work of 11 for the generalized unbalanced conditions.
Accordingly, the instantaneous reactive power is re-defined on the basis of a set of voltages
that lag the pole voltages by 90° and is not the imaginary part of the complex power. Despite
satisfactory operation of a three phase rectifier under unbalanced conditions, the proposed
scheme in 18 requires several feedback and feedforward compensators. A simplified
controller is proposed in 20 which uses a stationary current controller (resonant compensator)
that considers both positive and negative sequences simultaneously. Notch filters tuned at
120°, 21 are nonetheless used to extract the bus voltage sequences for current reference
generation. In 22, authors also consider notch filters but to separate the positive and negative
sequence current controllers. One potential constraint of these methods is emerging of 3™

harmonics in the input current that is proportional with the voltage dip. The very recent work



as of today is reported in 23 which has implemented the whole control frame in the stationary
frame resulting in a new current reference generator. Fast dynamic performance with small
DC link voltage ripple in a 20 kVA/10 kHz PWM prototype converter under 30% supply
voltage dip is reported. A nice feature of the scheme is that no PLL strategies are needed but
constant line frequency is assumed and sinusoidal compensators as 18 are deployed due to

the control logic of the oscillating references.
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Figure 2-3. An Example of current state-of-the-art VSC controller under unbalanced
conditions, 18.
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2.2.2 BTB VSC Control under Unbalanced Conditions

The transmission level multi-VSC option requires a careful consideration of system
interactions while switching frequency is kept relatively low (9~15 times the line frequency).
An example of this theme is investigated for a Unified Power Flow Controller (UPFC) in 24
where additional compensating terms are added to reduce or remove the interactions of
rectifier and inverter. The interaction has been highlighted as one of the potential issues of
BTB VSC system operation with conventional controllers applied to single VSCs, 25. This
fact is more critical under power system faults since the controllers introduced before should
take these interactions into account. Therefore, simply separating sequence controllers may
not achieve the desired performance due to the system coupling, filtering delays, etc. To
solve these problems 25 introduced a framework which mainly used the results of 14 and 26.
Xu et al. in 25 propose to nullify the oscillating power as in 14 by generating a current
reference. In addition, 25 considers the improved “cross coupling control” mentioned for
UPFC in 26. This control scheme was first proposed for UPFC applications in 27 where
authors showed that the crossing-gain of a transmission line is much larger than its direct-
gain. The cross-coupling controller uses the g-axis voltage vector, to control the d-axis
current and the d-axis voltage vector to control the g-axis current. Numerical results in 25
illustrate the satisfactory performance under a single-line-to-ground fault but with more than
double the rated current. The latter one is important in VSC HVDC transient dynamics. It has
been pointed out in 28 that increase of the current limit significantly improves the power

quality of the system. Yazdani et al. mention in 29 that it is possible to suppress the DC link
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voltage oscillations by using the notch filter approach; therefore, the same issues exist as for
a single VSC. For a specific voltage-sourced converter BTB HVDC system, Hagiwara et
al., 30 proposes a unique DC link control structure that has the load feedforward term. With
the proposed structure a robust DC link voltage is achieved if the fault occurs in the inverter
side. It has been shown that load estimation can improve the converter performance. In
fact, 31 had shown that adding the load estimation into the main controller better attunes the
DC link voltage to load power change attuned more. Parkhideh et al. 32 also showed how it
IS possible to remove the varying load effect from a closed loop large mining converter
control system (1.5-24 MW) which is basically a BTB VSC system.

On the other hand, there are emerging interests to have medium voltage interfaces for
renewable integration such as wind generation, currently up to 10 MVA with direct drive
technologies (BTB VSC), 9. Authors of 33 have presented a unique controller in the
stationary frame for direct drive wind generation systems that is based on reactive power
compensation. Applying the proposed method insures balanced grid currents even under
power system faults. Nonetheless, due to possible low speed operation of wind turbines, DC
link dynamics have been addressed as one of the key factors which affect the operation of the
turbine, 34. Therefore, more investigations are essential to determine the proper control
strategy; balanced currents or a stiff DC link voltage.

This dissertation proposes control structures specifically for the DC link controller
converter in the BTB VSC system which is implemented in a single synchronous frame
without any sequence extraction or resonant compensator. It will be shown that DC link

dynamics are coupled to the interaction imposed by the inverter performance. On the other
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hand, there is no direct control input that can remove this interaction or disturbance with
conventional frequency oriented controller design. This work introduces a commonly used
dg-synchronous-based framework to design a more robust controller for relatively low

switching frequency (9~15 times) PWM or vector-controlled BTB VSC systems.

2.3 Modeling of Voltage-Sourced Converter

The modeling of voltage-sourced converter, the building block of the BTB system is
coming mainly from Middlebrook’s work stated in many literatures such as 35. This
modeling is based on the principal circuit analysis writing voltage and current equations for
storage elements known as state equations. The general schematic of a three phase voltage-
sourced converter circuit is shown in Figure 2-4 and the state equations of a VSC in the three

phase stationary coordinates are as follows:
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Figure 2-4. Schematic of a voltage-sourced converter.
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In order to benefit all decoupling and constant properties of a two phase system instead
of a three phase one, dg- transformation is considered to convert all quantities in the abc-

stationary coordinate frame to the synchronous reference frame.

dl, R E, V,

A 4ol +— -
d L ¢ %L L 23)
di R E, V

B ] PR e R 2.4
d L ¢ Y L L 2.4)

In (2.3) and (2.4), Vg4 and V, are the converter output voltages in the synchronous frame.
The modulation index can be also written in this frame as (2.5), where k depends on the
modulation technique. In this work, we use the vector control method denoted by Schauder et

al.in7.

Vy _ VY
KV e KV

(2.5)

In many literature sources, especially for DC/DC converters, the modulation index is
used as the control input; therefore, (2.3) and (2.4) present the non-linear system. DC link
dynamics are also non-linear by introducing the definition for Ipc as (2.6). However, by
considering Vy and Vq as the control inputs, those equations, (2.3) and (2.4), can be treated as
linear ones. Also, power balance is used to derive the equation for the DC link voltage,
neglecting the interface losses as in (2.7). E4 (the PCC phase-A voltage) is aligned with the d-

axis in the synchronous frame. The result of DC link dynamics shown in (2.7) is linear as
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long as Eq and Eq are constant. Consequently, no linearization around specific operating
points is needed and the small-signal VSC model looks similar to the large-signal model. The
state-space representation of the VSC can be obtained from (2.3), (2.4), and (2.7). From what
has been mentioned, the matrix form of the state space equations can be represented as (2.8)
and (2.9), where x(t) is the state variable vector, u(t) is the input vector and e(t) is considered

as the disturbance vector, (2.10)".
oo = 5 (Ml +m,1,) (2.6)

dVDzC — 3Ed Id + SEqu _ 2\/DZC _ 2PIoad (2.7)
dt CDC c:DC RDC:DC CDC

X(t) = Ax(t) + Bu(t) + Ke(t) (2.8)
y(t) = Cx(t) +0-u(t) (2.9)
Id V Ed
d
x©=|1, |, u :(v j , e(t) =| E, (2.10)
VIZ?C ! I:)Ioa\d

Although there is a possibility of using the so-called Instantaneous PLL (IPLL)
presented in 38 to discard the effect of the g-component of the voltage vector even under
unbalanced conditions (at least in the model ), this work considers common PLL structures in

order to unify the problem.

! Notation remark: No linearization has been made for the state-space representation of the converter system under normal
and unbalanced conditions. Hence, the time dependence notation of the variables in (8) has been eliminated for the sake of
ease of presentation.
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2.4 Model Validation

2.4.1 BTB VSC Closed-Loop Functions

Currently, in most of the literature the BTB VSC system is designed and seen as a single
device, hence the two sides support the DC link. The detailed VSC-based BTB HVDC
converter system is depicted in Figure 2-5. While the private power system model suggests
that the consumer parties should bid and pay for only the portion they acquire, the available
correct models usually ignore this practical fact. It should be noted that DC link variations
are mainly due to converter losses and transient operation of the system. Therefore, in this
work, the one-sided DC link voltage controller shown in Figure 2-6 is proposed. The
summary of controller function is divided in two parts:

e The rectifier side which should supply or provide active power while it can
support its side reactive power.
e The inverter side which absorbs or acquires active power from the supplier while

it can support its side reactive power as well.
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Figure 2-5. Conventional (Existing) BTB VSC-based HVDC system controller
implementation.
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Figure 2-6. Proposed BTB VSC-based HVDC system controller implementation.
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To design a closed loop system, the eigenstructure assignment or any linear feedback
design method can be used to place the poles at the desired locations. Eigenstructure
assignment is explained for STATCOM in 39 and this method is extended to BTB VSC
systems to develop the general controller.

The control input can be determined based on the matrix network of (2.11). F is the state
feedback matrix, which should be designed based on the response time according to the
eigenstructure. Matrix T for external input access and Matrix M for disturbance rejection
purposes are assumed.

u(t) = —Fx(t) + Ty, (t) + Me(t) (2.11)

It is appreciable that the VSC-based converters are now designed based on decoupled
current controllers. This happens with considering the small portion to be compensated with
Pl compensators or variable change algebraic manipulation mentioned in 41. The decoupled
controller with state feedback, however, is a straightforward procedure. The closed loop
output transfer function matrix is in the form of (2.12). Therefore, some of the elements of
matrix F can be assigned such that the output matrix becomes diagonal or the selected states

do not influence a particular output.
Gy(s)=C(sl —A+BF) B (212)

To have a zero steady state error, unity feedback of the output is needed. This fact
combined with having external output references leads to a design for matrix T as in (2.13).

The same analogy can be applied to design the M matrix for disturbance rejection. In other
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words, inclusion of Matrix M eliminates the effects on steady state quantities while the
dynamic performance of the system is taken over by other elements as well. Therefore,
matrix M is the solution of (2.14); in the case of no specific solution the generalized limit
criteria can be used.
T =G;'(0) (2.13)
G,(0)=C(~A+BF) " (BM +K)=0 (2.14)
The objective of the controller for the rectifier side is to keep the DC link voltage at the
desired level to support the required active and reactive power commands. According to the
system equations, the mode associated with the g-component of the current can be adjusted
based on the AC side interface parameters and required response time. The Vpc? state
consists of the modes associated with two eigenvalues. One of the system poles affects the
charging and discharging of the capacitor, Ac. This eigenvalue should be placed near the
origin to avoid high charging or discharging currents. The other pole can be placed as for the
reactive current component, A;. It should be noted that the poles associated with the current
mode can be placed as far as the inherent delay of the converter modeling allows; current
regulators often present a fast first order behavior. To achieve a non-oscillatory output
response, it is sufficient to place the poles at the real axis. Consequently, the DC link voltage
regulator can be designed based on the system specifications and requirements.
The inverter side of the proposed controller is assumed to be the active power consumer
which is able to supply its side reactive power demand as well. Since the DC-link dynamics

are taken over by the supplier side, there is no need to include them into the consumer side,
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which is the inverter. This fact simplifies the state-space model of the VSC. The three
dimensional input space of the previous section is reduced to two dimensions for the inverter
side. In other words, the rectifier system theoretically should provide the required current
demand to the consumer side no matter how the DC-link behaves. This fact makes the power

transactions more robust and reliable under which the load demand is met.

2.4.2 System Configuration

To evaluate the proposed controller a prototype system has been designed whose
parameters are tabulated in Table I. It is intended to operate the system at a low switching
frequency (9~11 times of the line) to not only reduce the switching losses but also ensure the
reliable operation of the semiconductor switches.

It should be also mentioned that system operation modes can be implemented easily in
today’s digital control apparatus. Therefore, every converter can be reconfigured to work as

either a rectifier or an inverter in the order of the signal processor’s delay.

Table I. Prototype BTB VSC System Parameters to Verify the Modeling

Line-to-line voltage E 110V

Line frequency F 60 Hz
Leakage inductance Ls 15%

DC link voltage Vpe 250V

DC link capacitance Coc 2mF

Rated power S 13.5 kVA
Switching frequency fs 540 Hz
Converter loss resistor Rp 154 Q (3%)
Current controller pole location Ai -1000
Voltage controller pole location A -250
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2.4.3 Simulation Results to Verify the Modeling and Control Functions

Switching and average models are implemented in a Matlab/Simulink environment.
These two different approaches are compared for each case study to evaluate the new linear
modeling of the system and its proposed controller.

The standby mode operation performance of the BTB HVDC system is shown in
Figure 2-7. The DC capacitor is pre-charged to 200V through the freewheeling diodes then
the converter is turned on at t=0 s while the power reference commands are kept at zero. At
t=0.025 s a step change in the DC link voltage is applied and the system response is
observed. The Id change of the supplier side at the transient periods is unavoidable since it is
needed to either charge or discharge the capacitor based on the demand; however, the
controller should be able to limit the response within the converter rating. The initial
conditions could be adjusted analytically to excite only the particular modes of the system,
but the result is shown without considering this fact which may not be practical. It can be
also seen that the DC link voltage has no oscillatory behavior due to the pole placement at
the real axis. The system states response time in this simulation is shown intentionally equal
to the system currently implemented with improved performance in terms of damped
waveforms. The controller is capable of achieving faster response time.

The difference between the switching model and the average model is hardly observable,
which proves that the methods functions in the standby mode under both transient and steady

state conditions.
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Figure 2-7. BTB VSC system standby operation performance with a change in the
reference DC link voltage from 250V to 220V.

The operational performance of the system under a reactive power supply is presented in
Figure 2-8. The performance is observed at the same initial conditions as before. Each
converter now supplies its own system's reactive power demand for instance, to regulate the
bus voltage at each respective power system. The rectifier side starts to provide 12 KVAr
capacitive reactive power at 1,=-90 A whereas the inverter side provides 12 KVAr inductive

reactive power at 1g=90 A. It can be seen that while the DC-link voltage ramps up to its
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reference value, the demand current requirement is met much faster as designed. The
operation is altered at t=0.025s as the reactive power transfer is reversed from 12 KVAr
capacitive to 12 KVAr inductive for the rectifier side and vice versa for the inverter side.

The main validation of the model should be proved for the active power transfer.
Figure 2-9 shows the operational performance of the BTB HVDC system where the 10.8 KW
power (14=80 A) is transferred from the main to the consumer. In this simulation it is also
shown that while the active power is transferred, each converter can provide either capacitive
or inductive reactive power for its respective power system as long as it does not exceed the
converter rating. The amount of reactive power is 8.1 capacitive KVAr (lI;=-60 A) for the
rectifier side and 8.1 inductive KVAr (1,=60 A) for the inverter side.

From the results shown in this section it can be seen how well the average model based
on the mathematical approach corresponds to the switching model. This correspondence

verifies and validates the HVDC system modeling and the proposed controller function.
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Figure 2-8. BtB VSC system performance with a change in the reference reactive power
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KVAr for the inverter side.
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Figure 2-9. BtB HVDC system performance with a change in the reference active power
command from zero to 10.8 KW while the rectifier and inverter sides provide -8.1 KVAr and
+8.1 KVAr reactive power respectively.

2.5 VSC-Based BTB System Operation under Power Line Faults with
Existing Controllers

One of the main desirable objectives of the controller is to have a decoupled

performance while a fault occurs. The validity and precision of the proposed VSC based
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BTB HVDC control system was examined in Section 2.4; now, the performance of the
system under common power line faults is considered.

The single line to ground fault case is implemented by making the voltage of phase A go
to zero at the main bus. This fault occurs at the supplier or rectifier side first. The system
response to this fault is shown in Figure 2-10. The system starts to operate as the DC link
reaches its steady state value of 250 V. At t=0.025 s, 10.8 KW active power begins to
transfer to the load while two converters are operated in unity power factor mode (Q=0). The
severe single line to fault occurs at t=0.07 s and remains for 100 ms and then the fault is
cleared. As can be seen, the load side is supplied nearly independent of the occurring fault.
The DC value error in the DC link voltage of the converter is due to the non-linearity of the

PCC voltage in (2.7).
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Figure 2-10. Performance of the conventional VSC-based BTB system when a SLG fault
occurs in the rectifier side.

The operation performance of the system under single line to ground fault in the inverter
side is presented in Figure 2-11. As can be seen the load current can be supplied and the
current spectrum change is hardly distinguishable within and after the fault. Although the
proposed method addresses a very powerful straightforward design procedure for this class of
converter with a linear model, it is limited to operattion around steady state values without
any frequency information in case of fault in the vicinity of the inverter side. Hence, for
instance, the DC link voltage oscillates around the reference. Although this behavior is

different and more convincing than what has been reported in the literature (due to the nature
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of the disturbance rejection of the proposed controller), the oscillatory behavior of the DC

link cannot be vanquished with the common controller structure.
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Figure 2-11. Performance of the conventional VSC-based BTB system when a SLG fault
occurs in the inverter side.

In the following section, a fault in the inverter/load side is only considered due to the
possible overvoltages occurring during the fault. It should be mentioned that a fault in the
rectifier side may exceed the power switches' current rating. However, this current increase
in the HVDC applications aiming for active power support is unavoidable unless some
supplementary energy storage device is used in the DC link or the service mode is simply

changed. The current practical solution would be a reduction in supply power or no gate
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signalling to the rectifier within the fault. Although the main focus remains the power line
faults in the inverter side the proposed methods can be applied to the faults in the rectifier
side as well. The later will be covered later as the generalized control structure for BTB VSC

systems.

2.6 Resilient Operation of Vector-Controlled VSC-Based BTB HVDC
Systems

It has been shown in the previous section that conventional control methods are not able
to regulate the DC bus voltage of VSC-based HVDC systems under power systems
disturbances. This fact is mainly highlighted due to the low switching frequency operation of
current semiconductor devices. Therefore, in this section two control structures are proposed
that mitigate the DC bus voltage oscillations under power system faults for HVDC
applications. These two structures, called “Integral Factor Control (IFC)” and “Backstepping
Control (BSC)”, are constructed based on local control of the states. The general idea of
these two proposed methods is to create a virtual direct input to control the DC bus voltage
dynamics in the time domain.

In the following, for the sake of simplicity (2.3), (2.4) and (2.7) are written with a;
coefficients. The states, inputs, outputs and disturbances are interpreted from (2.10) and
presented in (2.15)-(2.17).

d, R E, V.
:d_td =—Clg ol +Ed_:d =a,% (1) + 3%, (t) + ase, (t) +a,u, (t) (2.15)

S

% (0)
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. dl, R, E, V,
Xz(t) :E:_r Iq _a)ld +T—f=—ale(t)+a1x2(t)+a3e2(t)+a4u2(t) (2-16)

dv2 3E.1, 3EIl, 2v2 2P
.t: DC _ dd+ 99 DC load __ t )+ ax (t)+ae.(t
+0 dt Coc Coc RCoe Coc 36X O +ax 1)+ a0 (2.17)

It should be noted that the general control function does not change with the proposed
methods in that the rectifier regulates the DC bus voltage and the fault is at the inverter side.
Therefore, only the rectifier is considered in the following analysis. The inverter does not see

the DC link dynamics in the controller design window.

2.6.1 Method I: Integrator Factor Control (IFC)

As mentioned before, the outputs for rectifier are reactive power and DC link voltage: I
and Vpc. The idea is to select the inputs in order to get the desired response. This approach
is first explained for 14(x2) dynamics, which clarifies the overall controller design procedure.

The objective for the Iy controller is to have decoupled and disturbance rejection
characteristics while it achieves the required response time. This criterion is obtained if its
input u, has the form of (2.18). The first term in this equation is responsible for the response
time of the state and the rest is for decoupling, disturbance rejection and command following
in order regardless of the type of the functions. The result of the first order system is shown

in (2.19).

U, (t) =—fzxz(t)+%x1<t)—§e2(t>+tzxmf (2.18)

4 4
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X,(t)=(a, —a, )X, +a,t,X, (2.19)

The same analogy can be applied to get the input for x;; however, this state should be
controlled so as to maintain the required dynamics for x3, which does not have access to a
direct input. Hence, the input for x; should have the form of (2.20). The corresponding x;

dynamics are shown in (2.21).

a
0, (1) = (1)~ £, ()~ 22, (1) - 2, (1) (2.20)
a, a,
X, (t) = (a,—a,f)x () +a,a () (2.21)
To create an input as well as cancel out the non-linearity of X, it is assumed that:

% (te () =B() (2.22)
x1(t) in (2.21) is solved as (2.23).

Xi(t) _ xl(to)e(ai —4 f1)t + e(al —a, fl)t je_(ai —8 fl)ta4a)l(r)d2' (2.23)
t

The required input, w1(t) is then calculated considering (2.22) and (2.23).

2] (t) =

g _BO ((ai—a4 f), él(t)) (2.24)

ae) a [ e e

With the help of the value obtained for the new control input, state X3 in (2.17) is
rewritten as (2.25). As a consequence, the state now has a virtual input which can control its
state directly. Among the many possibilities of input choice, a typical form of input signal is
selected to control the response time, disturbance rejection, and command following as given

in (2.26).
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X, (1) =asB(t)+agx,(t) +a.e,(t) (2.25)
Bt) =~ fx,(t) —zes (1) + X (2.26)
X 3(t) = =8, Fo X5 (1) + Aty Xg (2.27)

The IFC structure (depicted in Figure 2-12) is different from conventional controller
structures for HVDC systems. As shown, the load information and bus voltage are used in

this structure to create a required control input. In Figure 2-12 K’ is a function to determine

B
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= I ]
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| Pl =4 g PO o N g i e
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Figure 2-12. Proposed Integral Factor Control (IFC) structure for the DC link controller
in VSC-based HVDC applications.

The control parameters for IFC are calculated and presented in (2.28) based on the

response of the associated modes: A;j and Ac.

=t =208 g =2t % lRc g -2
a ag 3
Para(IFC) = * (2.28)
t =_a1_a4f2=_L/fL . t=_a6_a5f2
2 s/ 3
a, 8
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2.6.2 Method I1: BackStepping Control (BSC)

In control theory, backstepping is a technique for designing controls for nonlinear
systems developed around 1990, 42. It is a recursive technique in which one designs
feedback controls and finds Lyapunov functions for a set of n-increasingly complex systems,
the last system being of interest. Although it is not the intention of this section to deal with
the non-linearity of the system now (the linear system has been derived and the fault is at the
inverter side), the fundamental basis of the idea can be interpreted as the local control of the
states that do not have access to the input. In other words, some states are used as a pseudo-
control to stabilize others by introducing some virtual state variables representing the
difference between the actual and virtual control.

Since the system considered is a three-state one introduced in (2.10) and x»(l4) can be
regulated independently by setting u, as (2.18), the design procedure is confined to a two
state system , X1(Iq) and xs(Vpc?). Thus, x; is used to control xs as shown in (2.29) and (2.30).
The change of the coordinates here to z indicates that x; should take whatever value is
necessary to make the error z; null corresponding to achieve the reference z3,

Z,=X, (2.29)
2, =% —a(z,,e,) (2.30)

This method is valid only at the level of the Lyapunov function. The candidate functions
selected are based on the energy concept of the DC link capacitor and the interface inductor.
Considering the state defined for the DC link voltage as x;=Vpc?, it is sufficient to propose

the candidate functions as (2.31) and (2.32), which are positive definite functions.
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V, =z, (2.31)

1
%=%+§ﬁ (2.32)

It is remarkable that the key to ensuring the stability of the whole system is not choosing
the virtual and actual controls but choosing the correct Lyapunov functions and generating

their derivatives negative. The virtual control is chosen as (2.33) to meet the requirement.

7

a
a(zsves):_faza_gea » 85 =856 (2.33)

The derivative of the proposed Lyapunov functions combining (2.21) and (2.29)-(2.33)

results in:

vs :aSZl+(_a8 f3+ae)23 (2.34)

V=V, +2,7

=a,2,+(-3;f,+35) 2, + 7, (a,0,(t) +a,(2;,8,) - & (25.8,)).  (2.35)

Choosing the input signal w4(t) as (2.36) leads to having V1 in the form of (2.37).

=] L A, aese) ae) 2.36)
: a, a, )" a, a, '
Vi=—f22+a,2,+(-a,f, +a,)z, (2.37)

It is not difficult to determine values for f; and f3 that render all the derivatives in (2.34)

and (2.35) negative definite. One can show that with positive values for the gains the
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derivatives are negative for the circuit parameters which ensures the stability of the system in
the selected bound. However, the response time is yet to be determined. The desired response
time of the virtual states can be simply determined based on several linear methods since
they have a simple form of (2.38). The proper consequence can be achieved when the error,
Z1, goes to zero fast, so the constraint is that the mode associated with z; should be faster than
that of zs. This fact can be realized in that z; and z3 have the nature of the current and DC link
voltage respectively, which states that the controller follows the well-known rule in power
electronics area to design the current regulator faster than the voltage one. However, there is
a major difference in constructing the controller structure. The proposed BSC structure for
voltage-sourced converters working as a rectifier of a VSC-based HVDC system is depicted
in Figure 2-13. K in this figure is to determine a as shown in (2.33). In this structure the load

information should be available to get the desired control input.

) (-1 0 zZ
[za}(as —%BWJ[ZJ (238)
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Figure 2-13. Proposed Back-Stepping Control (BSC) structure for the DC link controller
in VSC-based HVDC applications.
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The control parameters for this type of controller are calculated as (2.39) based on the

response of the associated modes: 4; and 4. (current and voltage).

fi=4 fzzﬂﬁ_al:Rs_Lsﬂﬁ ' fs_;tc—i-aG :g(RpCDcﬂc_z)
a
Para(BSC) = ! . % fl (2.39)
t. = al_a4 2 Lﬂ, ©t a6_a8 2
2 s 1 "3
a, 8

2.6.3 Performance Comparison with the Proposed Control Structures

The system performance under different normal and fault cases is studied with the
parameters indicated in Table I. To have a logical comparison, an identical response time is
assumed for each mode in the respective controller structures to show the potential
performance improvement.

The system performance under a single line to ground fault is shown in Figure 2-14 and
Figure 2-15. The system starts to operate at Vpc=220V while the full rate of active power is
acquired. The DC link voltage fall is unavoidable; however, as soon as the current reaches its
reference the DC link voltage begins to achieve its reference. As can be seen, the states'
dynamic variations for this step change of command are identical for all the proposed
controllers. The SLG fault occurs at t=0.07 s and remains for 100 msec, then it is self-
cleared. The power demand under the fault was reduced because the voltage at the bus was

reduced by losing one line and has the behavior of (2.40). Full rate power can be provided if
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the converter rating allows; this fact does not affect the controller performance. Another

point to mention is that there is no need to consider the time-varying part as longas 1, =0.

E, = Eq (% - % cos(ZwSt)j (2.40)

As could be expected, a 120 Hz component shows up in the DC link around the
reference during an SLG fault, Figure 2-14. However, the performance improvement is
obvious with the proposed controllers. As can be seen, the oscillations in the DC link voltage

are hardly noticeable.
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Figure 2-14. DC link voltage performance comparison with the proposed controllers
under a single line to ground fault.

37



General State Feedback Control
200 ; T ! T

1501

100

50F

i I
0 0.05 01 0.15 0.2

Integrator Factor Control
200

150

100

501

i I
0 0.05 0.1 0.15 0.2

200

Backstepping Control

150
100

501

0 0.05 0.1 0.15 0.2
Time(sec)

Figure 2-15. Effect of the proposed controllers on the d-component of the current under a
single line to ground fault.

The case of phase reversal or generating a completely negative sequence is also
examined as in Figure 2-16 and Figure 2-17. In this case, the DC link starts to reach its
reference from Vpc=220 V at zero external current command. The phase reversal is initiated
as before at t=0.07 s and self-cleared at t=0.17 s. Full rate of capacity is used to generate this

negative sequence power. In this case, the oscillations in the DC link for the general state
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feedback control mode have a much higher value than before. However, these oscillations do
not appear in the last two proposed controllers.
For all the simulations and controllers the same modes are considered. The results show

the same operational behavior under normal conditions.

General State Feedback Control
280 T -

220

0 0.05 0.1 0.15 0.2

Integrator Factor Control
280 T T T T

260 s .......... ’\ ......................... ............ A

220

280

S e - .......... rA

220

0 0.05 0.1 0.15 0.2
Time(sec)

Figure 2-16. DC link voltage performance comparison with the proposed controllers
under phase reversal.
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Figure 2-17. Effect of the proposed controllers on the d-component of the current under
phase reversal.

In Figure 2-15 and Figure 2-17, a phase change in the current supplied by the converter
is observed for different controllers. This phase compensation is a major contribution of the
proposed controllers to suppressing the DC link voltage oscillations which is shown enlarged

in Figure 2-18.
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Comparing these proposed control structures shows that the Integrator Factor Control
(IFC) and Backstepping Control (BSC) have superior performance to the more commonly
used feedback control method for VSC-based HVDC systems. It is worth mentioning that

this detailed mathematical analysis indicates a common point. The information on bus

dE : . . . L :
voltage rate, % or its respective estimated load information is essential to compensate for

the conventional controllers. Therefore, this information can either be estimated or directly

measured.

0.1 0.105 0.11 0.115

0.1 0.105 0.11 0.115

i

0.1 0.105 0.11 0.115
Time(sec)

Figure 2-18. Phase compensation effect of the proposed controllers under phase reversal.
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2.7 Generalized Controller for Back-to-Back Voltage-Sourced Converter
under Power System Disturbance

It has been shown in the previous sections that the conventional control methods are not
able to regulate the DC bus voltage of VSC-based “transmission” systems under power
system disturbances. This failure is mainly due to the low switching frequency operation of
these devices and limited bandwidth of the converter. Therefore, two structures are
constructed here without sequence extraction based on local control of the converter states
known as Back-Stepping Control (BSC) and Integral Factor Control (IFC), which mitigates
the DC link voltage instability and oscillations. The issue is stated, following the work of 40,
as a possible overvoltage in the DC link when the fault is incurred in the inverter side of the
BTB VSC system in HVDC applications. However, with increasing applications of multi-
MW converters in different applications, more transient capability is needed; i.e., the
unbalanced condition can be in either converter in the BTB system. In this section, a unified
control architecture is proposed that improves the transient performance of the VSC BTB
system in current and emerging applications, denoted as HVDC, drive and hybrid power
systems. The ground of the proposed controller will be explained in the following section

specifically for the DC link voltage controller converter in the BTB system.

2.7.1 Modified Back-Stepping Control (BSC) for BTB VSC Systems

In this section, the proposed controller for the general case will be explained. The major

difference from what has been explained in the previous sections is that the fault can be
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either in the DC link controller or the power flow controller in the BTB system. This brings
more dynamics to the DC link rather than the load seen in the previous section.

The reactive power, controlled by the g-component of the current, has a direct input Vq
as shown in (2.3). This controller is desired to have decoupled and disturbance rejection
characteristics while it achieving the required response time. This criterion is met if its input
Vq has the form of (2.41), which is similar to (2.18). The first term in this equation is
responsible for the response time of the state and the remaining terms are for decoupling,
disturbance rejection and command following in order. The result of the first order system is
shown in (2.42), also available in such literature as 7.

The direct input for the d-component of the current or active power controller term, Vg,
is first designed to have decoupling and disturbance rejection terms as in (2.43). The
additional term, Wi, is used as the control input to regulate the DC link voltage and active

power through a backstepping control method.

V,=—f I, +Laly +E, +t,1 (2.41)
. R+ f, t,
Iq = L Iq _f Iqref (242)
V, =-Lol, +E, + ¥, (2.43)
. s 1
Id =_r|d_r\P1 (244)

As explained in the previous section, backstepping is a recursive technique in which one

designs feedback controls and finds Lyapunov functions for a set of n- increasingly complex
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systems, the last system being the one of interest. The fundamental idea can be interpreted as
the local control of the states that do not access the input. In other words, some states are
used as a pseudo-control to stabilize others by introducing some virtual state variables
representing the difference between the actual and virtual control. Accordingly, £ defined
below is used to control DC link voltage which does not have direct control input as shown
in (2.45) and (2.46) . The change of the coordinates here to z indicates that £ should take
whatever value is required to make the error z; null corresponding to achieving the reference

z3 (stable DC link Voltage).

2, =VZ (2.45)
Zl zﬁ_a(ZS7Eq’F)Ioad) (246)
where
3E, |
:Bz Cd d .
DC

This method is valid only at the level of the Lyapunov function. The selected candidate
functions are based on the energy concept of the DC link capacitor and the interface inductor.
If the defined state for the DC link voltage is considered to be Vpc?, it is sufficient to propose

the candidate functions as (2.47) and (2.48), which are positive definite functions.

1
V,==2; (2.47)
2
1
%=W+§ﬁ (2.48)
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It is remarkable that the key to ensuring the stability of the whole system is not choosing
the virtual and actual controls but choosing the correct Lyapunov functions and generating
their derivatives negative. The virtual control input is chosen as (2.49) to meet these
requirements.

3 2
a ( 23, By Poag ) =—fpcZs— c_ E,l,+ c_ Poaa *tiocVocret (2.49)

DC DC

The derivative of the proposed Lyapunov functions combining (2.7) and (2.45)-(2.49)

results in:

. 3E I 2

V,=212,= 23[2l to+—2— NVoc _ 2R J (2.50)
CDC RPC:DC CDC
V, =V, +27,

. - — — 2.51
=V,+z| f E+ R, + 3B ¥, —-a (2.51)

Ed Ls I-sCDC

Choosing the input signal ¥; (t) as (2.52) leads to having V, and V, in the form of (2.53)

and (2.54), which ensures the stability of the virtual controllers, z;, and consequently the
system. In other words, the derivative functions become negative definite, assuring the

stability of the system.

_ _LSCDC

E. R, .
¥, 3E, L_fdzl_ZS_(zl-'_a)(E_:_r]_'_a) (2.52)

V, =—f0.22 +2,2, (2.53)
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V, =—fp.22 - 1,2 (2.54)

The proposed backstepping control structure for the DC link voltage controller converter

is shown in Figure 2-19. From the top level view, a feedforward power measurement is
added to the controller. The required input to insure the stability of the DC link, W4(t), is
generated through the manipulation of the virtual control input z;, the PCC voltage and the
converter current. The details of how the implemented controller generates the reference
vectors are presented in Figure 2-20. As can be seen, the structure is fairly straightforward
compared to Figure 2-3 and it has been implemented in the commonly used synchronous

frame without a sequence extraction block or resonant compensator, compared to 23 and 25.

Vie Viocrer Poas 1o g B B Qur 1o
e (S S 2

Synchronous Frame

<
&
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1
’__X

<
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<

vt Virtual | (Ve Eq Proog)| Dynamics Control, | Vg4 V, Si
——;@—} Control (Ve Eq Ioad); k, Decoupling, q# Modulator —>
Generation o | Y1) | Disturbance Rejection |
3 a |
- - - J

Figure 2-19. Proposed backstepping control structure for the DC link voltage controller
converter in a BTB VSC system.
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Figure 2-20. Implemented proposed control structure in the synchronous frame to
generate the reference vectors for the DC link voltage controller converter.

The control parameters for this type of controller are calculated as in (2.55) based on the

response of the associated modes: A; and A for the current and DC link voltage respectively.

para=1 f,oc =4 (2.55)
2

R Coc

p

tq:_Rs"'fq;tch = lpc T

2.8 Dynamic Performance Evaluation of BTB VSC Systems with the
Proposed Generalized Control Architecture in RTDS

This section presents and evaluates the dynamic performance of BTB VSC systems in

different applications with the proposed generalized control architecture. Applications are
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categorized as HVDC, drive (wind) and hybrid power system applications. The proposed
controller has been implemented in an RTDS housed in the FREEDM Systems Center,

Figure 2-21, and compiled on a GPC processor card with a controller sampling time of 50 s

and key circuit parameters as tabulated in Table Il. For reference, the performance
comparison of the BTB VSC system (based on the average model) with the proposed control
scheme and commonly used controller structures has been also presented. The PLECS
package in the Matlab environment has been used to develop the average models.
In the following, certain assumptions have been made:
1. The system references are controlled based on the currents for the case studies under
faults.
2. There is no change in control mode of the system pre-, during, and post-fault. Under
unbalanced grid voltages, reactive power demand can dominate the available converter
capacity. This demand imposes some limitations in regulating the DC link voltage.

3. Power systems have same short circuit capacity.
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Figure 2-21. Real Time Digital Simulator (RTDS) facility at FREEDM Systems Center.
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Table Il. VSC BTB System Parameters with the Generalized Control Structure

Base Power S 10 MVA
Line-to-line voltage (converter side) E |1PU=138kV
Line-to-line voltage for drive app. Ey, | 1PU=33kV
Line frequency (grid) f 60 Hz

Leakage inductance Ly | 15% PU
Interface resistance R, | 0.4% PU

DC link voltage Vpc | 1PU=1.65Vac
DC link capacitance Cpoc | 0.66 PU

Unit capacitance constant H |416ms
Switching frequency fs | 900 Hz (15xf)
Converter loss resistor (estimated) R, | 1% PU
Continuous overcurrent capability I 1.5PU
Absolute overcurrent capability Imax | 2 PU

Current controller pole location Ai -1000

Voltage controller pole location Ae | -250
Communication delay time for power measurement Ty | 10ms

Time delay of the derivatives Tie | 0.1 ms
Controller sampling time ts | 50 us

2.8.1 BTB VSC System for HYDC Applications

BTB VSC systems in HVDC applications, represented in Figure 2-22, are used for
power flow control. One converter operates in PQ mode and the other one is responsible for
compensating for the losses and insuring a stable operation of the DC bus voltage while it
supports its reactive power demands. In vector-controlled VSC systems, reactive power is

regulated independent of active power.
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Figure 2-22. BTB VSC system for HVDC applications
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Network
#2

The first group of results is presented in Figure 2-23 where system start-up dynamic
performance is shown when 1PU of power is supplied to network #2. The converter system is
charged naturally in some cycles and it reaches the reference voltage afterwards. In this set of

results a unity power factor operation of converters has been verified and presented.
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Figure 2-23 Start-up dynamic performance of the BTB VSC system as in HVYDC
applications and unity power factor operation of 1 PU power under balanced conditions-
RTDS results.

Figure 2-24 shows the dynamic performance of the VSC BTB system in response to a
change in power flow direction under balanced conditions. The system supplies 0.8 PU
power and the VSC#1(DC link voltage controller) provides 0.2 PU capacitive and VSC#2
(power flow controller) 0.6 PU inductive reactive power. As can be observed the proposed

controller for the BTB system operates satisfactorily and as well as the common control
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structures. These values are considered in the following case studies to have consistency in

the results obtained for unbalanced conditions.
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Figure 2-24. Dynamic performance of the BTB VSC system as in HVDC applications,
changing power flow direction, with no change in reactive power reference under balanced
conditions- RTDS results.

The dynamic performance of the VSC BTB system under an unbalanced condition in the
inverter side (power flow controller converter) is presented in Figure 2-25 and Figure 2-26.
The first figure, Figure 2-25 compares the performance of the BTB VSC system in the

developed average model with the commonly used controllers and the proposed controller.
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The second figure, Figure 2-26, presents the detailed switching model of the converter
system developed in RTDS. The unbalanced system is represented by a 50% voltage drop in
phase A of the inverter-side PCC voltages (Vanc2), Which can be considered as a fault near the
inverter station. The fault remains for 6 cycles. As can be observed, the DC link voltage
remains practically stiff, and a harmonic measurement of the DC link voltage for the second
and fourth harmonics shows a satisfactory level of compensation. This mode of operation is

mainly of interest in the literature, 25, 40 and 41.

50% 1PH Voltage Sag at the Power Flow Controller Operated as Inverter-HVDC

Proposed |
— Controller
5 11
a
o 1 AAGAA AT TTN T AT
IS
g 0.9 Common
@)
2 08 Controller
0.7 : : : C
0 0.05 0.1 0.15 0.2

Time(s)

Figure 2-25. Performance comparison of the BTB VSC system with the proposed
controller and commonly used control schemes for HVDC applications under an unbalanced
condition of 50% single-line voltage sag in the power flow controller side (average model).
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Figure 2-26. Dynamic performance of the BTB VSC system as in HVDC applications
under an unbalanced condition of 50% single-line voltage sag in the power flow controller
side- RTDS results.

Figure 2-27 and Figure 2-28 present the dynamic performance of the BTB system when
a 50% voltage drop occurs in phase A of the rectifier side (DC link voltage controller). Due
to the voltage drop, the rectifier carries higher currents to maintain the load power and
regulate the DC bus voltage. It can be seen that the DC link voltage has a minor change of
about 1% PU and the effect of negative sequence power is reduced to 1.5% PU presented in
the DC link voltage. It can be also observed that the inverter current is hardly affected by the
dynamics of the DC link under the unbalanced condition. This result represents a major

performance improvement of the BTB VSC systems which has not been shown before.
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50% 1PH Voltage Sag at the DC link Controller Operated as Rectifier-HVDC
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Figure 2-27. Performance comparison of the BTB VSC system with the proposed
controller and commonly used control schemes for HVDC applications under an unbalanced
condition of 50% single-line voltage sag in the DC link voltage controller side (average

model).
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Figure 2-28. Dynamic performance of the BTB VSC system as in HVDC applications

under an unbalanced condition of 50% single-line voltage sag in the DC link voltage
controller side- RTDS results.
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The dynamic performance of the VSC BTB system in HVDC applications while the DC
link controller is operated as an inverter and the power flow controller as a rectifier is
presented in Figure 2-29-Figure 2-32. This mode of operation may not be practiced in HVDC
power transactions and it is presented to combine the problem and address the dynamics. In
Figure 2-29 and Figure 2-30, the unbalanced system is represented by a 50% voltage drop in
phase A of the PCC voltages (Vanc1). The fault remains for 6 cycles. As can be observed, the
DC link voltage remains practically stiff, and a harmonic measurement of the DC link
voltage for the second and fourth harmonics shows a satisfactory level of compensation. The
inverter currents change (increase in phase A) to compensate for the unbalanced power
flowing into the system; however, it remains within the safe operating area of the switches.
In Figure 2-31 and Figure 2-32, the system performance under more severe imbalances is
shown, represented by a 50% and 90% voltage drop in phase B and C of the power flow
controller side respectively.

Based on the result obtained in different case studies, it can be concluded how effective
the proposed controller is for HVDC applications under normal and unbalanced conditions.
In other words, the deficiency of the high power VSCs in terms of control bandwidth is
improved through a high bandwidth control architecture which does not require sequence

extraction or any diminishing factors.
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50% 1PH Voltage Sag at DC Link Controller Operated as Inverter-HVDC
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Figure 2-29. Performance comparison of the BTB VVSC system with the proposed
controller and commonly used control schemes for HVDC applications under an unbalanced
condition of 50% single-line voltage sag in the DC link voltage controller side operated as an

inverter (average model).
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Figure 2-30. Dynamic performance of the BTB VSC system in HVDC applications under
an unbalanced condition of 50% single-line voltage sag in the DC link voltage controller side
operated as an inverter- RTDS results.
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50%& 90% 2PH Voltage Sag at Power Flow Controller Operated as Rectifier-HVDC
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Figure 2-31. Performance comparison of the BTB VVSC system with the proposed
controller and commonly used control schemes for HVDC applications under an unbalanced
condition of 50% in phase B and 90% in phase C voltage sag in the power flow controller
side operated as the rectifier (average model).
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Figure 2-32. Dynamic performance of the BTB VSC system in HVDC applications under
unbalanced condition of 50% in phase B and 90% in phase C voltage sag in the power flow
controller side operated as the rectifier- RTDS results.
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2.8.2 BTB VSC System for Drive (Wind) Applications

This section is provided to address emerging large capacity wind turbines (>10MW).
These turbines are expected to use direct drive technologies shown in Figure 2-33 and the
BTB VSC system as the enabling interface. A robust DC link voltage is considered to be the
key factor that affects the turbine operation. In the following case studies, it is assumed that
the turbine side converter (VSC#2) operates at 30 Hz and supplies 0.8 PU active power and
absorbs 0.6 PU inductive reactive power while the grid side converter (VSC#1) regulates the
DC link voltage and provides 0.2 PU capacitive reactive power. The dynamic performance of
the VSC BTB system in the drive application under unbalanced conditions in the inverter
side or grid side (DC link voltage controller converter) is presented in Figure 2-34-
Figure 2-37. In Figure 2-34 and Figure 2-35 the unbalanced system is represented by a 50%
voltage drop in phase B of the inverter side PCC. In Figure 2-36 and Figure 2-37 a more
severe fault occurs which is represented by a 50% voltage sag in phase B in addition to a
30% voltage drop in phase C of the grid. From the results obtained, it can be concluded that
the proposed control scheme is effective in maintaining a robust DC link voltage even under
unbalanced grid conditions. In other words, the drive side in this case of high power wind
generators with a BTB VSC interface can operate independently from the grid disturbances,

translating to higher availability of the renewable resources.
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Figure 2-33. Simplified BTB VSC system in drive (wind) applications.
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Figure 2-34. Performance comparison of the BTB VVSC system with the proposed
controller and commonly used control schemes under an unbalanced condition of 50% single
line voltage sag in the DC link voltage controller for the drive application operated at 30 Hz
(average model).
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Figure 2-35. Dynamic performance of the BTB VSC system in drive (wind) applications
under an unbalanced condition of 50% single-line voltage sag in the DC link voltage
controller side and drive side operates at 30Hz- RTDS results.
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50% & 30% 2PH Voltage Sag at DC Link Controller as in Drive Applications
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Figure 2-36. Performance comparison of the BTB VSC system with the proposed
controller and commonly used control schemes under an unbalanced condition of 50% in
phase B and 30% in phase C voltage sag in the DC link voltage controller for a drive
application operated at 30 Hz (average model).
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Figure 2-37. Dynamic performance of the BTB VSC system in drive (wind) applications
under an unbalanced condition of 50% in phase B and 30% in phase C voltage sag in the DC
link voltage controller side (grid) and drive side operating at 30 Hz- RTDS results.
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2.8.3 BTB VSC System for Transmission Transformer (Partial) Bypass

With increasing demands of power electronics in the network, it is expected to have
hybrid systems. One example of a hybrid system approach is known as the Modular
Transformer Converter (MTC). An MTC as the transmission controller provides the
flexibility of full or partial utilization for the transmission lines and power transformers. This
flexibility thereby effectively increases the system’s spare capacity and operating margins,
and also provides back-up in case of substation transformer failure (or forced reduced rating
operation) scenarios by providing real-time continuous power flow control. A simplified
schematic of the MTC as the transmission controller connected in parallel to a transmission
transformer is depicted in Figure 2-38. It is not the intention of this chapter to justify the
applicability of the MTC approach for power systems and this topic will be covered
in Chapter 4. Nevertheless, introducing the MTC as shown in Figure 2-38 brings remarkable
effects on the dynamics of the system. In particular, any unbalance in the power system is
seen by both converters which has been little appreciated in conventional applications of

BTB VSC systems.

Transmission Transformer
Ex. 230kV/138kV 200 MVA

VSC1 VSC2
DC-link Controller Power Flow Controller
3 phase \ 3 phase
Network 3 g-—:l— f— -—-:}-3 g Network
#1 Ls Rs : _\;jc ] Rs Ls #2
Sil T TSiZ

Figure 2-38. BTB VSC system in hybrid power system as transmission transformer
(partial) back-up for life extension of the transmission transformer or contingencies.

64



The dynamic performance of the VSC BTB system with the proposed control structure
for hybrid power system applications under balanced and unbalanced conditions is presented
in Figure 2-39 and Figure 2-40. The first figure, Figure 2-39, presents the performance
comparison of a BTB VSC system in the developed average model with the commonly used
controllers and the proposed controller. The second figure, Figure 2-40 presents the detailed
switching model of the converter system developed in RTDS. The power flow in the BTB
system remains as stated in the previous case studies except that two networks have 5 degree
phase difference for the natural power flow of the grid. The unbalanced system is represented
by a 90% voltage drop in phase A of the PCC voltages. As can be observed, the DC link
voltage remains practically stiff, and harmonic measurement of the DC link voltage for the
second and fourth harmonics shows a satisfactory level of compensation under this severe
fault case. Therefore, an MTC with the proposed control structure can be utilized even under

the unbalanced conditions when it is needed the most.

90% 1PH Voltage Sag in Hybrid Power System Applications- Transformer Back-up

Proposed
11 Controller
. Y

(7 X .

DC Voltage (PU)

0.9 Common__—7 MAAAAANAANANS
Controller
O.SJ
0.7 :
0 0.05 0.1 0.15 0.2

Time(s)

Figure 2-39. Performance comparison of the BTB VSC system with the proposed
controller and commonly used control schemes under unbalanced condition of 90% voltage
sage in phase A for hybrid power system applications (average model).
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Figure 2-40. Dynamic performance of the BTB VSC system as in hybrid systems for
transmission transformer (partial) back-up under unbalanced condition of 90% voltage sag in
phase A- RTDS results.

2.9 Summary

VSC technology is the preferred building block for FACTS and HVDC controllers. VSC
operates like a synchronous generator and therefore is well suited for transmission
applications. However, performance of transmission level VSC technology under power

system faults is one of the reasons that this technology may not be the first option for system
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operators and utilities. In fact, if power system fault occur, VSC solutions are currently out of
service just when they may be needed the most.

This chapter has addressed the DC link voltage control issues for vector-controlled back-
to-back VSC-based transmission systems under power system disturbances which can be
applied to a single VSC solution such as STATCOM. Having analyzed the state-of-the-art
methods to mitigate the DC link voltage fluctuations under grid faults, this dissertation
proposed control structures in the commonly used dg-synchronous frame. The proposed
structures obviate the need for a sequence extraction block or resonant compensator.
Therefore, there is no diminishing bandwidth factor, making them suitable for transmission
applications for which the switching frequency is limited to a couple of hundred Hertz.

First, two control structures were proposed to address the possible overvoltage in BTB
HVDC applications when the fault has occurred on the inverter side. The first scheme,
Integrator Factor Control (IFC), was constructed by introduction of a non-linear virtual input
to remove the inverter interaction from the DC link dynamics in the time domain. The other
scheme was developed based on the Back-Stepping Control (BSC) method and the proper
Lyapunov functions were introduced. The numerical results agreed with the theory developed
to remove the varying load effect under network disturbances.

With increasing applications of multi-MW converters in different applications, more
transient capability is needed; i.e., the unbalanced condition can be in either converter in the
BTB system. In this chapter, a generalized control architecture was proposed that improves
the transient performance of the VSC BTB system in current and emerging applications,

denoted as HVDC, drive and hybrid power systems. The proposed controller structure is
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designed based on regulating the converter system’s states locally in the dg-synchronous
frame without sequence extraction or a resonant compensator. The scheme; however, utilizes
the interaction of the converters, the load, the bus voltage and their derivatives to compensate
for the phase delay in the current regulator. The RTDS verification that the controller attains
less than 1% DC link voltage deviation under most common faults ascertains the
applicability and effectiveness of the proposed scheme for different transmission applications
denoted as HVDC, drive and hybrid power systems. It is clear that for single VSC
applications such as STATCOM, a lower number of measurements suffices for the
effectiveness of the proposed control structure. For instance, no power measurement is
needed. Therefore, it can be claimed that the proposed architecture is a generalized controller

for the VSC technology.
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Chapter 3. ANGLE-CONTROLLED VOLTAGE-
SOURCED CONVERTER

3.1 Introduction

All Voltage-Sourced Converters (VSC), the building blocks of FACTS devices,
regardless of their topology, can be divided into the two types shown in Figure 3-1. One type
is the vector controlled or PWM-based inverter that has been explained in the previous
chapter. The function of generating an arbitrary voltage vector is already known for this type
of inverter, because the DC link voltage which is regulated to a fixed value, can be chopped
with the PWM pulses to any arbitrary voltage vector. However, this type of converter system
may not be suitable or may be uneconomical for many transmission level FACTS devices

due to the output voltage quality and switching losses.
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Figure 3-1. General schematic of voltage-sourced converter.

The other type of converter is based on output voltage angle control. So far, only
reactive power transfer has been demonstrated, pioneered by Westinghouse (currently
Siemens). An example of an angle control based converter is shown in Figure 3-2. It has been
shown that by a slight change of angle the converter is able to provide inductive/capacitive
reactive power as presented in Figure 3-3 , 7. Hence, very clean output voltage with a line
switching frequency of 50/60 Hz could be achieved. However, with that scheme the active
power is theoretically considered to be null except for the small fraction of power needed to
compensate for the system losses. Consequently, there is an opportunity for research to
investigate a complete angle controller for two converter systems which can be extended to
HVDC applications or FACTS controllers such as IPFC or UPFC. On other hand, modular
transformers can be connected in series to provide higher voltages applicable in transmission
applications. The former solution has been studied in this dissertation and is covered in the

next chapter called Modular Transformer Converter (MTC).
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It is important to note that in the pulse converters, optimum THD is achieved through a
fixed phase delay, unlike complicated approaches for Selective Harmonic Elimination (SHE)
for PWM converters. Figure 3-4 presents a general schematic of voltage construction in
VSCs. For the pulse converters, one converter or a group of converters generates a voltage
vector leading the other converter’s voltage or a group of converters’ voltages. To obtain
optimum THD it can be proved that the leading (or lagging) angle should be fixed; shown as
2B in Figure 3-4. This fact has been also shown through (3.1)-(3.3). As a consequence, in
pulse converters, there is only one degree of freedom shown as a in Figure 3-4. This
limitation can be one of the grounds for not developing the vector-controlled pulse-
converters. On the other hand, one degree of freedom is sufficient to achieve one objective.
Therefore, STATCOM, which ultimately regulates the reactive power injection, is the best

candidate for pulse-converters.

[Vlead| = Vlag =V (31)
V4 =2V Ccos fcosa (3.2)
Veq =—J2V cos Bsina (3.3)
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Figure 3-4. Output voltage vector construction in pulse-VSCs.

Besides reactive power, active power transfer capability has been shown in 44 and 45 by
reconfiguration of the pulse converter system to achieve some level of freedom in control
which may not be automatic. The contribution of the referenced work was the introduction of
de-icer applications in transmission lines, where an angle controlled 48-pulse STATCOM
was reconfigured to generate DC power to melt the ice on the lines. In 46, a unique converter
topology is introduced. When there are two different voltage vectors, two independent
variables are defined. These two variables are used to control active and reactive power
independently. As mentioned in Figure 3-4, this approach suffers from the THD point of
view and may not benefit from the basic nature of pulse converters. This chapter studies the
feasibility and limitations of automatic control of the VSC with active power transfer

capability based on angle control rather than PWM or vector control.
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Until now, high power electronics converters that use linear or non-linear feedback
control have been designed based on Single Input Single Output (SISO) systems. Although
they can be sometimes interpreted as Multi Input Multi Output (MIMO) systems, the
developed decoupled controllers mainly use the SISO principles. The main and original work
in theory of inherent design limitations for SISO linear time-invariant feedback systems was
developed by Bode, 47.

However, since one of the objectives of this dissertation is to regulate the active and
reactive power of the converter through the converter output voltage angle, the converter
system represents a single input two output system. Clearly, one actuator cannot be used to
regulate two outputs to arbitrary setpoint values. Nevertheless, a one-dimensional class of
setpoint values is feasible. As we shall see, the control signal used to force the outputs to a
feasible setpoint may generate a transient disturbance in an orthogonal direction. In this
chapter, the definition of “direction” of the plant and controller will be used to develop the
feedback system.

The rest of this chapter is organized as follows. Section 3.2 presents the feasibility of
active power transfer through angle control. In Section 3.3 the principle of single input two
output feedback systems is introduced. The proposed feedback system and its verification
through several cases are presented in Section 3.4 with an average model. Section 3.5
provides the verification of the proposed SITO control architecture for different BTB VSC

applications in a PSCAD/EMTDC environment.
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3.2 Feasibility Study

It is important to understand the operating area of the voltage- sourced converter when it
is operated on either angle controller or vector control. On the other hand, the power system
side can also affect the apparent power (VA) that can be transferred between two points.
Figure 3-5 demonstrates the reactive power that can be delivered when the generated voltage
can be altered so that a nominal active power is transferred. From this figure it can be
concluded that if it is possible to generate a desired voltage vector, it is then possible to have
a controlled active/reactive power theoretically. This is known through chopped PWM pulses

or angle control for reactive power regulation.

Constant Power- 1.pu, PCC Voltage, 1 pu Interface reactance 15%

Reactive Power

delta(degree)

Voltage

Figure 3-5. Reactive power transfer capability of the power system with constant active
power.
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The next step is to verify whether the voltage-sourced converter is able to provide the
variable voltage vector to accommodate this apparent power range. The schematic of a
voltage-sourced converter is depicted in Figure 3-1. Therefore, it is necessary to find out how
VSC may operate with active power support capability if there is only one degree of freedom
for the angle control.

(3.4) describes the current and voltage quantities of the VSC in the dg-synchronous
reference frame, for which the d-axis is always aligned with the instantaneous bus voltage.
Understanding of feasible the operating area is essential for the control concepts that will be
developed. The set of equations is solved for a different power when only the angle is
changed. The positive sign for power refers to the rectifier mode of operation and the

negative sign for inverter mode. The parameters are listed in Table III.

TABLE I11. Angle-Controlled System Parameters in P.U.

DC link capacitance c' 0.88
AC side inductance L 0.3
AC side resistance R’ 0.01
DC/AC voltage factor K 4/n
Converter loss resistance R, 100/k
Frequency w = wy 377
Bus voltage E; 1

Ip'is inserted to show the effect of the load in the DC link as the power source/sink.

Figure 3-6-Figure 3-8 demonstrate the possible region in which VSC can supply or absorb

power. As can be observed, there is the potential of using the angle as the only controller
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input to achieve different values for active and reactive power while obtaining some stable

values for the DC link voltage. p denote d/dt.
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3.3 Single Input Two Output (SITO) Feedback Systems

3.3.1 Introduction

Since the objective of this chapter is to regulate the active and reactive power through
output voltage angle control, a different framework for the feedback system must be
developed. As is obvious by now, the considered scheme has the properties of single input
two output systems as presented in Figure 3-9.

Given that the SITO feedback systems for VSC based FACTS devices have not been

reported, it becomes essential to review the properties of SITO feedback systems. The main
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body of this section uses the results stated in 48 and 49. Clearly, one actuator cannot be used
to regulate two outputs to arbitrary setpoint values. Nevertheless, a one-dimensional class of
setpoint values is feasible. As we shall see, the control signal used to force the outputs to a

feasible setpoint may generate a transient disturbance in an orthogonal direction.

dol(t) d02(t)
"é‘/{,\ ;yl(t) P

2) »Ya(t) ©

I-input ) 4
sl PN

/ v

@7%(0

Figure 3-9. General Single Input Two Output (SITO) automatic feedback system.
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3.3.2 Preliminaries

Give a vector veC", let |v| denote the Euclidean vector norm. Denote the range of a

matrix M e C™" by R(M), the rowspace of M by R__ (M) and the nullspace of M by

row

N(M). We denote the matrix norm induced by the Euclidean vector norm by [M||. Let the

open and closed right and left halves of the complex plane be denoted by ORHP, CRHP,

OLHP, and CLHP, respectively.
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Consider the feedback system depicted in Figure 3-9, where P(s) and C(s) are the
transfer functions of the plant and the controller respectively, and their elements shown in

(3.7) are rational and proper.

R (s)

P(s) :{P ©)

} C(s)=[C.(s) C,(9)] 3.7)

Associated with this feedback system are the input and output open loop transfer

functions, L, 2CP and L, =PC, sensitivity functions, S, 2(1+L,)" and L, =PC and

complementary sensitivity functions, T, 2 L, (1+L,) "and T, 2 Ly (1+L,) . It is known that

each closed loop transfer function characterizes the close loop response to a class of
exogenous inputs.

Each pair of sensitivity and complementary sensitivity function must satisfy the
identities:

$,(9)+T,(9)=1 (38)

So(8)+T(s) =1 (3.9)

The latter one may be rearranged into the useful form:

P(s)C(s)

So(8) = T1+C(s)P(s)

(3.10)

Many design criteria in the SISO case consider the high gain limit as |L,(ja))|—>oo,

where we can conclude that
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T,(jo)>1 S,(jo) >0 (3.11)
Here, the difference in SITO systems is that high gain properties of the output transfer
functions are not so straightforward. In fact, note that the plant and controller transfer
functions have non-trivial nullspaces. Considering (3.10), we can conclude that S, (je)|>1
independently of the gain of the system. Therefore, not all the disturbances can be attenuated
and not all the commands can be tracked.
These are the facts that necessitate a framework within which the response of a SITO
system can be described. Consequently, this framework should lead us to design stabilized

controllers. This framework as 48 suggests, uses the roles of gain and direction of the

controller which will be covered in the next subsections.

3.3.3 Plant and Controller Directions

Lemma 1. A qx ptransfer matrix P of normal rank equal to p can always be factored as
P(s) = N(s)K(s) = K(s)N(s)
where N isa gx p polynomial matrix and K isa px p transfer matrix.

Based on Lemma 1, we can factor the plant and controller as
T
P(s)=N,(s)K,(s) N, =(n,, n,,) (3.12)

C(S) = Kc (S)Nc(s) Nc = (ncl nc2 )T (313)
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Definition 1. (Transfer Matrix Direction)

a.

Suppose that P(jw) # 0, and define the direction of the plant at that frequency

o by ®(N,(jo)) . ¥ jo is not the pole of P(s) , then

RN, (j0))=%(P(jo)).
Suppose that C(jw) =0, and define the direction of the plant at that frequency

® by R, (N(jw) . If jo is not the pole of C(s) , then

R (Ne (10)) =Ry (C (J)).

It is straightforward to verify that the directions depend only on the ratios:

P A nPZ
rat —
npl
and
C A ncZ
rat —
n

As mentioned in 48, several interesting properties of SITO systems are described in

terms of plant and controller alignment.

3.3.4 Plant/Controller Alignment

Definition 2. (Plant/Controller Alignment Angle): Assume that both P(jw) and

C(jw) = 0. Suppose that @ is neither a pole of P(s) nor C(s). Then define the alignment

angle between the plant and controller by (3.14).
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s [C(jw)P(jo) ]
o(jw) arccos(”C(jw)””P(jw)|| (3.14)
If jewis a pole of P(s) and/or C(s), then define the alignment angle by (3.15).
o N, (io)N, (jo)
= arccos 3.15
e (||Nc(ja>)||HNp(jw)uJ -

If #(jw)=90"then the plant and controller are completely misaligned. We say loosely

that the controller and plant are well aligned if ¢(jw)~0", and poorly aligned if ¢(jw)~90°.

If the plant and controller are significantly misaligned, then the magnitude of the output
sensitivity function and complementary sensitivity function may be much larger than their
counterparts at the plant input as is clear from the following proposition. It must be added
that alignment is critical to closed loop performance at frequencies within the closed loop
bandwidth.

Proposition 1. The output complementary sensitivity function satisfies

T, (jo)|

T (] =
oGl = o ation

(3.16)

where ¢( jw) is defined by (3.14).

3.3.5 Plant Direction vs. Frequency

It has been shown in 48 that a perfectly aligned controller will achieve the minimum

possible level of interactions given the limitations imposed by the plant. To define those
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limitations, 49 introduces a coordinate system that describes how the plant varies with
frequency.
Definition 3. (DC Coordinates) Let M € R**be an orthonormal matrix whose first

column spans‘J%(Np(O)). Define transformed coordinates Np = MTNp. Define A and A,
as in (3.12). By construction fi,, =0, and if R(P(jw))is constant, then P,(jw)=0. A

similar transformation yields C=CM ™.
It is easy to show that transformation to DC coordinates preserves the transfer function
at the plant input transfer functions and the norm of the transfer functions at the plant output.

By analogy to (3.12), we can factor the plant in transformed coordinates as

~ ﬁpl(s) ~
P(s) z( ]Kp(S) (3.17)

A2 (S)
In 50, integral constraints on the output complementary sensitivity function are
developed in DC coordinates. Here, we focus on one integral constraint that helps to define
the range of the stabilizing controllers.

Define the desired input loop gain like a first order system. Suppose that:

|5 _ ﬁp:l_(S) K

(s) = {ﬁpg(s)} »(5) (3.18)

Mot <o |2 619
#(0) < @ (3.20)

Then,
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T @y /
Iog ” o”w 2 a)oF(P) woj.log t d_a)_z tan(¢max) Ilm rat(s) (3-21)
T, (0) /
where,
FP 2z Lliy LS Z—+2 (3.22)
2\70, ‘TIp TA .
Denote

a. NMP zeros of A™(s)=N; (=s)N, (s)by &,
b. NMP zeros of A™(s)=N; (=s)N, (s)by p,,
c. OLHP zeros of fi,, by 4,

d. NMP zero of i,

The measure introduced in (3.21) can show the lower bound for the peak of the output

complementary sensitivity function.
3.3.6 Perfect Plant/Controller Alignment

Based on what we have seen, it is tempting to suppose that perfect alignment, ¢(jw) =0

is an optimal choice. However, in this subsection it will be shown that it is not desirable to

make ¢(jw)=0,VweR.
Proposition 2. The plant and controller are perfectly aligned at all frequencies if and only

if the controller can be expressed as
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C(s) =K (s)(nu(=s) n,,(-s)) (3.23)
where n,(s), n,,(s) are givenin (3.12) and K_(s) is a rational transfer function.
Corollary 1. (NMP Zeros of n_,(s)) Suppose that P(s) and C(s) are perfectly aligned at

all frequencies. Then unless the direction of the plant is constant with frequency, the input

open loop transfer function L, (s) must necessarily possess at least one NMP.
The significance of Corollary 1 is that NMP zeros of L, (s) will impose design
limitations on S, (s) . In fact, the lower bound in (3.21) can give some hints on how to design

the input open loop transfer function. This limitation is specifically important for the plant
whose direction does not change significantly with frequency. This fact has no counterpart in

SISO systems.

3.3.7 Disturbance Rejection

We can use the high gain limit to present the response of the system to a disturbance.

With the help of the high gain proposition of 48, the following results can be obtained.

Corollary 2. Let S{°(s) be the high gain output sensitivity transfer function, then
N (S5°(iw))=R(P(jw)) (3.24)

R(Se° (jo)) =N (C(jw)) (3.25)
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By Corollary 2, use of high gain at a given frequency will attenuate the effects of a
disturbance at that frequency if and only if the disturbance is aligned with the plant. The

response to a disturbance that is aligned with the plant will not be zero; however, by (3.25)
the response will be confined to %(SQG(ja))) =N (C(jw)). For instance, for a stable S,(s),
a step disturbance can be rejected with integral control if and only if it is aligned with the
zero frequency gain of the plant. The response to other step disturbances is confined to
N (C(0)).

A similar definition for the alignment angle between the output disturbance and the

plant/controller can be written.

Suppose that the output disturbance has the form
Do (s) =P (s)D(s) (3.26)

Definition 4. Define the angle between the plant/controller and the disturbance by

s [P (jo)P, (jo)
Poa (J) = arcco{”PH (ja))H|| P (ja))|| (3.27)
RN IC(j@)P, (jo)
¢ (jo) = arccos(nc( ja))||||Pd (jw)” (3.28)
Then, in the limit as |S, (j)| — 0.
[So(i@)Py(j@)] _ sin(¢ (i) (3.29)

[P, ()| cos(#(jw))

The result of (3.29) is consistent with (3.16) and (3.24).
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3.4 Feedback System Design for VSC as a SITO Closed-Loop System

The VSC state space equations, (3.4) are nonlinear if « is regarded as an input variable.

The small signal modeling of the converter system leads to the following.

Al Al e
p| Aij [=A,| Ai] |+BAa+K, [Apﬂ (3.30)
AV, AV, -
where
—RSTC.% %) % cos(a)
A = - —RSTC?D kifb sin(«)
3 3 : -o,C’ P
—=kC'w, cos(a) —=kC'w,sin () -o,C' L0
2 2 R, " Vi
%sin(%)
B, = %cos(%)
3., .
EkC @y (igo Sin (@t ) 140 COS (1, )
K,=| 0 0 | (3.31)
o —4C
L VDCO
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The plant and output disturbance can be calculated as follows:

1

P(s)=C(sl -A,) "B, (3.32)

D,(s)=C(sl -A,) 'K, (3.33)

where
1 00
C= )
{O 1 0}

Transfer functions have been numerically computed for two operating points: a complete
power sink of 1 p.u (rectifier mode) and power source of 1 p.u.(inverter mode). The

corresponding steady state p.u. values for 1 p.u. of power sink are
ido = _0677; qu = O'Vch = 0796, aO =-11.55",

To study the direction of the plant vs frequency, a new coordinate is introduced as
mentioned in the previous section. Using Definition 3, the M matrix is determined to be

(3.34).

(3.34)

0.391 -0.92
0.92 0.391

The integral of (3.21) is calculated for both operating points. For both operating points
F(P)=0.019. The plot for the lower bound of (3.21) is presented in Figure 3-10. It can be
seen that the range of @ for which (3.18)-(3.20) are satisfied is limited. Although it might be
desirable to have perfect alignment, it has been shown that this implies a bandwidth
constraint on the closed loop system. This constraint is more critical for SITO systems if the

plant direction does not change significantly. Figure 3-11 depicts the plant direction in two
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coordinates. It can be seen that the plant direction does not change significantly in any of

these coordinates with frequency within the required bandwidth.

100
10 Bos:
(e =
1 Lt
0.1
: 10 100 1x10°
il
Figure 3-10. Low bound on M
T, (0)
3;%“&;\&;\%0
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%2_ -—50%"102{ 180
Ty (J-w) ) =
N
w argf'n'pg(j.w)J 120
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M
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w

Figure 3-11. Plant (converter system) direction vs. frequency.
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It can be also shown that with this particular example, perfect alignment cause the
system to become unstable. This can be proved by several methods, such as the Routh-
Hurwitz stability criteria.

From Figure 3-10, Figure 3-11 and what has been explained in the previous section,
there is a family of stabilizing controllers that should not be perfectly aligned with the plant.

Suppose that the considered plant has a major disturbance of DC load power which can
be considered as the energy storage system or another converter forming a BTB system. It
has been shown that if the plant is aligned with the output disturbance, by using an integral
controller, that effect of the disturbance to the output can be rejected in steady state. This
point is worth mentioning, since it can supply additional criteria for designing the power
converter. The alignment angle between plant and this disturbance is calculated as (3.14) and
plotted in Figure 3-12. It has been shown that at low frequency the disturbance is aligned

with the plant and can be rejected.
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Figure 3-12. Alignment angles variations vs frequency.

500

Therefore, from a family of stabilizing controllers for this SITO system, the following

controllers are selected that are slightly misaligned with the plant and the second disturbance

(DC load) to satisfy the output sensitivity and complementary sensitivity transfer functions

requirements. The corresponding input complementary sensitivity function is plotted in

gain/phase diagram, Figure 3-13, which can be interpreted as in the SISO case.

61 7.876
+

C (s)= 1.5
:(5) s+200 s

1432  23.59
= + +

= 0.5
2(5) s+200 s
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Figure 3-13. Gain/phase plot of the input complementary sensitivity function.

The performance of the average mode of the converter for the designed feedback system
is shown in Figure 3-14 with certain regions expanded in Figure 3-15-Figure 3-17. In the first
second, the converter absorbs a ramp of active power up to 1 p.u. while the reactive power is
null. As can be seen, the DC link does not undergo a major change due to this active power
change. Different operation modes are shown in this figure. An interesting mode is at 2.5s:
when the reactive power has a step change to -0.8, the DC link voltage reaches a new point as

expected. From 3s onward the inverter mode is shown.
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Reference current tracking in synch. d-q frame plus DC-link voltage variations
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Figure 3-14. Converter performance when it is controlled with just the output voltage
angle.
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Figure 3-17. Transient response of the angle-controlled VVSC for a change in reactive
power.

3.5 Verification of the Proposed SITO Control Structure for VSC

3.5.1 Unified Power Flow Controller

It has been shown in the previous section that a shunt VSC is able to provide regulated
active and reactive power while it is controlled only by the output voltage angle and switched
at line frequency. In order to realize the load for the shunt converter, another VSC is
connected to the DC link forming a back-to-back configuration. The added converter is either
connected in series or shunt to the line through an interfacing transformer. The first group of
results is presented for substation power flow control schemes where one VSC is connected
in shunt and the other one is connected in series. The whole system is constructed in a

PSCAD/EMTDC environment for a 20 MVA BTB VSC system. Figure 3-19-Figure 3-21
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present the EMTDC simulation results of a BTB VSC system as the substation power flow
controller. Each converter consists of two 10MVA 3-level NPC converters connected with a
138kV interfacing transformer to provide 24-pulse operation. The shunt converter in this
mode is operating with angle control similar to STATCOM while the series converter is
operaring based on vector control. The BTB VSC as the power flow controller controls the

transformer active and reactive power while it regulates the substation sending end voltage.

IAANAS @
230 (kV)
138 (kV) Open AY Open AY
3%- 2228 Y Y Y

Figure 3-18. Hybrid-controlled BTB VSC for power flow control.
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Figure 3-19. 24-pulse shunt converter output voltage with angle control.
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Figure 3-20. Substation transformer power flow dynamics with hybrid-controlled BTB
VSC.
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Figure 3-21. Operational performance (voltages) of the BTB VSC system as the power
flow controller.
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3.5.2 Point-to-Point BTB HVDC Applications

This study is further conducted to operate two converters in a BTB configuration with
angle control. Although there is the possibility of reactive power compensation at both sides,
the controller design can be cumbersome for the whole range of operation. Therefore, the
proposed BTB system in the shunt-shunt mode currently has one set point for the reactive
power. In other words, both converters provide the same reactive power. In fact, this mode of
operation is quite acceptable for a hybrid AC and DC system where it is used as the back-up
in case of emergency or forced reduced transformer rating operation scenarios. A
comprehensive simulation has been conducted in the PSCAD environment for the 20MVA
angle-controlled BTB VSC system shown in Figure 3-22. Different case scenarios have been
created and the results are presented in Figure 3-23-Figure 3-25. As shown, different active
and reactive power can be controlled perfectly without controlling the DC link voltage
through the advanced angle control. The variation in the DC link voltage comes with the

main concept of a DC link voltage according to the reactive power support for the grid.
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Figure 3-23. Active power dynamic performance of the angle-controlled BTB VSC

system.
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Figure 3-24. Reactive power dynamic performance of the angle-controlled BTB VSC
system.

Time (Second)

Figure 3-25. DC link voltage dynamic performance of the angle-controlled BTB VSC
system.

3.5.3 Discussion of Component Design in Angle-Controlled Converters

Unlike vector-controlled converters, the operation of angle-controlled converters is
highly dependent on the physical components, in particular the interfacing inductors. This

dependence has been well documented for angle-controlled STATCOM by Schauder et al.
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in 7 where the authors showed that the DC link voltage steady state operation depends on the
interfacing inductor, and the inductive power dynamic is affected by the DC link capacitor.
These relationships are shown in (3.37) and (3.38). The parameters and notations are the

same as used in this chapter except i, , which in 7 defined as the maximum reactive power

regulation amendable by linear feedback control.

1 ! H !
Voco :E(|Ed|_lqol— ) (3.37)
AT/
o= g (3.38)

Including active power transfer in angle-controlled converters brings new dynamics that
have been addressed in this chapter. It was emphasized that the controller, the converter
components, and the disturbances and their interactions affect the dynamic of the whole
system. These interactions were addressed through the definition of the direction among
different spaces which were defined as (3.14) and (3.27). Here, some constraints and
limitations in designing the interfacing inductance are presented mainly based on the angle
between the plant and disturbance, which in this case is the load. The first constraint is
presented in (3.39). This inequality in any feasible operating point must be conserved to
avoid a completely misaligned condition at steady state between the disturbance and the
plant.

kV
L! DCO
” i SN () —ig COS(ay) (3.39)

While the direction definition provides a strong tool with which to design the controller,

it may be difficult to change or redesign the components, in particular the inductance value.
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Therefore, another metric has been developed which relates the inductance value to a

parameter called D, directly. This parameter D, , which has been derived from (3.27) and

(3.29), determines the capability of angle-controlled converters to reject the effect of the load

regardless of the controller design. Perfect alignment or complete load rejection capability is

defined as 1 for the factor, D,and zero implies completely misalignment or no capability to
reject the load. (3.40) presents the relationship taking into account the operating points. In
(3.40), for the sake of simpler terms, the values for the terms k = 47[ and @ =377 have been
inserted and no loss in the interface transformers and the converter has been considered,; i.e.,
R; =0 and R =co. Different feasible operating points for different values of inductance

were calculated to transfer 1.5PU active power and the result of (3.40) are presented in
Figure 3-26. Observing the result obtained, one can conclude that increasing the interface

inductance reduces the control range for the angle-controlled converter.

Vs, q{(D 1)(1—25in(0;°jﬂ+ido[(l—Df)VDcosin(aO)+0.785Dt 1—D3J
—0.785[iqzo[(Df—l)(sin(ao)—l)]ﬂdo[( 1)sin(a, +061/DCo t}—idoiqosin(2ao)(Df—1)]

(3.40)

L'=

105



Theoretical Load Rejection Capability of Angle-Controlled VSCs

Active Power Reference: 1.5 PU
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Figure 3-26. Theoretical load rejection capability of an angle-controlled VSC vs.
interfacing inductance value for an active power reference of 1.5PU.

To examine the effectiveness of the proposed design tool as shown in Figure 3-26, the
same angle-controlled BTB VSC system as shown in the previous section for point-to-point
HVDC applications is simulated in a PSCAD environment with different inductance values
for the interfacing transformers. It might be worth mentioning that the converter was initially
designed for 1 PU power and 1.5 PU has not been considered in the component design of the
converter. The results of the simulation for inductance value of 15% PU are presented in
Figure 3-27. As can be seen, the required power is transferred with a small steady state error
(insignificant) but the converter is stable and the performance is acceptable for this small
inductance. The simulation results for an inductance value of 50% PU are presented in

Figure 3-28. The same 1.5 PU power set point is applied to the angle-controlled converter
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system. As can be observed, not only can it not reach the required power, but it also has
unacceptable DC link voltage oscillations. From the results, it can be concluded that the
converter components in particular interfacing inductors highly affect the performance of the
angle-controlled converters in transferring active power as predicted and shown in

Figure 3-26.

2.5¢
2 ref

1.5

1, (pu)

0.5
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Figure 3-27. Dynamic performance analysis of the angle-controlled BTB VSC system to
show the converter system disturbance rejection capability with interfacing inductance of
15% PU.
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Figure 3-28. Dynamic performance analysis of the angle-controlled BTB VSC system to

show the converter system disturbance rejection capability with an interfacing inductance of
50% PU.

3.6 Summary

This chapter has introduced the possibility of automatic control of active and reactive
power for voltage-sourced converters through an angle-control structure. A new control
framework which uses the properties of an SITO feedback system is developed for voltage-
sourced converters. Clearly, one actuator, in this case the angle, cannot be used to regulate
two outputs (active and reactive power) to arbitrary setpoint values. Nevertheless, this
chapter showed that a one-dimensional class of setpoint values is feasible for the VSC

technology. Design limitations and tradeoffs imposed by the plant and controller for such a
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system have been explained. In the proposed control structure, the definition of “direction”
has been used to determine the control parameters. It has been shown that although the
intention might be to have the controller completely or perfectly aligned with the converter
dynamics, this level of alignment can make the converter system unstable. In fact, it has been
shown that if the plant and controller are perfectly aligned at all frequencies, the input open
loop transfer function must necessarily possess at least one NMP zero, which imposes some
limitations on the sensitivity functions of the closed-loop system. Since a VSC with basic
component design criteria has the properties of a plant whose direction does not change
significantly with frequency, the perfectly aligned condition has been rejected in this
research. On the other hand, any VSC system has major disturbances of DC load power.
These DC load disturbances can be considered to constitute another converter forming a
back-to-back system. It has been shown that if the plant is aligned with the output
disturbance, by considering an integral controller, that effect of the disturbance to the output
can be rejected in steady state. This point is worth mentioning, since it can provide additional
criteria for designing the power converter. The selected designed criterion has been
implemented by making the plant (VSC) aligned with the disturbance at low frequency or
within the bandwidth of the converter. In addition, the effect of the components in particular,
the interfacing inductors have been studied and formulated as a design tool and a constraint
for the proposed angle-controlled VSC system with active and reactive power transfer
capabilities. This research work enhances the operational region of existing shunt family of
FACTS devices which can also be extended for transmission level VSC-based HVDC

systems through advanced angle control with superior performance.
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Chapter 4. MODULAR TRANSFORMER
CONVERTER

4.1 Background

Today it goes without saying that electricity serves as one of the key resources in every
country. Its role is so obvious in our lives that many take its availability and reliability for
granted. However, for many techno-economical reasons, every year society encounters
power interruption. Figure 4-1 presents the effects of disturbances on power loss and the
affected number of customers, showing data that has been collected through the work of the
U.S. Energy Information Administration (EIA) within the past few years, 51. It can be seen
that each year a considerable amount of generating capacity is lost for some period affecting
large numbers of customers. Although it is difficult to exactly determine the affected number

of customers, the scale is in millions of customers affected each year just in the US.
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Figure 4-1. Power interruption effects on power loss and number of affected customers.

Utility customers are usually categorized as: residential, industrial, and commercial.
Obviously, the effects of power loss are different for each sector. Many agencies are working
to estimate the loss in dollar value of power interruption. Figure 4-2 shows a study conducted
by Lawrence Berkeley National Lab in 2002, with a total loss of $79 billion for power
interruptions in 2002, 52. Others, such as Electric Power Research Institute (EPRI), estimated

even more for the same period ($119  billion per year), 53.
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Figure 4-2. Cost of power interruptions for U.S. customers in 2002.

New energy policies requiring higher penetration of renewable sources are fast moving
the electricity market towards a higher degree of deregulation and competition. In order to
cope with the situation electric utility companies, in the short run, to push their systems to
their rated power handling capabilities, and in the long run, to invest heavily in grid
infrastructure to provide for the required extra capacity. The former reduces system
reliability and the latter, albeit a heavy investment, does not guarantee to efficiently remove
bottlenecks in the system, i.e. congestion problems that might arise due to new variability in
power generation. One hurdle that impedes investment in grid infrastructure and transmission
capacity is the intermittent? nature of these sources. A generation availability index is defined
as in (4.1) and determined based on the data available from US Energy Information
Administration (EIA) for wind and solar generation. A selected set of results for the year

2009 is depicted in Figure 4-3, in which the limited availability of these sources can be

2 Intermittency of renewables throughout this chapter is defined in more than a day time-frame
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followed. Similar results can be obtained by observing the renewable generation capacity of
specific regions. Figure 4-4 shows the wind-generated power in the Midwest with no
significant summer generation. Consequently, Transmission Owners (TO) are reluctant to
invest in the available technologies for UPFC and Phase Shifting Transformers (PST) that
may not have enough economic benefits for their systems. Power flow controllers, such as
UPFCs, have been well studied to help relieve the situation by regulating power over
transmission lines, but the complexity of coordinated control has prevented their extensive
usage. This chapter introduces a transformer power flow controller enabling the system
operators control power flow, effectively increase their spare capacity, and also provide
back-up in case of substation transformer failure modes. Because this latter problem
constitutes the majority of power outage occurrences, the system reliability can also be
considerably increased.

Generation Energy

Generation Availability Index (GAI) = - -
Generation Capacity x8760(h/ yr)

(%) (4.1)
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4.1.1 Transformer Outages

The transmission grid and its assets, especially those on American soil, are aging. Thus
the asset owners and system operators are to managing their properties and services with
more concern than that of some decades ago. On the other hand, the new market
environment is driving transmission and distribution companies to find ways to improve their
competitive position. Increased equipment utilization, deferral capital expenditure and
reduced maintenance expense are among the few key factors for today’s T&D grid owners.
Although tighter budgets are nothing new for engineers, today’s increased need to leverage
more out of existing equipment must be achieved with a majority of T&D assets nearly at
and even past the end of their life cycles. A very familiar example of such assets is the power
transformer, a very robust component of power systems. Power transformers are the single
most expensive component of the equipment installed in high voltage substations, comprising
up to 60% of the total investment, 54, and therefore, utilities and system operators tend to
push their utilization time. It has been reported that the average age of power transformers in
the US is now approaching 40 years. This result seems reasonable considering the rates of

transformer installations during the last 40 years, as shown in Figure 4-5, 55.
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Figure 4-5. Installation of power transformers base GVA per year additions in US.

The North American Electric Reliability Corporation (NERC) through the Transmission
Availability Data System (TADS) Working Group (WG) began to collect outage data from
2008; at present reporting is mandatory for all US Transmission Owners (TOs) on the NERC
Compliance Registry, and all of the NERC TOs complied, 56. The published reports include
only automatic outage data, which is considered Phase | of the study. Phase II, which covers
the non-automatic outage data, will be available from 2011 on annually. The scope of the
TADSWG report is the outage data of every transmission asset, AC and DC, which sits on a
minimum 200 kV level (low voltage side).

By definition from NERC, an automatic outage is an outage which results from the

automatic operation of switching device, causing an element to change from an in-service
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state to a not in-service state. Since this study is focused on the transformer related outages,
associated definitions are provided here.
e The outage initiation codes are either Element-Initiated or Other-than-Element
Initiated.
e An automatic outage with an outage duration of a minute or greater is a
“sustained” outage.
e The Outage Mode Codes are one of the following: (a) Dependent Mode
Initiating (one outage) and Dependent Mode (second outage); (b) Common Mode
Initiating and Common Mode (two outages); or (¢) both Common Mode (two
outages).
e Event type No. 10 is an automatic outage of an AC circuit or transformer with
normal clearing.

The NERC data is processed with attention to the transformer outages for the past two
years (only available in public data before now). Figure 4-6 and Figure 4-7 show the duration
of the transformer sustained outages with the voltage level (high side) of the element also
shown. As predicted, without many transformer installations, 688 as of 2008 to a total of 705
units in 2009, the outage duration increased significantly in just two years. The results are
classified into two main groups as “element (transformer)-initiated only” and “other than
element-initiated.” It can be observed that the transformer operational mechanism takes the
majority of the outages. Another point is that the 300-399 kV class, which mainly covers 345

kV transformers needs immediate attention and revised management.
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Figure 4-6. Transformer “Element-Initiated Only” sustained automatic outage data based
on different transmission voltage levels.
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Figure 4-7. Transformer other than “Element-Initiated Only” sustained automatic outage
data based on different transmission voltage levels.
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The exact causes of outages are currently considered confidential to NERC TOs.
However, examining the outage mode code and event type, presented in Figure 4-8 and
Figure 4-9, leads to some helpful conclusions. It can be seen the single mode outage has the
highest value in the two years resulting from overloading (not because of other elements’
outage), internal faults, etc. Transformer outages initiate other elements’ outages, which can

be also affect the grid availability and reliability.
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Figure 4-8. Transformer sustained automatic outage attributes-Outage Mode code.
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Figure 4-9. Transformer sustained automatic outage attributes-Event Type.

Although it is expected to see 99.999% reliable operation for the transformers,
transmission transformers in 2010 were just 97.009% reliable, Figure 4-10. Considering the
long lead time for power transformer manufacturing and installation and rising concerns
related to natural disasters, one can expect worse figures in the near future. In summary,

transmission transformers, with specific attention to the 300-399 kV class which mainly

covers 345 kV transformers, need immediate attention and revised management.
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2010 NERC Transformer Availability and Outages
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Figure 4-10. US Transmission transformer (>200 kV) availability in 2010.

4.1.2 Effect of New Intermittent Distributed Generation on Existing Assets

There is an increasing demand for new generation units, especially renewable ones,
throughout the country. The very evidence of such sources are wind farms, 8500 MW of
which were installed just in 2008. These plants are usually distributed over a vast area due to
their low power density compared to that of conventional fossil fuel based plants. Therefore,
their connection to the grid itself is an optimization problem. On the other hand, according to
U.S. Federal Energy Regulatory Commission (FERC) proposal in June, the 2010 connection
cost allocation is with the TOs and utilities, 57. However, investment in the grid
infrastructure and transmission capacity has failed to keep up with the rising pace of new

wind energy installations. With high penetration of distributed renewable generation, a huge
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upgrade in transmission assets can be foreseen. Currently, voltage regulation and Var support
for renewable generations are becoming standard to improve the operation and reliability of
the power system. With further renewable penetration as high as 40% to 60%, the operation
of the grid must be revised. One hurdle that impedes investment in grid infrastructure and
transmission capacity is intermittent nature of these sources. Consequently, Transmission
Owners (TO) are reluctant to invest in the available technologies such as UPFC and Phase
Shifting Transformer (PST) that may not have enough economic benefits for their systems.

The National Renewable Energy Laboratory (NREL) has published a report that
highlights the growing problem of wind energy curtailment, which occurs when wind plants
are required to or choose to reduce their generation output. Based on NREL investigation,
one of the main reasons for wind curtailment is the lack of available transmission capacity
during a particular time to incorporate some or all of the wind-generated power, 58.

As an example, we conducted intensive research with our industry partner (Quanta
Technology) on one of the potential regions in the country for wind generation. It was
observed that the power due to the newly installed wind farms flows in a 138 kV network,
which can overload the network, while there is a noticeable capacity margin in the 345 kV
system, substation and transmission lines, Figure 4-11. In order not to avoid curtailing
generation and to reroute the power to increase the utilization time of the 345kV asset,
multiple new HV substations were proposed, as shown in Figure 4-12. However, this solution
was regarded as too expensive an option considering the availability factor of the wind farms

presented in Figure 4-3 . Therefore, it was concluded that not only is there a possible severe
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underutilization of upstream assets due to newly installed variable generation units, but also

the connection of these units should be revised and modified.

Desired Power Flow
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Figure 4-11. New generation effects on existing assets - wind generation, State level.
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Figure 4-12. Alternative solution to reroute the power flow for new wind generator output
(expensive solution, yet ineffective).

4.2 Towards Smart Transmission Substations

Currently, power delivery through substations is almost completely uncontrolled. In
other words, power is mainly regulated through controllers at the generation units’
controllers, and substations are considered as the nodes in power flow analysis. At locations
away from power plants, Phase Shifting Transformers (PSTs) and Unified Power Flow
Controllers (UPFC) are considered to be feasible approaches to regulating the power flow in
transmission lines, especially in the tie-lines between areas. It is expected that more power
flow controller will be installed in grids in the future to insure economical and reliable

operation. In the following, the current state of the art technologies will be explained briefly.
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4.2.1 Controllable Transformers

Controllable transformers or hybrid transformers have been proposed recently and are
under investigation to add dynamic control to regular or existing power transformers and
possibly to also reduce the overall costs by integrating a fractionally rated converter into the
main transformer, 62, and 63. Although several functions such as active and reactive power
control can be obtained, direct connection of power converters with high dv/dt and harmonics
is typically not possible. One potential issue is associated with the secondary B-H loops and
increased losses due to high frequency switching. Consequently, an overrated or even a
special power transformer, and/or a more complex power converter must be used. All of
these factors affect the reliability, efficiency and cost of the overall system and not only of
the power converter itself. It can be concluded that the application map of the proposed
approaches, if successful, is limited to distribution grids with custom designed new 60 Hz

transformers which may be replaced with the advent of Solid State Transformers, 65-71.
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Figure 4-13. Recent advances in active transformers (simplified schematics) - not
commercialized yet.
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4.2.2 Recovery Power Transformer

In the previous section, the necessity for immediate attention to transformers was
clarified. However, due to the de-regulated and tight market, system planners and TOs are
reluctant to renovate their entire facilities, thus they push their transformers’ nameplate life
time. Nonetheless, adding value and flexibility to a common engineering solution may be an
approach to bridge into the market. For the transformers, a multi-purpose device is beneficial
and attractive for system planners and TOs.

The polytransformer is an approach that adds value and flexibility to conventional power
transformers. A polytransformer’s main application is its use as a universal spare. It is a
compact (autotransformer structure), multi-voltage power transformer that helps utilities to
secure the transmission grid. It has multiple voltage ratings for high, low and tertiary
voltages. Designed with internal taps, the polytransformer can be connected to a variety of
ratings — for instance, 400 kV to 230 kV, 400 kV to 138 kV, 400 kV to 115 kV, 230 kV to
138 kV, 230 kV to 115 kV, and with 33 kV, 26.4 kV and 24 kV in the tertiary system. The
voltage rating is selected by changing connections internally prior to moving the transformer
to a new location. The compactness of the design stems from a magnetic core enclosing the
windings and horizontal lay-down operation to match transportation and hauling restrictions.
The flexibility in voltage range, connections and compact design allows the TOs to provide a
spare transformer for their region of interest (system) and even lease their spare transformers
when they do not need them. An example of such a transformer manufactured by ABB in

2005 is shown in Figure 4-14, operating in parallel with the main transformer. This
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transformer has been rented by the owner to another utility, once interconnecting systems
from 400/230 kV and later from 400/132 kV. Reinstallation of a polytransformer is expected

to take about 15 days within the utility.
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Figure 4-14. An example of an ABB polytransformer installation in Spain, 2005, 64.

4.2.3 Phase Shifting Transformer (PST)

In a de-regulated market, electrical power generation capacity will be installed and

scheduled following purely financial incentives, which often results in transmission
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bottlenecks. Transmission capacity- becoming a sometimes scarce good - will be traded.
Some means is needed to guard transmission assets from unscheduled use. Phase angle
control allows the determination of the amount and the direction of power exchanged over
lines connecting two networks. The very first phase angle controller was realized with a
combination of two transformers with multiple taps, one transformer in shunt and the other in
series with the line as shown in Figure 4-15, and several mechanical switches, back in 1932
(Siemens). Since then there have been several installations up to 1400MVA throughput
power. Conventional PSTs cannot regulate the reactive power flow through the lines.
Combined with capacitor and reactor, a hybrid PST, called Interphase Power Controller
(IPC), can control the reactive power. The other approach in the PST class is introduced by
Sens as the Sen Transformer, 60 . This transformer consists of multiple windings in the shunt
and series parts, providing the required voltage vector. Hence, the Sen transformer can

control both the active and reactive power in the line.
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Figure 4-15. Simplified circuit diagram of phase shifting transformer, 82.

Figure 4-16. Two phase-shifting transformers, 525kV, 650 MV A throughput power,
angle variations =+/-24°, Siemens.
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4.2.4 Unified Power Flow Controller (UPFC)

The UPFC concept was proposed by Gyugyi in 1991. Compared to PSTs, the UPFC is a
solid state approach that adds the capability for reactive power support. In addition, the
UPFC is much faster than the PST in terms of control, making it ideal for dynamic control of
the system. The Unified Power Flow Controller (UPFC) is the most comprehensive FACTS
Controller, invented and developed in the US at the Westinghouse R&D center (now
Siemens). A UPFC not only regulates active and reactive power through the transmission line
but also provides VAR support for the connecting bus. A very successful albeit costly project
is the Convertible Static Compensator (CSC) which is the most versatile FACTS Controller
in the world, installed by the New York Power Authority, NYPA, at their Marcy substation
as shown in Figure 4-17. For the NYPA CSC, eleven modes of operation, including the
UPFC, have been operating since 2003. The custom designed CSC helps NYPA to mitigate
congestion issues so that not only has it recovered its investment cost, but it also provides
revenue as a spinning VAR reserve and as a power flow controller for contingency

management for NY-ISO, 61.
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Figure 4-17. 2x100 MVA NYPA CSC at Marcy on 345kV Transmission lines.

4.2.5 Power Flow Control at Transmission Substations

PSTs and UPFC applications are considered to control the power flow in the major tie-
lines where the Back-To-Back (BTB) HVDC option becomes too expensive. Until now,
complex coordinated (supervisory) control of power flow prohibits extensive utilization of
UPFCs except for a very few projects (only three worldwide). Although the UPFC has

superior dynamic and steady state function, it is clear that coordinating it is quite complex in

131



a meshed transmission network, such as the IEEE 30 bus system shown in Figure 4-18.
Although several methods have been proposed for finding the optimum locations for UPFC
installation and the supervisory controls, they were not sufficiently successful and convincing
for system planners and dispatchers to benefit from it. Consequently, a PST becomes the
device of choice for power flow control, which is practical suited for major inter-area

connections.

Figure 4-18. IEEE 30 bus test system; it is less complex to install in substations rather
than lines, 83.

The PST with mechanical switches is far too slow to be considered for the dynamics of

the power system, thus it is considered under steady state conditions. On the other hand, the
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UPFC has not gotten the attention of system planners due to its coordination complexities,
which involve not the power electronics but the system controls. Power flow control at
substations rather than directly at the lines can provide a unique approach for system planners
to dispatch power with much less complexity in a meshed network.

A dynamic power flow controller at a substation that includes a recovery transformer
function is a valuable asset for system planners. The benefits are:

e Is a less complex solution for system operators to (re)dispatch power in system

contingencies and normal operation

e Offers hardware-based solution in asset management for TOs

e Provide an alternative solution to transmission curtailment methods due to the new

intermittent generation sources including large wind and solar farms

e Adds degrees of freedom in a de-regulated market.

On the other hand, conventionally, FACTS controllers like the NYPA CSC have been
developed and inspired mainly for improving power transfer capability or allowing
investment deferral on transmission lines. However, due to the aging of transmission
transformers and the effects of high penetration of renewables on flow-gates, more controls
on transformers may be needed right at the substations. Consequently, this dissertation also
introduces a Convertible Static Transmission Controller (CSTC) which is installed across the
transmission transformer to increase the system’s spare capacity and operating margins. This
offered solution with added values for mesh systems provides the following functions and
benefits:

e Transmission or distribution transformer life extender
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e Recovery transformer for disaster management
e Seasonally renewable transmission controller
Figure 4-19 presents the general schematic of the proposed power flow controller at the
substation. In this approach solid state switches have been used as in the UPFC to insure real
time control and dynamic compensation of the transmission systems. In addition to the

UPFC/PST functions, this solution can provide back-up to its controlling transformer as well.

Figure 4-19. Schematic of introduced power flow controller at substation.

Based on the general structure of the proposed power flow controller at the substation
shown in Figure 4-19, different connecting configurations can be used. These configurations
are presented in Figure 4-20 and as shown, Figure (a) is for shunt-shunt, (b) for series-shunt,
and (c) is for series-series connection. In the following, the effect of each configuration will
be discussed. This multi-functionality represents a significant paradigm shift and

performance improvement over the CSC implementation.
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The desired flexible framework is enabled and proposed with a modular solution called a
Modular Transformer Converter (MTC), and its benefits and characteristics are presented in
Figure 4-21. Should the circuit be developed through advanced control and semiconductor
switches, a versatile transmission controller can be realized and will be introduced as the
CSTC presented in Figure 4-22. This system meets all the grid code standards for integration

into the network.
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Figure 4-20. Possible connecting configurations of the proposed power flow controller.
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Figure 4-21. Flexible transmission controller frame with Modular Transformer Converter
(MTC).
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Figure 4-22. Representative schematic of MTC-based Convertible Static Transmission
Controller (CSTC).

4.3 Substation Power Flow Controller Connecting Configurations

4.3.1 Shunt-Shunt Connecting Configuration - Substation VVoltage/Phase Angle
Controller

The shunt-shunt connecting configuration, shown in Figure 4-20-(a), can be interpreted
differently.
1. The only configuration for the main transformer back-up
2. Active power controller independent of the main transformer operation -parallel
operation with the transformer
3. Reactive power support at the substation sending and receiving end buses to increase

the transmittable active power
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4. Transformer power flow controller

One of the motivations of this section is to propose a unique power electronics (active)
based solution that provides back-up in case of substation transformer failure or forced
reduced transformer operation scenarios. Figure 4-23 presents the proposed approach as the
preferred hardware-based asset management solution, in which a fractionally rated CSTC
bypasses the existing main transformer. If the CSTC has sufficient control bandwidth, it can
provide damping and active filtering functions as well. It is worth noting that the required
control can be embedded in the CSTC, thus simplifying the power system operation (node
power flow does not change), if the necessary commands are received from the main
transformer. This mode of operation is called distributed control vs. the centralized control
that may be requested in contingencies. In addition, the CSTC is desired to be transportable
and compatible with different voltage levels and therefore operates as a recovery transformer.
A recovery transformer sometimes known as a “ReX Transformer” with high voltage SiC
devices, compact design and light weight, has gained the attention of the Department of
Homeland Security (DHS) for disaster situations and indeed is an option for CSTC
development. Figure 4-24 shows a representative application of transportable CSTCs
associated with an appropriate control mode. In the normal mode of operation, CSTCs extend
the life time of existing transformers by partially bypassing and conditioning the substation
throughput power. In case of transformer failure, CSTCs can be aggregated or dispersed to
meet power, voltage, VAR and configuration requirements. It is essential to distinguish this

mode of operation from the BTB HVDC control functions, explained below.
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Figure 4-23. Two hardware-based asset management approaches for life time extension
of a transformer under forced reduced operation and distorted power throughput.
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Figure 4-24. Distributed CSTC application in normal forced reduced operation of
transformers and distributed and aggregated CSTCs under contingencies on IEEE 30 bus
mesh AC system.

This configuration can be utilized as an active back-up for the main transformer up to its
rating. While this solution can operate similarly to a BTB HVDC, the desired control
functions are completely different and should not be compared to HVDC applications. An
important feature of shunt-shunt mode is its capacity to operate locally without changing the

substation power flow or, consequently the meshed power system. This capability of the
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CSTC, based on an MTC, enables the equipment to be dispersed in the meshed network to
extend the life-time of the transmission or distribution transformers without complicating the
power system operation. The MTC-based solution in this case can also be aggregated to meet
the power and voltage requirements for disaster management, serving as a recovery
transformer.

A representative vector analysis of the CSTC in shunt-shunt mode for (partial) back-up
purposes is presented in Figure 4-26 based on the test system shown in Figure 4-25. As
mentioned earlier, a CSTC in the shunt-shunt mode should not change the substation power
flow. In order to accomplish the desired function, the CSTC regulates the substation’s
sending end voltage, Vg, such that active power leaving the substations remains constant
while reducing the transformer power flow. In fact, the CSTC acts like a voltage/phase angle
regulator which is totally different from the BTB HVDC converters’ functions. The
governing relationships have been derived as (4.2)-(4.4). There are two control variables, k;
and ky, to determine the required substation voltage (vector). ky assures constant substation
output power and k, relates the power that is required to bypass the transformer with the
CSTC. Consequently, the output voltage magnitude and phase angles are set as two
references for the MTC converters. To measure the phase, it is expected that Phasor
Measurement Units (PMUs) will be utilized instead of using model-based phasor prediction

methods in the CSTC structure.
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Figure 4-26. Vector analysis of the CSTC for shunt-shunt configuration operated as
voltage/phase-angle regulator for transformer back-up as shown in Figure 4-25.
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Reactive power support increases the transmittable active power (item number 3). This is
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not a new concept and can be found in several literature sources, 3. In fact, the proposed
system consists of two STATCOM s at the substation buses shown in Figure 4-27. By making
the substation buses the PV type and taking into account the Short Circuit Ratios (SCRs) of
the connecting system and the impedance of the shunt transformers, we can define the

amount of reactive power injection (converter rating) needed to increase the transmittable

power.
Vs \
SCR, ‘
Power System 1 [ s ‘ Power System 2

Figure 4-27. Shunt-shunt connecting configuration for supporting only reactive power
injection to increase the transmittable power.

Up to now, we have explained indirect power flow control of the substation with a
shunt-shunt configuration. It is of interest to actively utilize the transformer capacity. To
accomplish that, all the voltages and angles of the two substations’ busses must be regulated.
The IEEE 30 bus system is chosen as a reference with attention to the transformer connected

between bus 4 and 12. A power flow program has been run to find the active and reactive
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power through the transformer. The values are called Py and Qo. Figure 4-28 shows the effect
of the shunt-shunt controller on the transmitted power through the transformer relative to the
case without the controller. In this example the receiving end voltage is set to 1 pu. As can be
seen, the power can change by a factor of more than ten for various angles and voltages. The
voltage magnitude of the sending end voltage does not affect that much of the transferred
active power, as expected; however, its effect on the reactive power is significant.
Figure 4-29 presents the relative PQ operating region of the transformer with the controller.
It has been observed that increasing the voltage magnitude at the sending end (often
preferred) reduces the reactive power throughput capability of the transformer.

A shunt-shunt connecting configuration is a new concept for power flow controllers that
needs further investigation. One interesting, yet challenging, problem is how to determine
power flow through the converter. It can be shown that the power can change by a factor of
more than ten for various angles and voltages. However, the reactive power throughput

capability of the transformer is reduced.
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Figure 4-28. Range of active power through the transformer relative to the initial power,
shunt-shunt configuration.

Figure 4-29. Relative PQ effective operating region of a shunt-shunt controller.
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4.3.2 Series-Shunt Connecting Configuration — Substation Power Flow
Controller

Although the shunt-shunt option is necessary for back-up operation, there are unsolved
issues and constraints regarding the power flow control during the normal operation of the
transformer. The solid state-based series compensator is conventionally referred to as the
power flow controller. When this compensator is equipped with an active power source, it
can control the active and reactive power independently. One approach is the one that has
been shown in Figure 4-20(b). An example of vector analysis of a series-shunt configuration
is shown in Figure 4-30. The shunt converter, by providing the reactive power to the
receiving end bus, maintains the voltage magnitude. Meanwhile, it can transfer the active
power to the series converter to provide a different voltage and angle. Hence, this
configuration can control the active and reactive power flow through the transformer while
maintain the bus voltage magnitude. It is important to understand that there are multiple
points for each of the controlled values. One example is shown qualitatively in Figure 4-31.
In this example, multiple active power values can be transferred through the transformers
while zero reactive power is delivered.

To show the effect of the series-shunt configuration on the transformer throughput
power, consider an IEEE 30 bus system with the transformer connected between bus #4 and
bus #12 is considered as shown in Figure 4-34. This MTC system is shown in Figure 4-32
where the active and reactive power without the controller is called Py and Q. A steady state

model of the proposed power flow controllers is necessary for the power flow analysis.
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Figure 4-33 presents the desired power model, which can be used in any power flow
program. This model includes the transformer in every run of the power model which makes
it unique. It is worth noting that the active power required to supply variable series voltages
is supplied through the transformer. Hence, all the active power entering the substation flows
through the transformer. The result is shown in Figure 4-35 and Figure 4-36. As can be seen,
with a fraction of the rated power, the transformer throughput power changes significantly.

This option, unlike the shunt-shunt option shows a wider operational area for reactive power.

Figure 4-30. Vector analysis of the transformer power flow controller for a series-shunt
configuration.
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Figure 4-31. Example of a series-shunt option vector analysis for zero reactive power
transfer.
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Figure 4-32. MTC based CSTC test system values in series-shunt mode of operation in
IEEE 30 bus.
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Figure 4-33. Power flow model for the series-shunt connecting configurations.
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Figure 4-34. MTC-based CSTC as the substation power controller in the IEEE 30-bus
system.
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Figure 4-36. Relative PQ effective operating region of the series-shunt controller.
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4.3.3 Series-Series Connecting Configuration — Dual Series Static Compensator

The presence of the transformer makes it possible to connect two series converters
across the transformer, which is quite unique in the FACTS controllers. It is important to
distinguish this approach from the IPFC (Interline Power Flow Controller) and vector
analysis of this mode is presented below. This mode of operation is called a Dual Series
Static Controller (DSSC). This configuration is presented in Figure 4-20-(c) and, the single-

phase equivalent circuit diagram in Figure 4-37 is proposed for vector analysis.

Figure 4-37. Single phase equivalent circuit of MTC in series-series mode.
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Figure 4-38. Vector analysis of transformer power flow controller for series-series
configuration.

With reference to Figure 4-38 based on the test system shown in Figure 4-37, the active
power P and the reactive power Q supplied by the receiving end can be written as (4.7) and
(4.8).
iCx

v, =Ve' @ :Vl(cos(g+ o)+ jsin(§+ o) (4.5)

1pg —
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o i) 5 )
Vpg =Vo8 =V, (COS(§+,02) - ]SIH(E-l-pZ)) (4.6)
VYV, . vV, . VYV, .
P=—=-Lsind+-=sin(d+ p,) +—-=sin
X X (6+p1) X (p2) (4.7)
V,(V,coso-V,) V.V, V.V
Q=Y 08T V) Y o 4 ) - 2 cost) @8)
X, X, X,

In order to maintain the power balance on the DC side, the constraint shown in (4.9)
must be taken into account leading to a governing relationship for the converters’ voltage
outputs in the form of (4.10).

Re{TxT*} :—Re{\/—xf*} (4.9)

1pg 2pq

Vi(co(S+ py~0)) =~V (cos(S + p, + ) (4.10)

4.3.4 Comparison of the Proposed CSTC- and Conventional FACTS-Based
Power Flow Controllers

In order to evaluate the proposed CSTC in the power flow control mode, conventional
FACTS controllers such as SSSC, UPFC and IPFC have been compared in a test system
shown in Figure 4-39. This 4-bus system with one transmission substation can represent a
flowgate of power delivery from renewable resources. It should be mentioned that the SSSC
and UPFC are inserted into the incoming or outgoing lines of the substation due to the
benefits of having the power flow control at the substation and not the lines. The comparison
has been made through three different case scenarios with different natural power flow as

follows:
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Case I: (P0=0.9174 (pu), Q0=0.0401(pu))
Case Il: (P0=0.9248 (pu), Q0=1.0351(pu))
Case I11: (P0=0.9195 (pu), Q0=-1.0099(pu))

The results of this comparison have been presented in Figure 4-40-Figure 4-42 for a 10%
series voltage injection for each controller (a 20% voltage injection is assumed for SSSC). As
can be observed, the SSSC is the device of choice for the network with low reactive power
loadings. However, going to the systems with natural higher reactive power, the improved
characteristics for DSSC and UPFC become apparent. The results also show that the
controllable range of the DSSC is much wider than that of UPFC, and it can independently
control both real and reactive power over a broad range. In addition, its control region in

terms of real and reactive power is independent of the line current whereas the control ranges

of the IPFC and SSSC depend on system operating points.
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Figure 4-39. Test system to compare different modes of the CSTC and common FACTS.
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Figure 4-40. P-Q operating characteristics with DSSC, UPFC, IPFC, and SSSC (Natural
Power Flow: Py=0.9174 (pu), Qo=0.0401(pu)).
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Figure 4-41. P-Q operating characteristics with DSSC, UPFC, IPFC, and SSSC (Natural
Power Flow: P;=0.9248 (pu), Qo=1.0351(pu)).
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Figure 4-42. P-Q operating characteristics with DSSC, UPFC, IPFC, and SSSC (Natural
Power Flow: P;=0.9195 (pu), Qo=-1.0099(pu)).

4.4 Modular Transformer Converter (MTC) System

Modularity gives a flexible platform for developing multiple products with wide range
of ratings. The level of modularity can be defined very differently from the switch to the
converter system level. At high power level the semiconductor switch is often considered as
the module. Recently, a fairly new multi-level converter topology (so called Modular

Multilevel Converter (MMC or M2C)) has been implemented in an HVDC project, 84. In
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this topology a set of complementary switches (half bridge) and a DC capacitor are included
in its structure.

Clearly, the module rating and its structure are the most important factors to define. The
module rating is important because it must be completely (or with minimal effort) compatible
with the system when they are stacked and the limitations of the scaling must be determined.
The structure is important because it affects the cost, efficiency, harmonics and many other
performance criteria. Consequently, as explained, the T&D application levels where the
modules are to be deployed must be clearly defined. On the other hand, for all the proposed
options the insulation limits must be clearly investigated.

When the power electronics are integrated into the grid, utilities and TOs often require
electrical isolation. Hence, the transformer availability, size and many other factors cannot be
ignored. As the results shown from the IEEE 30 bus exemplify, a fraction of the transformer
power rating is sufficient to change the loading of the substation. In other words, 10 to 100
MVA will be the power flow controller range for typical transmission level transformers
(800kV~138kV). With attention to higher voltage levels especially 345kV transformers, this
power range is not common and requires custom-designed transformers, if one unit is
delivered.

The Modular Transformer Converter (MTC) concept is developed to provide the
following benefits:

1. Transportable modules or groups of modules
2. Scalable to meet different voltages and powers

3. High efficiency
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4. High reliability

o

Commonly used semiconductor switches

6. Commonly used transformers

7. Low switching stress

Considering the power and voltage range, the M2C topology requires a number of
modules in series (IGBT), a non-conventional transformer (in terms of power) and at least
twice as many energy storage elements compared to the 3-level NPC with the same rating. In
fact, M2C is a quite adequate for high power (>100MW) HVDC and a transformerless MW-
range motor-side drive. Figure 4-43 presents the proposed three-phase module which
includes IGCT switches in a 3L-NPC converter, and a 69kV/4.16kV (or 63 kV) transformer.
To achieve a compact design, it can use one side autotransformer. This approach regardless
of the semiconductor technology is called a Modular Transformer Converter (MTC). An
MTC is a transportable bidirectional AC/AC conversion unit. If several MTC building blocks
are combined they can be considered to be transmission or distribution level equipment or

assets.
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Figure 4-43. 10~15 MVA IGCT based back-to-back three phase module.

An MTC is potentially cost effective since it utilizes standard power electronics
converter systems, for instance, standard medium voltage drive converters. This approach is
totally different from that of commercial FACTS or HVDC controllers. Currently, standard
medium voltage drive systems are commercially available up to 10 MVA with IGCT-based
three-level NPC converters and up to 2 MVVA with IGBT which are more than 97% energy
efficient. With the advent of new high voltage SiC based semiconductor switches such as
15kV SiC IGBT and 10kV SiC JBS diode technologies higher power and higher efficiency
can be foreseen for MTC building blocks. An example of an MTC with available technology
is shown in Figure 4-44. As explained earlier, the MTC can be up to 10 MVA with no need
for series connection of semiconductor switches. While in the shunt connection, the current

flowing in the converter is controlled, although this is not true for the series connection.
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Therefore, split-winding transformers are considered for one or both sides of the MTC. This

is the preferred topology for an MTC.

J Ti 2-10 MVA Converter System Module T2
| | 4) <
Se T N
iy (I e
S ES RIS
E ) / )
JS: 7// \\,,f

34.5,69 kVv/4.16,13.8 kV 4.16, 13.8 kV/138 kV
(split design)

Figure 4-44. An example of MTC based on three-level NPC MV drive converters-
Medium Risk.

SiC devices such as a 15kV SiC IGBT potentially enable high bandwidth MW range
converters and present higher voltage blocking capability than that of Si-based devices.
Therefore, transformerless approaches become attractive in MTC structure. Transformerless
solutions especially for series injections are applied to single phase and not three phases.
Two examples of single phase MTCs are presented in Figure 4-45. Further improvement in
the MTC building block can be obtained through cross modulated bridges has shown in
Figure 4-45. This module uses the floating point of a DC link for the next connection level
and it can inject a floating series voltage of about 15kV for each phase, equivalent to more
than 10% for a 230kV transmission voltage. The other side of the module consists of two

more half bridges with advanced modulations that can be connected with an interfacing
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transformer (34.5kV/69kV/115kV) to match the transmission grid voltages. Two 15kV SiC-
IGBT based MTC units with a device yet to be developed can provide a power flow

controller for 200MVA, 230kV/115kV transformers.
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Figure 4-45. Single phase approaches for some transformerless integrations, more
applicable for large transformers- High Risk.

The key component of MTC converters is the semiconductor switch and better
performance can also be obtained through a hybrid semiconductor configuration (such as a Si
switch and SiC diode), and modified circuit topology and control. An efficiency evaluation
of the MTC in terms of the semiconductor technology and applied control is presented in
Figure 4-46 for a 2 MVA MTC building block shown in Figure 4-44. In addition to more
common benefits, high efficiency is one of the key factors that enables the transportability of
the MTC system. As can be observed, the combination of available Si IGBTs and SiC diodes

in the MTC provides superior efficiency compared to the commonly used Si IGBT and Si
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PiN diodes. These results are based on the detailed PSPICE simulation and methods
developed in Bhattacharya’s group, 85. From a control point of view, three different control
structures have been considered denoted as angle, vector, and hybrid control. A simplified
advanced angle-control structure is shown in Figure 4-47. In the angle control structure, the
output voltage magnitude is determined naturally by the operation of the converter; i.e., the
constant ratio between AC output and DC output is considered. Consequently, the control
objectives are determined by regulating only the output voltage angle. In addition, the angle-
control structure in multi-pulse converters (ex. 24-pulse shown in Figure 4-48) ensures a
superior harmonic spectrum which is essential for transmission level equipment. It should be
mentioned that this method is well adapted for commercial STATCOMs and Parkhideh et. al.
have shown the possibility of extending this method for active and reactive power control.
The other control structure is the so-called vector control which is typically applied to PWM
converters, Figure 4-49. This control structure presents higher controllability compared to the
angle-control structure. However, this controllability is obtained through higher switching
frequencies than in angle-controlled converters being operated at line frequency (50/60 Hz).
Another approach is to combine the two control structures to create a hybrid control structure
in a BTB system. In this scheme, one converter or a group of converters operates with angle

control and the others operate with vector control.
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Figure 4-46. Efficiency comparison of an MTC shown in Figure 4-44 with different
semiconductor devices and controls (no passive filters).
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Figure 4-47. Advanced angle-control structure for a VSC.
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Figure 4-48, A 24-pulse angle-controlled VSC.
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Figure 4-49. Generalized vector-control structure for VSC
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Figure 4-50. Representative Modular Transformer Converter (MTC)-based systems (red
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Phase Voltages for two MTCs
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Figure 4-51. Representative voltage construction and scale-up in two series MTCs.

Once these modules are designed, they can be connected to scale up the voltage and
current. A representative example for different connecting configurations is presented in
Figure 4-50 and Figure 4-51 presents an example of voltage scale-up in two series MTCs that
use 115kV interfacing transformers to connect to a 230kV grid with acceptable THD. In
these configurations, the converters are intended to be used for power quality and back-up
purposes with minimal reconfiguration (auxiliary devices) effort. It may be of interest to use
an autotransformer instead of a regular transformer on one side of the MTC system. With this

approach, volume and cost savings for each module are evident, whereas isolation is still
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maintained with the other transformer. As a reference to a 345kV/138 kV, 600MVA
transformer, six modules are connected in series and parallel. The 60 MVA MTC system is
able to double the loading of the transformer actively.

The control structure is crucial for reliable and efficient operation of an MTC system. As
has been shown, the converters can operate at line frequency (60Hz) while providing low
THD. Different B-H curves for transformers, their effect under power systems faults, and

switch stresses are among the challenges that should be addressed.

4.5 Dynamic Performance of MTC-Based CSTC

In this section the dynamic performance of the CSTC is presented in different modes for
two medium-voltage 10 MVA MTCs connecting to a 230kV/138kV transmission transformer
in the test system shown in Figure 4-39. Each MTC is a standard medium voltage drive
converter system which is capable of switching at 9~15 times the line frequency (60Hz).
Although it is possible to control the MTCs with advanced angle-control structure to achieve
an improved harmonic spectrum and efficiency, this study is confined to vector-controlled
MTCs where each DC link voltage is regulated to a fixed value.

4.5.1 Shunt-Shunt Connecting Configuration — Substation Voltage/Phase Angle
Regulator

As mentioned earlier, a CSTC in the shunt-shunt mode should not change the substation
power flow. In order to accomplish the desired function, the CSTC regulates the substation’s
sending end voltage, Vg, such that active power leaving the substations remains constant

while reducing the transformer power flow. In fact, a CSTC acts like a voltage/phase angle
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regulator which is entirely different from the BTB HVDC converters’ functions. The
governing relationships have been derived as (4.2)-(4.4). There are two control variables, k;
and kp, that determine the required substation voltage (vector). ki assures the constant
substation output power and k; relates the power that is required to bypass the transformer to
the CSTC. Consequently, the output voltage magnitude and phase angles are set as two
references for the MTC converters. The control structure to realize the concept has been
developed and presented in Figure 4-52. This control structure is constructed on the
assumption of constant current in the substation incoming and outgoing power. A more
accurate reference generator for the controllers can be proposed by forcing the active power

to be constant. The proposed control structure for the CSTC shunt-shunt mode of operation is

presented in Figure 4-53. In the proposed controller, a \%( term representing the substation
L

outgoing network characteristics is used.

The PSCAD/EMTDC simulation results for MTC operation in shunt-shunt mode are
presented in Figure 4-54. As explained in the previous section, this mode is different from
common BTB HVDC applications where the receiving end converter is operated in PQ
control mode. In this case, the receiving end converters in the MTCs directly regulate the
voltage and phase angle of the substation outgoing bus to control transformer throughput
power in order to extend the transformer lifetime. As can be seen in Figure 4-54, the active
power flow through the transformer can be controlled by the CSTC without affecting the

power systems natural power flow. This point is essential in developing active mobile

166



substations. The DC link voltages in the MTCs in this mode are controlled by the sending

end converters and 1PU represents 25kV.
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Figure 4-54. PSCAD simulation results in per unit for the shunt-shunt mode of operation
for transformer partial bypass or power flow control without changing the power system
power flow shown in Figure 4-39.

4.5.2 Series-Shunt Connecting Configuration — Substation Power Flow
Controller

Figure 4-55 presents the PSCAD/EMTDC simulation results of the MTC-based CSTC
system as the substation power flow controller in the series-shunt mode of operation. The
series converter is used to control active power flow and reactive power flow through the
transformer, and the shunt converter maintains the bus voltage magnitude at the desired value

by injecting or absorbing reactive power. The control structure in this mode is similar to the
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one used in conventional UPFCs as presented in 86. It should be mentioned that this mode of
operation can be well adapted to a hybrid controller structure where one converter in the
MTC system operates at line frequency with enhanced THD and efficiency as explained in

Figure 4-46.
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Figure 4-55. PSCAD simulation results in per unit for the CSTC series-shunt mode of
operation in the test system shown in Figure 4-39.

4.5.3 Series-Series Connecting Configuration — Substation Power Flow
Controller

This configuration is similar to the series-shunt configuration in terms of control
objectives. The presence of the transformer, make it possible to connect two series converters

to the line which is quite unique in the FACTS devices and is called DSSC (Dual Series
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Static Compensator). In this mode of operation, active power and reactive power through the
transformer can be controlled independently. The proposed control philosophy is that one
converter regulates the DC bus voltage. The governing relationships to construct the control
structures have been derived in (4.11)-(4.13).

The DSSC controllers belong to the family of dg-synchronous frame controls; however,
unlike in conventional methods, they are synchronized with the line current rather than the
bus voltage. In other words, the phase A current is always aligned with the d-axis. The
significance of this work is to have inherently decoupled control of active and reactive power
as can be seen in (4.11) and (4.12). Due to the changing nature of the line current, a proper

control mechanism should be achieved through adaptive gain or feedforward control

approaches.
PS - %(VSd Id +qu1d Id _VDqu Id )+ Ploss (411)
/ Vsqld +qulq d quZqu) (4-12)
Moo —i(v |y +Vogagly ) - N (4.13)
dt CDC pgld “d pg2d *d RpCDC .

Since no literature, to the best knowledge of the author, is available for the control
structure based on line current PLL, the basic equations, transfer functions and their bode
plot representations are presented with specific attention to DSSC dynamics.

The small-signal state-space representation of the DSSC can be written as in (4.14). It is

obvious in the proposed current-based PLL that no I, term exists.
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Developing the state-space representation of the DSSC, we can now derive different

transfer functions which are presented in (4.16)-(4.27). Variable current because of different

power requirements is apparent in the transfer functions and should be taken into account.

3Vldo _ 3V2d0 n 3V

sd0
AR(S) _3ly, (Rt
AV, (s) 2 L’s* +2LR s+ 0’L* + R/

APs(s) _ a’l—(3vldo —N,40 +3Vsd0)
Aqu (s) 2(LZS2 +2LR;s+ 0 + RSZ)

3V, 3V 3V
R +Ls 1d0 _ Vado | Vsdo
AP, (s) :_3|do_(5 X 2 2 2 )
AV,,(S) 2 L%s? + 2LF\’SS+a)2 L2+ RS2
AP, (s) _ oL (V30 = NVo40 +Ngo)

AV, (s)  2(L’$*+2LR;s+@’L* +R?)

3V, 3V, 3V
R +Ls 190 “Vaqo sq0
aQ(s)  (RevbaH ==+
AV, (S) L’s* +2LR s+ @’L* +R.’
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(4.17)

(4.18)
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(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

A DSSC open loop Bode plot represents the system outputs; active power, reactive

power, and DC link voltage for three different cases are plotted as follows:

1. High line current, high active power and low reactive power, Figure 4-56 and

Figure 4-57

2. Low line current, low active power, and low reactive power, Figure 4-58 and

Figure 4-59

3. High line current, high active power and high reactive power, Figure 4-60 and

Figure 4-61
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Figure 4-56.Active and reactive power Bode plot representation of the DSSC with

operating points of P=1.0024, Q=0.02, and 1d0=1.0026 PU (High current, high active power,

and low reactive power case).
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Figure 4-58.Active and reactive power Bode plot representation of the DSSC with
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Figure 4-61. DC link voltage (V) Bode plot representation of the DSSC with operating

points of P=1.0925, Q=1.8177, 1d0=2.1208 PU (High current, high active power, and high
reactive power case).
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From the Bode plot analysis of the DSSC in different cases, it was concluded that the

DSSC dynamics are amendable to linear feedback control. The proposed control structures

for DSSC converters based on line current PLL are presented in Figure 4-62 and Figure 4-63.

Another important feature of the proposed controller is the substation reactive power control

for which the required power is equally distributed between the two inverters without any

controller fight. This requirement is obtained by measuring the respective voltage vector of

inverter one (in this case the power flow controller inverter) and inserting it as the reference

for the other inverter as shown in Figure 4-63.

Qref +g PI 4:@

ok,

2 2
\ " patd Va1

Line Current

[Vpq1l
V \Y;
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arctan| 2% |4 g ="
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Figure 4-62. Power flow controller inverter control structure of DSSC.
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Figure 4-63. DC link controller inverter control structure of DSSC.

A DSSC EMTDC-based simulation has been carried out to verify the control structure
under two different natural power flows denoted as low and high reactive power. Figure 4-64
and Figure 4-65 present the simulation results of the dynamics for DSSC under low reactive
power flow. As can be seen, different active and reactive power can be controlled
independently with insignificant coupling as expected, due to the proposed PLL based on the
line current. A case with high natural reactive power is also tested to present the effectiveness
of the DSSC compared to SSSC. The dynamics of the power flow control under high reactive
power loading are presented in Figure 4-66-Figure 4-67. Control of active power is shown in
Figure 4-66 and as can be seen, the active power can be controlled up to twice the natural
power flow. The change of reactive power and its associated dynamics are shown in

Figure 4-67 demonstrating the strength of DSSC compared to SSSC. Meanwhile, DSSC also
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provides a wider active power control range than UPFC. The stiffness of the DC link voltage

is also highlighted in this case.
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Figure 4-64. Dynamics of active power flow control in a DSSC under low reactive power
loading.
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loading.
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Figure 4-67. Dynamics of reactive power control in a DSSC under high reactive power
loading.

4.6 Summary

Currently, transmission level power electronics use custom-designed converter structures
to meet power system requirements including increased efficiency and a good harmonic
spectrum. This requirement for the VSC technology typically requires an extensive
engineering effort, which makes the power electronic solution costly and therefore precludes

broad deployment of technology such as FACTS controllers.
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This chapter proposed the concept of a Modular Transformer Converter (MTC) based on
VSC technology to develop transmission level power electronic systems such as FACTS
controllers. An MTC is a bidirectional AC/AC conversion unit that can be used as a standard
drive converter with a much wider market, including sources such as the emerging 10MW
wind generator drive system. The MTC concept has been initially perceived to reduce the
cost of transmission level power electronics which can be retrofit into the AC network. As a
consequence, utility-scale high power electronics may not require detailed custom power
converter design and engineering and, system costs may benefit from the economies of scale.

Through development of an MTC, this research identified and introduced several
applications including the Recovery Transformer, Transformer Life Extender, Re-locatable
Transmission Controller, and Seasonally Renewable Transmission Controller. In fact, the
MTC approach enables a versatile transmission controller, Convertible Static Transmission
Controller (CSTC). Existing FACTS solutions enable dynamic control for the transmission
lines; however, the MTC-based CSTC concept provides the flexibility of full or partial
utilization for transmission lines and power transformers. This flexibility effectively
increases the system’s spare capacity and operating margins, and also provides back-up in
case of power transformer failure (or forced reduced transformer rating operation) scenarios
by providing real-time continuous power flow control and thereby, increased transfer
capacity of existing transmission systems.

For transformer life extension or partial bypass purposes, the CSTC operates as the
substation voltage/phase angle regulator which is different from conventional BTB HVDC

applications. The proposed function enables the locally controlled CSTC which does not
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complicate power system operation and can be utilized to inspire an active mobile substation
or recovery transformer.

For power flow control with specific attention to renewable generation transmission in
the meshed network, less complex coordinated control can be obtained with the CSTC
concept. This chapter therefore, introduced the Dual Series Static Controller (DSSC) as a
new FACTS controller that provides significantly superior performance in terms of operating
characteristics compared to conventional power flow controllers. This chapter also proposed
a control structure to operate the DSSC. In particular, the control structure was implemented
in the dg-synchronous fame which is locked to the current rather than the voltage. The
significance of this change is to decouple the control of the active and reactive power.

Finally, it is believed that a 10 to 100 MVA MTC-based CSTC that can be retrofitted
into existing transmission substations and transformers has a strong potential to improve the

reliability, controllability and efficiency of the grid.
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Chapter 5. SUPPLEMENTARY ENERGY STORAGE
AND ADVANCED ARCHITECTURES FOR GRID-
CONNECTED HIGH POWER AC MULTI-MOTOR
APPLICATIONS

5.1 Introduction

All-AC gearless drive systems have become popular in the mining industry because they
increase the production rate of mines by almost 20% compared to DC drives. To supply the
AC drive systems several Active Front Ends (AFE) with DC choppers are used to ensure a
reliable and acceptable harmonic spectrum operation. Recently, integration of the energy
storage system with the mining equipment has attracted attention from the industry especially
for peak load shaving and smarter energy management of the mine. The energy storage
system can capture the regenerative energy and reuse it for the motoring operation of the
drive. However, the regenerative energy is currently either burnt into the choppers or fed
back to the grid without billing for the reverse power. The industry is motivated since this
regenerative power can be as high as 60% of the motoring power which is as high as 24 MW.
Therefore, there is a possibility of cost reduction and component downsizing. However, the
present status of development does not seem to be very promising mainly because energy
storage systems, here ultracapacitor are still considered to be add-on parts to the existing

products. In this chapter, we propose a new yet straightforward configuration for
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development of the all-AC gearless mining equipment that has encouraging incentives for

both the manufacturer and the mine operator.

o -

Figure 5-1. 24MW AC-drive dragline in an open-pit mine, 89.

In addition, this chapter provides a methodology for comparing different energy storage
technologies. There are different battery technologies with different technical and
economical characteristics. Therefore, how to choose a proper technology is not
straightforward. In this research, potential energy storage systems are sought out for peak-

shaving for mining converters based on the annuity method.

5.2 All-AC Drive System for High power Mobile Mining Applications

Surprisingly, it has not been very long since AC drive systems were developed for the
nearly a century old electrified mining industry. A particular class of mining apparatus ,

excavation machines, is used for material removal in surface mining applications; these are
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typically classified as shovels, bucket wheel excavators and draglines,. The objective of the
mines is to achieve the movement of the highest possible payload per hour while minimizing
operating costs over the lifetime of the machines. The AC drive system for mining
applications could not have succeeded without showing this improved performance factor
which translates to a higher production rate compared to traditional, well-understood DC
alternative. In particular, this transition from a DC to an AC drive system has led to about a
20% increase in production rate, while the equipment efficiency rises to around 86-89%
compared to 74% for a DC drive, 87. Figure 5-2 represents an AC-drive dragline deck plan.

Currently, draglines of up to 24 MW are built and shovels are manufactured up to 3SMW.

Transformer Transformer Transformer

24 MW Power Supply

Lube Room

Figure 5-2. An example of a 24MW AC-drive dragline deck plan, 87.
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5.3 Front-End Converters for Mobile Mining Equipment

Large mines are often located in areas with limited infrastructures, meaning that
commercial or grid connected power is typically not available and mostly generated on site.
Therefore, to comply with utility or on-site generation plant requirements especially with
respect to harmonics, active front-end rectifiers have been chosen as the preferred front ends
for mining converters, 90. However, the limited controller performance capability of the
AFEs and the reliability requirements lead to an increased number of converters ( there can
be more than 40 AFEs in parallel) and the overdesign of each converter, 87. Figure 5-3
shows the electric circuit diagram where two or more AFEs are staggered to supply the AC
drive system. On the other hand, there are sites where the regenerative power cannot be fed
back to the mining distribution system, such as the Pribbenow mine located in Colombia S.A.
with a generation capacity of 24MW, 92. The practical solution currently is simply to
dissipate the excess energy into the resistive chopper banks to keep the DC link voltage of
the AFEs within the acceptable range. It has also been observed that in electrical contracts
with utilities this regenerative power does not reduce the energy bill. In all cases, this energy
dissipation occurs in every load cycle, where the regenerated energy is sufficient to supply as
much as 60% of the peak motoring power. Figure 5-4 presents a representative example of

load cycles in two major motoring and regenerative regions of a typical operation window.
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5.4 The Current State-of-the-Art Active Front End Performance for
Mobile Mining Equipment

Today mobile mining equipment, including shovels and draglines consists of several
AFEs operating in parallel to ensure reliability, low current harmonic distortion, and the Var
requirements of the mines. These AFEs are interfaced with several drive transformers to
provide voltage matching, electrical isolation and current accumulation of the converters.
The first is important since if AFEs are staggered with different switching angles, the current
at the PCC becomes more sinusoidal. For instance, the PCC current for 32 staggered AFEs
has a THD of less than 1% without using extra passive filtering. It is important that any
improvement due to the topology or change in the controller must be benchmarked with the
current state-of-the-art technology. In the following, a detailed analysis is presented of the
dynamic performance of the AFE converters for mobile mining equipment.

One of the most important tasks of the front end converter system is to provide a stable
and robust DC link voltage to the drive systems. The DC link in large multi-motor machines
can be distributed among the front ends. The generalized DC link closed loop transfer
function of the shovel systems including the controller is derived and presented in (1). This
model is based on the linear derivation of the voltage source converter that has been
introduced in Chapter 2; therefore, there is no need to have adaptation blocks for dynamic
adjustments in the control structure. These adjustments are due to the non-linearity of the
converter system. The details of this derivation are provided in 91 and the parameters are

presented in Table I.
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On the other hand, a varying load profile and the low switching frequency operation of
the AFE side converters of mining AC drive systems prohibit the controller from having a
high enough bandwidth to achieve the required response for the DC link voltage. Hence, an
external compensator is considered and designed to reject disturbance. Here, the disturbance
is the load power which is available for protection; therefore, the feed forward compensator
with the required load as the input can be inserted into the voltage loop of the whole

controller. The feedforward compensation term has been designed as in (2).

3E,K,y
V2. (s) CpeTi
G , (S): DC — DCi (51)
Yo VDZCref (S) SZ"‘% +m
i Cpuery
2 TS
M (s) = [ ! +1j (5.2)
3E,K,, (1+T,s

The current regulator is typically designed based on decoupled active and reactive power
controls and behaves like a first order system. The current controller in mining applications is
desired to have a response time in the range of 2 to 5 milliseconds. In addition to the Pl
controller, the current regulator nullifies the circulating current seen in parallel AFEs
operating with different switching angles. The firing angles are preferably generated through
the space vector PWM method. The simplified schematic of the implemented controller is
presented in Figure 5-5. Detailed simulation studies have been conducted based on the
parameters given in Table IV and the load profile shown in Figure 5-4. The simulation

platform for the current study is the Matlab/Simulink SimPower package.
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Figure 5-5. Simplified synchronous frame-based controller implementation for staggered
Active Front Ends (AFE).

Table IV. High Power Mobile Mining System Parameters

Line-to-line voltage (AFE side) Eqs | 900V rms
Line frequency (grid) f 60 Hz
Leakage inductance Ly | 16% PU
Interface resistance R, | 0.4% PU
Each converter rated power Sh 1 MVA
Number of AFEs Nare | 2, 4, 32
Nominal DC link voltage Vpe | 1.8 kV
Chopper circuit threshold Voo | 2kV
Crowbar circuit threshold Ve | 22kV
DC link capacitance Coc | 12mF
Required Ultracapacitance/300 kW Cucap | 1.5F
Practical Ultracapacitance/300 kW Cucapp | 7-1F
Switching frequency fs 540 Hz
Converter loss resistor (estimated) R, | 1% PU
Absolute overcurrent capability Inax | 2PU
Current regulator response time T 2~5 msec
Voltage loop proportional gain Kov | 0.0014~ 0.00054
Time delay of the derivatives T¢ | 0.1ms
Controller sampling time ts 50 us

Figure 5-6 presents the simulation results for a 1.5MW shovel based on two staggered
IGBT-based converters (IGBT 3.3kV, 1700A). The improved PCC currents in terms of

harmonic distortions can be obtained through phase shifted PWM methods. In this
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configuration the best performance is achieved with either 90° or 180° degree phase shift
resulting in a THD of around 4.87% at nominal current. As mentioned earlier, no extra
passive filtering is required. Nevertheless, three winding drive transformers are used in the

shovel front end converters. These shovels are typically operated with unity power factor.
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Figure 5-6. Simulated 1.5MW shovel currents with two staggered AFEs.

Figure 5-7 Opresents the simulation results for a 3MW shovel based on four staggered
active front ends. Due to more control over the phase shift angles, improved current
waveforms are obtained in this shovel compared to the 1.5MW shovel. The staggering angle
in the four AFE-based shovel is selected as 45° and two three-winding Dyy transformers are

used.
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Figure 5-7. Simulated 3MW shovel currents with four staggered AFEs.

Draglines are the most complex and the most costly mobile equipment in the mines.
Therefore, their reliability must be maintained with the highest priority. The draglines are
currently manufactured up to 24MW with an AFE technology similar to what is are used in

the shovels. To ensure reliability, the dragline can consist of 32 AFEs in addition to several
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spare converters. In this study, a 32-AFE-based dragline with 8 split DC links is considered.
One potential issue regarding the parallel AFEs with phase-shifted PWM and split DC link is
emergence of circulating current among the converters and low order voltage harmonics in
the DC voltages. To avoid these problems zero-sequence blocking control must be included
in the current regulator of each AFE. In addition, draglines are required to provide a leading
power factor (~2% PU VAR) while shovels operate with a unity power factor. Figure 5-8
presents the dragline operation performance showing almost sinusoidal PCC currents and
eight DC link voltages. The staggering angle is chosen as 11.25° degrees resulting in a THD

of less than 0.2% at the nominal current.
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Figure 5-8. Simulated PCC currents in the 24MW dragline with 32 staggered (11.25°
degree) AFEs and 8 split DC link voltages.

5.5 Supplementary Energy Storage System for Mobile Mining Equipment

5.5.1 Energy Storage Technology Selection

To solve the issues posed by the peak power demand or improve the performance and
smart energy utilization and lessen dependency on fossil fuels, a peak shaving strategy is

proposed in 91. The regenerated power produced by the excavator is stored in an energy
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storage system and is used to reduce the peak demand of the drive system. Reduced peak
demand not only reduces the energy costs but also provides a significant reduction in
investment as the power rating of the system components can be reduced - applications for
smaller machines such as wheel loaders are reported in 93. Energy storage systems have
different characteristics and properties. Some comparative examples provided by the
Electricity Storage Association (ESA), are presented in Figure 5-9-Figure 5-11. These make
it difficult to apply one technology to every application including the mining ones. To choose
the proper energy storage technology, several economic and technical criteria are considered,

including weight, volume, and temperature.
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Figure 5-9. Capital cost comparison of selected energy storage technologies, 94.

201



1000

Output Energy Density
{ Input Energy Density x EMiciency)

Metal-Air
Batteries

300 -

100

Ni-Cd

30— Lead-Acid

Batteries,

Weight Energy Density - kWh / ton

Rechargeahle I

100 300 1000

10

Volume Energy Density - kWh / m?

Figure 5-10. Energy density comparison of selected energy storage technologies, 94.

100% -
E.C. Capacitors

Fly

0% - Wheels

‘w
=
C
2]
=
]
8 son Flow
) Bat.
% Lead-Acid

F0% -
g_ CAES efficiency
o] Ni-Cd iz for the
‘E starage only
—  60%
o
L]
5
E 0%
o
L

40%

100 1,000 10,000 100,000

Lifetime at 80% DoD - Cycles

Figure 5-11. Efficiency comparison of selected energy storage technologies, 94.

202



5.5.2 Energy Storage System Factors
There are two primary criteria for identifying potential battery technologies.
1. Project requirements
2. Battery characteristics
Project requirements are those parameters that should be fulfilled with any type of
battery. The following items are considered to be the project requirements:
e Power (kW)
e Energy (kwh)
e Voltage level (kV)
e Cycle (#/d)
e Life time (yr)
e Capital cost (%/yr)

Energy storage characteristics are those parameters that are unique for each battery
technology and manufacturer. The following parameters are identified as the factors most
affecting selection of the technology selection.

e Energy Price ($/kWh)

e Gravimetric energy density (Wh/kg)
e Volumetric energy density (Wh/L)
e Nominal cycles @ 80% DOD (#)

o Efficiency (%)

e Self-discharge (%/d)
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¢ Maintenance (%/kW)

In addition to the battery characteristics, the power interface cost and its efficiency are
considered -The interface should take care of the battery system conditions; therefore, each
battery has custom designed power interface. Figure 5-12 summarizes the factors influencing
battery comparison. The orange circles define the project requirements and the yellow ones

shows the energy storage characteristics.

’ fficiency [%]

Self Discharge [%/d
-

Interface costs
[$/kWh]
—

nstallation costs

[$/KWh] %]

Figure 5-12. The factor influencing battery technology comparison.
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5.5.3 Annuity Method to Select Energy Storage Technology

To compare energy storage technologies, the annuity method is used to convert all dollar
values to a unique value of the interest. With the help of the annuity method, it is possible to
determine the annual rate of the present value cash flows. Therefore, it is possible to compare
several technologies with different characteristics.

The principle of the annuity method is described briefly as follows. In this method, the
cash flows are estimated and all of them are re-evaluated in terms of present time. In other
words, the present value of the project can be seen over the life of the project. A simple
diagram of cash flow is demonstrated in Figure 5-13. It is very common to include the
compound interest rate in the present value calculations. Therefore, the general formula for

the present value calculation of a future cost/profit becomes
P=F(1+i)" (5.3)
where P = present money, F = future money, i = interest(discount) rate, n = number of

interest period.

(5.3) is extended to calculate all future costs in present value.

=P+ A{—(il; :L)l)_l} (5.4)

P

cycle

where Pyl IS the present value for the cash flow in every cycle, and As are the future

payments.
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Figure 5-13. An example of a cash flow diagram.

In some projects, there are also some replacement costs. Under these conditions, the cash
flow is calculated for every period reflected to its starting point. Finally, all the accumulated
cash flows for every period/cycle are reflected to the present time. This principle is shown in
Figure 5-14. The equation to calculate total cash flow remains the same as (5.4) except for

the effective interest rate as shown in (5.5).
i = (1) -1 (5.5)

In (5.5), iext is the effective interest rate, i is the project interest rate, n’ is the number of

years between each replacement.

Figure 5-14. Cash flow model with multiple replacements.

When all the cash flows with different characteristics are estimated, it is possible to

calculate the annual cash flow (A, $/yr) throughout the project time line (n) as in (5.6).
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Aw = Ptotal |:M:| (56)

(1+i)" -1
This value can be used as a measure to compare different technologies with different
characteristics especially life-time characteristics. In the following section, with the help of
recently collected data, different energy storage technologies are compared using this annuity

method.

5.5.4 Energy Storage Properties and Assumptions

It is desirable to have a unique number to use to compare different technologies;
however, due to multiple data and many uncertainties we usually have a range. In carrying
out the study, the following assumptions have been made:

e The storage system is considered to be an add-on device in a bigger project;
hence service costs are taken over by the project regardless of the battery
integration.

e Average price per kWh for all the battery technologies is considered.

e Auverage interface cost is considered for all the batteries.

e Average nominal cycles are considered for batteries.

e Round trip efficiency will change based on the SOC but we considered the
average efficiency.

e Maintenance cost is assumed based on the power level of the plant not the

energy.
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System efficiency is the product of battery efficiency and interface
efficiency. This value can be modified to include self-discharge.

Energy and power density are not considered as part of the dollar value.

Life time of the battery is equal to the cycle life of the battery.

Replacement cost for new batteries is assumed to be equal to the initial
investment cost of the battery. Hence, no cost decrease in any technology is
considered yet.

Used energy storage systems do not have any value.

Based on the factors that have been identified for any project with an energy storage

system, project requirements and properties for each technology have been collected. Table

V shows the project requirements that have been determined for two pieces of mobile mining

equipment: dragline and shovel. In these pieces of equipment, a 20% peak-shaving benefit

has been considered. The major difference in these pieces of equipment is the load cycle

duration. Draglines are much slower than shovels. In particular, this study is based on a 30-

second load cycle for a dragline and a 15-second load cycle for a shovel. Table VI- Table

V111 present the energy storage technology properties used in this study.

Table V. Project Requirements for Integrating Energy Storage Systems

Power Energy Voltage | Cycle Life time Cycle time
Project Req.
(kW) (kWhr/cycle) (kV) (#/d) (yn) (hr)
Dragline 4800 20 0.48 2880 20 0.00416
Shovel 300 0.416 0.48 8640 20 0.00139
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Table VI. Energy Storage Technology Properties-I

Properties Energy Price Interface Price Gravimetric Density
($/KWhr) ($/KW) (Whr/Kg)
Technologies Low High Low High Low High
Lithium ion 400 1000 30 50 170 500
Lead acid (flooded) 150 150 30 50 15 40
Lead acid (VRLA) 250 250 30 50 15 30
NaS/NasClI 250 1000 30 50 150 150
ZnBr 300 400 30 50 70 190
NiMH 300 1000 30 50 30 110
NiCd 400 700 30 50 35 60
Ultracapacitor 32,692 69,930 30 50 2.4 3.1

Table VII. Energy Storage Technology Properties-II

Volumetric Density

Nominal cycles @

Roundtrip Efficiency

Properties (Whr/L) 80% DoD (%)
Technologies Low Low High Low Low High
Lithium ion 250 4000 10000 85 4000 500
Lead acid (flooded) 108 800 1200 70 800 40
Lead acid (VRLA) 100 1800 3000 80 1800 30
NaS/NasCl 180 12500 18750 80 12500 150
ZnBr 15 2500 2500 60 2500 190
NiMH 140 2000 2500 60 2000 110
NiCd 50 5000 10000 60 5000 60
Ultracapacitor 2.59 750000 | 1250000 95 750000 3.1

Table VIII. Energy Storage Technology Properties-I11

Self- . o

. . Maintenance | System Efficiency
Properties dlitt;(f:/zr)ge (%/KW) (%)

Technologies Estimated Estimated

Lithium ion 0.01 1 87.29
Lead acid (flooded) 0.33 3 74.92
Lead acid (VRLA) 0.07 1 79.97
NaS/NasCl 0 3 84.88
ZnBr 0.07 1 63.01
NiMH 1 1 62.42
NiCd 0.33 1 62.84
Ultracapacitor 0.33 1 93.30
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5.5.5 Energy Storage Comparison for High Power Mining Equipment

This section presents this dissertation’s view on energy storage selection for high power
multi-motor, particularly mining equipment. The first set of results is generated for a 24 MW
dragline for which peak-shaving of 20% has been assumed. Figure 5-15 presents the
projected cost of electricity for the dragline based on the data provided in Table V-Table
VIII.

As can been seen, there are significant differences among the technologies for the
dragline, and it is easy to eliminate some technologies such as flooded lead-acid batteries.
Therefore, four technologies have been identified as potential technologies for dragline:
Lithium-ion, NiCd, NaS, and ultracapacitor. The comparison in terms of projected energy
price based on the annuity method for these technologies is presented in Figure 5-16. As can
be seen, NaS technology presents a significantly better energy price compared to other

technologies.
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Figure 5-15. Comparison of commercially available energy storage technology for a
dragline.

Energy Storage Technology Comparison for Dragline
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Figure 5-16. Comparison of energy prices for selected energy storage technologies for a
dragline.
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Shovels are typically faster than draglines with a duty cycle from 10 to 30 seconds. In
this study a 1.5 MW shovel with a 15 second duty cycle is considered with the project
requirements shown in Table V. The result of an energy price comparison for the same
technology as selected for the dragline is presented in Figure 5-17. As can be seen, for the
shovel, an ultracapacitor is the technology of the choice in terms of projected energy price. It
is worth noting that the result obtained is different from what has been shown for the
dragline, for which NaS batteries show better economical values.

There are several indirect factors that affect the whole system and not only the energy
storage one f which is energy density. Despite the long life time of the ultracapacitor
compared to other technologies, it suffers from low gravimetric and volumetric energy
density compared to other technologies presented in Table VI. Figure 5-18 shows the
magnitude of this effect, despite the superior energy price of the ultracapacitor for shovels.
As can be observed, an ultracapacitor is about 100 times less dense in terms of volume and
heavier than lithium-ion technology.

Another factor is the temperature characteristics of the energy storage technology. This
factor is important since the ambient temperature of mines can vary significantly throughout
the year. The Hei Dai Gou coal mine in China is one of the many examples where the
temperature ranges from -35 °C to +38 °C. From the point of view of temperature
characteristics, ultracapacitor have superior properties compared to other technology. On the
other hand, it has recently been announced that sodium-based (Ni(M)x) batteries are under

“low risk-type” practical research because of temperature properties for mining
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apparatus, 93. These research activities emphasize the importance of the temperature
properties of the energy storage system for future mining environments.

In the economic evaluation of the technologies, the number of replacement units has
been considered. Figure 5-19 presents the estimated required energy storage units over 20
years of operation of mining equipment. As can be seen, the required number of replacement
units for the ultracapacitor is significantly lower than the ones for other technologies,

increasing the feasibility and applicability of the solution.

Energy Storage Technology Comparison for Shovel

NiCd $ct14.07

Ultracapacitor $ct7.12

Lithium-ion $ct12.65

|I

NaS $ct11.11

5 10 15
Energy Price($ct/kWh)

o

Figure 5-17. Comparison of energy prices of selected energy storage technologies for
shovels.
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Figure 5-18. Comparison of selected energy storage technologies for shovel.
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Energy Storage Technology Replacement Number Comparison for Shovel
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Figure 5-19. Replacement of selected energy storage technologies for shovel.

5.6 Ultracapacitor Integration into Existing Mobile Mining Converters

Based on the obtained results from the annuity method and feasibility analysis, the
ultracapacitor has been selected as the technology of choice. Integration of ultracapacitors
into shovels and draglines provides benefits from the system rating, system operation, life
time, reliability, and many other factors and is at the same time economically viable. There
are two options for ultracapacitor integration; direct and indirect through a separate DC/DC
converter. Obviously, direct integration requires a flexible DC link voltage that must be
tolerated in the drive side. On the other hand, the power flow is completely controlled by the

internal current controller’s parameters, i.e. current limit and time constant t;. An example of
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a 1.5 MW converter performance integrated directly with ultracapacitor and different power
contributions is presented in Figure 5-20. In this example several 125V ultracapacitor
modules are arranged in series and parallel providing about 7F. In the other approach, a
separate DC/DC converter is considered (unless drive inverters with high enough bandwidth
are used) to exchange power from the DC bus to the ultracapacitor modules. The schematic
of this approach is shown in Figure 5-21. A boost converter topology is chosen as shown in
Figure 5-22 which is connected to strings of 7F ultracapacitors. In this example, the DC/DC
converter also contributes in controlling the DC link voltage of the shovel. Therefore, special
care has been taken in order to avoid any fight between the controllers of the AFEs and the
DC/DC converter. The proposed control structure to meet the mentioned requirement is
presented in Figure 5-23. Due to more controllability, the maximum motoring power to be
supplied by the AFE is simply selected as Pmax=950kW, while the maximum regenerated
power that can be fed back by the AFE to the grid is selected as Pyn=-200kW. The extra
regenerated power is used to charge a stack of ultracapacitors as presented in Figure 5-24. It
has been observed that the rating of this equipment could be reduced to 0.73 PU due to the

proposed peak-shaving.
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Figure 5-20. Simulated dynamic performance of the 1.5MW shovel integrated with an
ultracapacitor directly at the DC link.
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Figure 5-21. Schematic of a multi-motor AC drive system integrated with an
ultracapacitor with a separate DC/DC converter.
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Figure 5-24. Simulated dynamic performance of the 1.5MW shovel integrated with
ultracapacitors with a separate DC/DC converter as shown in Figure 5-21.

5.7 Hybrid Front End Configurations for High Power Multi-Motor
Applications

5.7.1 Unidirectional Front End Converters

Although the proposed ultracapacitor integrations have clear benefits to the system
especially in terms of grid side peak current shaving and energy management of the mine,
nevertheless, the ratings of the converter components, either electrical or mechanical, would
not change significantly for large mining machines like draglines. It can be shown that the

benefits from possible downsizing of the components by ultracapacitor cannot be realized for
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a dragline or even for a shovel considering the desired THD, and spare converters. On the
other hand, it has been shown in Figure 5-18 that the proposed ultracapacitor suffers from
low energy density. This lack can prohibit integrating the ultracapacitor to high power
mining equipment since it requires enlarging the volume significantly.

Consequently, this dissertation also proposes two straightforward configurations for
development of the next generation of high power AC mining equipment such as shovels and
draglines. In these configurations, an ultracapacitor through a separate DC/DC converter is
still used to harvest the regenerative energy and harness most of the energy in the motoring
mode. Therefore, in these configurations, high power unidirectional rectifiers can be used
obviously with higher PCC current THD. To overcome the current THD problem, multi-
pulse diode bridge rectifiers or thyristor based converters (such as 12-pulse) are built with
multi-winding transformers. These transformers are not necessarily additional equipment in
the mines and only the group connections are different. For further PCC current THD
improvement, first a hybrid parallel active filter is proposed at the PCC, rated at ~ 3% to 5%
of the front end converters, as shown in Figure 5-25. Selected results for this configuration
projected for 1.5MW shovel systems are shown in Figure 5-26 and the controller hardware
verification - for a six-pulse diode bridge -Figure 5-27, developed at Bhattacharya’s research
group at FREEDM System Center, 99. A Thyristor-based front end converter may be
preferred, as it can better assure control of the DC link voltage than the diode bridge option.
Consequently, the proposed configuration has the advantages of currently installed AFEs that
are much simpler and potentially lighter, and with higher efficiency and more reliable and

robust operation under system fault conditions. This configuration can be applied to larger
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mining equipment like dragline system too where the system benefits become more apparent.
Unity power factor operation for shovels and a small leading one (~2% p.u. VAR) for
draglines can be ensured with the help of the hybrid parallel active filter. It is believed that
this approach will enable integration of the energy storage system into mining equipment,

since it enjoys greatly improved power density of the front end converters.
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Figure 5-25. Unidirectional front end assisted with fractionally rated hybrid active filter
integrated with ultracapacitor.
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Figure 5-26. Simulated 1.5MW unidirectional front end assisted with hybrid active filter

as shown in Figure 5-25.

Figure 5-27. Results of active filter controller hardware verification for a six-pulse diode

bridge front-end.
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5.7.2 Hybrid Front End Converters

In the second proposed system presented in Figure 5-28, main front end converters are
Thyristor-based as currently implemented. The ultracapacitor modules are connected to the
DC link through a separate DC/DC converter for peak-shaving. One (or several for larger
systems) bidirectional AFE is connected to the DC link to perform active filtering while
providing a partial path for the power to and from the machines. To develop the hybrid
configuration, Figure 5-29 presents the proposed control structure for the hybrid architecture

with specific attention to the main front ends and AFEs.
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Figure 5-29. Proposed control structure of hybrid front end architecture for large multi-machine systems including mining
equipment.
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The parallel active filter control is based on the Synchronous Reference Frame (SRF)
controller structure using the load current harmonic extraction method, [10]. Figure 5-30
shows the simulated currents for the proposed system at PCC and Figure 5-31 shows the
frequency spectrum and total harmonic distortion (THD) of the current at PCC before and
after compensation. As can be seen with THD, at the point of common coupling, less than
5% of the stringent IEEE 519 requirements are met. An example of dynamic operation of the
proposed configuration is shown in Figure 5-32 and Figure 5-33 for a lab test-bed rated at
12kVVA/400VDC. This circuit can also act as the pre-charging circuit if needed. In addition
using this AFE ensures the available capacity to provide the Var required in mines. This
option appears more advantageous than other configurations in terms of active filter controls,

structure, and reliability of the whole system.
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Figure 5-30. Hybrid front end’s PCC current as shown in Figure 5-28.
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Fourier: load current and source current
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Figure 5-31. Frequency spectrum of load and PCC currents for the proposed hybrid
configuration.
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Figure 5-32. DC link dynamics of hybrid configuration- an example.

Figure 5-33. Nominal PCC current (ph A) of the hybrid configuration with a two-
thyristor bridge and one AFE as shown in Figure 5-28
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5.8 Summary

To supply the AC high power drive systems several Active Front Ends (AFE) with DC
choppers are used to ensure a reliable operation and an acceptable harmonic current
spectrum. Recently, integration of the energy storage system with the mining equipment has
received industry attention, especially for peak load shaving and smarter energy management
of the mine. Currently, the regenerative energy is often burnt into the choppers and is not fed
back to the grid. The industry is motivated to capture this regenerative power since it can be
as high as 60% of the motoring power and as high as 24 MW. Therefore, there is a possibility
of large cost reduction and component downsizing. However, the present status of
development seems to be not very promising mainly because energy storage systems are still
considered to be add-on parts to existing products.

This research investigated the operation of the current state-of-the-art front end converter
systems for multi-motor applications. In particular, two power conversion configurations and
a methodology to determine the suitable energy storage technology for development of the
multi-motor mobile mining equipment have been introduced.

It has been shown that for relatively slow machines (load cycle ~ 30-60 sec) like
draglines NaS battery is the technology of choice in terms of energy price. For relatively
faster equipment (load cycle ~10-30 sec) like shovels, the ultracapacitor presents the best
economic value in terms of energy price. Several factors besides economy have been
identified for energy storage integration including volume, mass, temperature and required

number of energy storage systems. It has been shown that despite the economic values of a
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particular technology either for either shovels or draglines, each technology has significant
drawbacks. For instance, the ultracapacitor is significantly heavier and bulkier than lithium-
ion batteries for mining applications. On the other hand, the ultracapacitor exceeds other
technologies in terms of required number of replacement units over the life time of the
mining equipment. Therefore, this chapter proposes ultracapacitor as the preferred
technology for mobile mining equipment despite its very low energy density, which can
prohibit its integration at present.

Consequently, this chapter proposed that the enabling technology for energy storage
integration for mobile mining equipment is front end converters with higher power density
than the current state-of-the-art front end technologies. In particular, the main body of the
front end is proposed to become unidirectional. In other words, all the AFEs are replaced
with robust and unidirectional rectifiers which use diodes or thyristors. The ultracapacitor
modules are connected to the DC link through a separate DC/DC converter for the peak-
shaving purpose. To meet the current harmonic content requirements of the mines’ power
system, the proposed configurations are equipped with active filters. In the first option, a
fractionally rated hybrid parallel active filter is integrated in the AC side after the drive
transformer. In the second option which is called hybrid configuration the active filter is
connected to the main DC link. This configuration can use a pure active filter that has a
relatively simpler structure than the hybrid and its rating for mining equipment is expected to
be comparable. In addition, this integration provides a partial path for the drive power and
can be also used as the pre-charging circuit if needed. With the hybrid configuration we can

envision larger mobile equipment.
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Chapter 6. CONCLUSIONS AND FUTURE WORK

6.1 Conclusion of Present Work

This dissertation has investigated the potentials and challenges for VSC-based
transmission technologies. The technology in this dissertation is characterized in terms of
switching frequency operation and switching patterns as either vector- or angle-controlled-
based converters.

This dissertation addressed the DC link voltage control issues for vector-controlled
VSC-based transmission systems under power system disturbances. Having analyzed the
state-of-the-art methods of mitigating the DC link voltage fluctuations under grid faults, a
control structure in the commonly used dg-synchronous frame is proposed. The proposed
structure obviates the need for sequence extraction block or resonant compensator which is
often proposed. Therefore, there is no diminishing bandwidth factor making it suitable for
transmission applications for which the switching frequency is limited to a few hundred
Hertz. The control scheme; however, utilizes the interaction of the converters, the load, bus
voltage and their derivatives to compensate for the phase delay in the current regulator. The
RTDS verification of the controller attained less than 1% DC link voltage deviation under

most common faults, demonstrating the applicability and effectiveness of the proposed
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scheme for different transmission applications denoted as HVDC, drive and hybrid power
systems.

This dissertation has introduced the possibility of automatic control of active and
reactive power for voltage-sourced converters through an angle-control structure. A new
control framework that uses the properties of a SITO feedback system is developed for
voltage-sourced converters. Clearly, one actuator, in this case the angle cannot be used to
regulate two outputs (active and reactive power) to arbitrary setpoint values. Nevertheless,
this dissertation shows that a one-dimensional class of setpoint values is feasible for the VSC
technology. Design limitations and tradeoffs imposed by the plant and controller for such a
system have been explained. This work is an enhancement in the operational region of the
existing shunt family of FACTS devices that can also be extended for transmission level
VSC-based HVDC systems.

With the knowledge gained in control methods for VSC technology, this dissertation
proposed the concept of Modular Transformer Converter (MTC) based on VSC technology
to develop transmission level power electronic systems such as FACTS controllers. The
MTC concept has been initially perceived to reduce the cost of transmission level power
electronics which can be retrofit into the AC network. Unlike common approaches, the MTC
system can be utilized or commercialized by itself and it will be a by-product of this research
for various high power and medium-voltage power conversion applications — such as power
conversion technology for large rated wind generators (type IV and beyond) [~7MW and
higher (LOMW) which are being developed now]. In other words, the proposed MTC concept

can open a broader market for the 10MW range and MV drives applications but with lighter
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weight and more efficient cooling than in the common advanced technologies in the drives
field. As a consequence, utility-scale high power electronics may not require detailed custom
design and engineering for power converters and therefore, system costs may follow the
economies of scale.

Through development of the MTC, this dissertation identified and introduced several
applications such as Recovery Transformer, Transformer Life Extender, Re-locatable
Transmission Controller, and Seasonal Renewable Transmission Controller. In fact, MTC
enables a versatile transmission controller, the Convertible Static Transmission Controller
(CSTC) with added values compared to state-of-the-art technologies such as the NYPA
Convertible Static Compensator (CSC). Existing FACTS solutions enable dynamic control
for transmission lines; however, the MTC based CSTC concept provides the flexibility of full
or partial utilization for transmission lines and power transformers. This flexibility
effectively increases the system’s spare capacity and operating margins, and also provides
back-up in case of power transformer failure (or forced reduced transformer rating operation)
scenarios by providing real-time continuous power flow control and thereby, increased
transfer capacity of existing transmission systems. For transformer life extension or partial
bypass purposes, the CSTC operates as a substation voltage/phase angle regulator which is
different from conventional BTB HVDC applications. The proposed function enables a
locally controlled CSTC which does not complicate the power system operation and can be
utilized and inspired as the active mobile substation or recovery transformer. For power flow
control with specific attention to renewable generation transmission in the meshed network,

less complex coordinated control can be obtained with the CSTC concept. It has been shown
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and concluded that the Dual Series Static Compensator (DSSC) mode or series-series mode
available in the CSTCs provides significantly superior performance in terms of operating
characteristics compared to conventional power flow controllers. Finally, it is believed that
10 to 100 MVA MTC-based CSTC which can be retrofitted into existing transmission
substations and transformers have a strong potential to improve the reliability, controllability
and efficiency of the grid.

Energy storage systems are expected to play key roles in future energy management.
Current state-of the-art mobile mining equipment such as shovels and draglines are grid-
connected high-power multi-machine systems up to 24 MW. A control structure was
proposed that ascertains satisfactory operation in both motoring and generating modes of the
equipment. The other contribution of the controller is to ensure an insignificant circulating
current with split DC links and separate drive transformers, which increases the reliability of
the whole system and the availability of the components. This dissertation also proposed the
integration of supplementary energy storage to capture and reuse the regenerative power
which is currently burnt into the DC choppers. In particular, it has been shown that the
ultracapacitor is the technology of choice in terms of energy price, temperature
characteristics and engineering efforts. However, this dissertation has identified advanced
VSC technology as the enabling technology for this integration. Consequently, the so-called
“Hybrid Configuration” is introduced, configuration that has greatly improved efficiency,

density, and reliability compared to current state-of-the-art technologies.
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6.2 Contributions

In summary, the key contributions of this dissertation are as follows:

1.

Proposed control structures for resilient operation of the vector-controlled
voltage-sourced converter under power system faults and disturbances.
Identified fault cases and proposed a control structure in hybrid power systems
where a back-to-back voltage-sourced converter system operates in parallel with
a transformer or a short AC transmission line. In this case, both converters see
the faults, a factor which had not been addressed in the prior literatures.
Introduced and gave operational analysis of complete angle-controlled VSC
systems that can be extended for point-to-point HVDC applications.
Proposed and developed existing and imminent standard VSC-based AC/AC
drive converter systems for utility applications with a broad market compared to
existing solutions for FACTS controllers, with reduced engineering effort and
reduced custom-designed converters. The approach developed is called Modular
Transformer Converter or MTC for utility applications.
Proposed the concept of Convertible Static Transmission Controller (CSTC)
based on the MTC approach. The MTC-based CSTC concept provides the
flexibility of full or partial utilization for the transmission lines and power
transformers with different modes as follows:

a. Shunt-shunt mode for transformer (partial) back up purposes and Var

support

b. Series-shunt mode for power flow control and Var support
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6.

10.

c. Series-series mode for power flow control
Introduced of Dual Series Static Compensator (DSSC) as a new FACTS
controller. DSSC is a back-to-back VSC system that is connected across the
power transformer and each converter is inserted in series to the line. This mode
is available in the CSTC. The operation characteristic of the DSSC in terms of
PQ control is much wider than that of existing power flow controllers such as
SSSC or UPFC.
Proposed a synchronous frame-based controller that is synchronized and locked
with the line current rather than the commonly used voltage for the family of
series static compensators including the DSSC. The significance of the proposed
control structure is to have inherently decoupled control of active and reactive
power.
Proposed a control structure and architecture for staggered VSC-based Active
Front Ends (AFEs) interfacing with drive transformers for high power multi-
machine systems such as advanced large mining equipment.
Proposed supplementary energy storage system for high power multi-machine
systems and an architecture to capture the regenerative energy which is currently
burnt into DC choppers.
Presented a methodology to determine and compare energy storage technologies
for several applications including peak-shaving in high power mobile mining
equipment. The outcome of the study showed that the ultracapacitor is the

preferred technology for large mobile mining equipment.
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11. Proposed active filter solutions for all AC multi-machine systems such as large
mining equipment. The outcome of the proposed solution was to introduce
architectures for front end converters as simple as three phase diode bridge
converters.

12. Proposed hybrid configuration as a new architecture for high power multi-
machine systems. In the hybrid configuration, the main front end is a group of
three phase thyristor-based converters and the regenerative power is captured and
reused through a separate converter. In addition, a group of AFEs performs
active filtering and provides partial paths for regenerative power to increase the

reliability.

6.3 Future Work

Angle-controlled VSCs have been specifically developed for transmission applications
including FACTS controllers. Theoretically, this technology does not require a DC capacitor
to control the reactive power making it a different concept compared to other reactive power
compensators such as capacitor banks or SVCs. However, the fault analysis of this type of
converters is still based on the passive components and not the control. Specifically, one can
show that the DC link capacitance plays a critical role under power system disturbances.
Large DC capacitance confines the DC link oscillations whereas the negative sequence
current increases. On the other hand, smaller capacitors that are yet beyond the capacitance
associated with the converter resonant frequency can confine the negative sequence current

under unbalanced conditions. It can be concluded that there is still an opportunity for
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research into introducing advanced controllers to mitigate the DC link voltage oscillations
and overcurrent issues in the angle-controlled converters. This dissertation has identified
several areas of research to address the problem. These activities include advanced
synchronization signals such as Instantaneous PLL or IPLL, in which the controller is no
longer constructed based on a positive sequence voltage. Another possible approach would
be to investigate control structures in the stationary reference frame compared to the
commonly used dq reference frame. Resonant compensators are inevitable in controllers
based on the stationary reference frame, which should be investigated further since there are
few reports on the applicability of the method for transmission level applications. The most
straightforward control structure would be to use hybrid controllers. In other words, if
possible, the VSC operates with vector control principles under unbalance conditions and
operates with angle control ones under steady state conditions to meet efficiency and
harmonic requirements.

The transformers in the proposed MTC are essential parts of the system. Although many
researchers and developers propose transformerless vector-controlled multilevel VSCs,
transmission level power electronics are often accompanied by the transformer. In fact, the
problem is not using the transformer per se but using unconventional or overrated
transformers. Different B-H curves in series-connected transformers can cause cascading
saturation of the transformers (especially under power system faults) and shutting down the
converter station as a consequence. Therefore, separate research is needed to design the
transformer magnetic and the conductor interfacing the MTC power converters with non-

sinusoidal waveforms.
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This dissertation introduced a hardware-based asset management solution with an MTC
approach for transformer life extension purposes. Although several practical papers propose
diagnostic protocols to monitor the state of the health of a power transformer, to the best
knowledge of the author, no online method is used to control the power flow in the
transformer. Therefore, there must be research on developing protocols to monitor and
control the main transformer of the CSTC concept for centralized and distributed mode of
control. In addition, methods and metrics should be developed to test the resiliency and
stability of the interconnected CSTC-based transmission controllers. To achieve the claimed
features of the CSTC as the transmission asset that can be retrofit into existing assets,
understanding the magnetic and its state of health is a key. Consequently, this dissertation

proposes immediately to develop the protocols to monitor the transmission transformer

performance in terms of L R after disturbance signatures and increased harmonics level.

This dissertation has shown that compared to current state-of-the-art technology, the
alternative power electronic system is the enabling technology for energy storage integration
in high-power mining equipment. Therefore, a hybrid configuration was proposed which
increases the power density of the front-end converters in mining equipment. In the course of
concept development, this dissertation has identified a transformerless approach which may
further increase the power density of the front end converters and facilitate the integration of
energy storage systems. Isolation transformers used in the state of the art solution and the
proposed hybrid configuration inherently behave like common-mode impedances and
consequently very popular in the drive field especially those with high reliability

requirements. Recently, it has been shown that for smaller machines tuned passive filter
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networks at the AC side can confine the common-mode voltages produced by the power
electronics. Therefore, there is the potential for research to evaluate the elimination of
transformers in mining equipment as well. This author believes that the key to addressing the
issue is identifying system parameters that take into account the capacitance of cable and

machines.
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