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Abstract

This thesis firstly studies a dc hub and proposes a control method for its multiport
operation. The proposed control method is tested on a three-port dc hub in
PSCAD/EMTDC and its stability and response to a transient are demonstrated. In addition,
this thesis introduces a dynamic average-value model for a multiport dc interconnection
hub based upon the concept of generalized averaging (i.e., dynamic phasors). The
developed model is able to predict the transient and steady state response of a dc hub and
its closed loop control system with comparable accuracy to and markedly higher
computational efficiency than a conventional EMT model. Simulation results are presented
for a three-port dc hub and are compared with detailed EMT simulation results from
PSCAD/EMTDC. Simulation efficiency is significantly improved by applying the

proposed average-value model.
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Chapter 1 Introduction

1.1 Background

The demand for electricity is growing rapidly as industrialization and globalization
continue to grow. Due to this escalating trend providing secure and reliable energy and
reducing the production of greenhouse gases have come to be major issues [1]. Electric
power transmission is either in the form of ac or dc. With the increasing demand for
generation of clean energy from renewable energy resources (e.g., offshore wind farms and
solar farms) research and development on dc power grids, especially with high- or medium-
power dc-dc converters, has attracted much attention. Compared to ac transmission over
long distances, dc transmission has a number of advantages including no need for reactive
compensation, low losses, feasibility to interconnect ac systems with different frequencies
and so on. Nowadays, many electric power grids are experiencing hybridization with both

dc and ac systems present.

Over the past few decades, dc systems have seen great expansion as dc power can be
readily stored and efficiently converted to both ac and dc. AC power transfer is popular
since ac voltages can be easily increased or decreased by means of transformers. Before
the invention of dc-dc converters, it was challenging to do the same type of transformation
with dc voltages directly. Conventional ac power systems have been operating for several
decades with little or no significant dc subsystems. DC systems, however, have been

1



gaining increasing appeal due to the proliferation of such technologies as solar power
generation and bulk energy storage, both of which are dc in nature. One important
requirement for dc grids is the ability to interconnect different levels of dc voltages. It is
also necessary to investigate how these primarily dc systems are to be interconnected to
existing ac power systems. Meanwhile, there is a need to develop and investigate means
for interconnection of large dc subsystems together as they become more prevalent and the

concept of dc grids becomes a closer reality.

An important issue to address is how to integrate multiple dc grids (or subsystems) with
different voltage levels. In conventional line-commutated HVDC transmissions, power
transfers are usually point-to-point and the cost will be extremely high if there are a large
amount of dc systems that need to be interconnected. Therefore, it will be economically
efficient if multiport dc systems can be interconnected directly through one point or a single
device. Several state-of-the-art multiport dc-dc converters for use in high-medium power
systems have been proposed and studied in the past [2]-[7]. In [8], a multiport high power
LCL dc hub is proposed based upon the idea of an LCL resonant converter [9]. For example,
based on the concept from [8], Figure 1-1 shows a multiple dc hub that interconnects
multiple dc links including a generation station, a battery storage system, a remote
community, and other public environments (such as a national park). The dc hub has a
multiport configuration and can be used as the interconnection point of different dc
voltages. Each port has the ability of bidirectional power flow and operates independently
from the other ports. Power flow may occur among different networks. The power
exchange point is an ac bus, which only connects different LCL resonant tanks with a

relatively high fundamental frequency so that the size of reactive components can be

2



reduced. In case of a dc fault, the faulted port can be isolated by opening the ac breaker
installed after the LCL filter. Another key advantage of this topology is the ability to add
new ports to the dc hub without making any component changes to the other ports.
Theoretically, the dc hub can have as many ports as needed. These features provide an ideal

scenario to for the interconnection of various dc subsystems.

Remote Nationa
Community m Park @}

S0

VSC VSC
DC Cable DC Cable
CTTT T it —
: VSC VSC !
| |
| |
| |
‘ DCBus BK3 BK4 |
Modul | Modular AC Bus
AC e i) S : ] o
Substation | Converter || comverter | BKL 1250 Hz ! |
[ BK2 !
: The System ] :
: within the VSC :
! dashed box is !
| |

i the dc hub !
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Figure 1-1: DC hub structure overview

In [10], a two-port dc hub has been prototyped with closed loop control to validate the
topology from [8]. However, several questions regarding the control of a multiport dc hub
remain unanswered. Moreover, [11] states that simulating such a dc hub with a medium-
range fundamental frequency (200-2000 Hz) in an electromagnetic transient (EMT)
simulation software, such as PSCAD/EMTDC, requires extremely small time-steps to

achieve sufficient accuracy due to the numerical instability that may result from the one



time-step delay when the EMT solver performs numerical integration of the control
systems and the vector angle delay associated with the dq0 transformations. The proposed
solutions in [11] for these two problems are to avoid the time-step delay in the numerical
integration and to compensate the vector angle delay of the dg0 transformations. By
applying the proposed solutions, [11] reports significant improvements in the speed and

accuracy of simulating a medium-frequency two-port dc hub.

1.2 Problem Definition

Several questions regarding the control of a multiport dc hub remain unanswered and
one is how a multiport dc hub can be controlled effectively. Power transfer among ports

must be properly analyzed and suitable control schemes be developed.

A state-space model of a two-port dc hub is proposed in [11] and solved numerically
using different numerical integration methods to verify its accuracy and efficiency.
However, there is no developed state-space model for a multiport dc hub and no control

method has been tested on a multiport dc hub with closed loop control.

According to the above description, there are two main problems that this thesis
addresses: control of a multiport dc hub and effective numerical simulation of a dc hub.
This research work is, first of all, to develop a universal control scheme to control a dc hub
with an arbitrary number of ports. Secondly, a dynamic generalized average-value model

is developed to accelerate the speed of simulation.



1.3 Motivation

Based upon the existing literatures related to dc hubs, no control systems of a multiport
dc hub is presently available. Therefore, to investigate the performance of a multiport dc
hub under closed loop control, it is necessary to extend the control method of a two-port
dc hub to a universal method for multiport dc hubs. To build a control system for a dc hub
with an arbitrary number of ports is essential to perform further research on control

interactions, stability, and dynamic performance of multiport dc hubs.

Besides, a small simulation time-step implies high computation load for simulation
software and potentially it means low simulation speed. To develop a new model, which
does not require a small time-step to simulate, becomes significant and relevant to studies
of dc hubs as such a model can reduce the time for simulating a dc hub when evaluating its
dynamic performance. Based upon the developed control system and the dynamic model,
the motivation of this thesis is to propose a dynamic model with high simulation efficiency

and to validate the model with closed loop control.

1.4 Thesis Organization

This thesis has six chapters; the following provides an overview of the contents of the

remaining chapters.

Chapter 2 reviews the commonly used power electronic converters in dc grid
applications. This chapter explains the operation and application of both thyristor-based
LCC and VSCs including two-level VSCs and MMCs. Chapter 3 introduces the

architecture and operating principles of a multiport dc hub. Steady state analysis and



harmonic effects of a multiport dc-dc converter are covered. Chapter 4 proposes a control
topology for multiport dc hubs based on the existing literature for the control of a two-port
dc hub. Chapter 5 provides a dynamic model for a multiport dc hub. This model is
simulated with closed loop control and compared to the simulation results obtained from
PSCAD/EMTDC. Chapter 6 concludes and summarizes the contributions and conclusions

of this thesis. Potential directions for future work are also presented in this chapter.



Chapter 2 Power Electronic Converters in DC Grids

2.1 Line-Commutated Converters

Contemporary LCCs are almost exclusively thyristor-based converters, although other
technologies such as mercury-arc valves were prevalent in the past. LCC is a mature and
proven technology and has been widely used in HVDC transmission, particularly for bulk
power transfer, since the late 1960s [12]. LCCs are popular in HVDC transmission due to
their low cost and appealing loss performance compared to other HVDC systems. As
shown in Figure 2-1, an LCC-HVDC transmission requires two LCCs, one of which acts
as a rectifier that converts power from ac to dc and the other as an inverter that inverts
power from dc to ac. The two LCCs are connected through a transmission line with
unidirectional flow of dc current due to the presence of unidirectional thyristors. Compared
to other HVDC topologies such as VSCs, LCCs have lower costs and better dc fault
handling capability, which provide the allowance of using overhead lines for power
transmission.

LCC Rectifier LCC Inverter
— e—

||@ma°1 .7 Ve J_: M@H ||

Figure 2-1: Block diagram of an LCC-HVDC transmission system
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A thyristor is a semiconductor switch and it is the key element that makes LCCs
controllable. The performance of a thyristor is neither similar to uncontrollable switches
(e.g., diodes) nor fully controllable switches (e.g., MOSFETSs, IGBTs, and GTOs). A
thyristor is commonly defined as a type of semi-controllable semiconductor switch. The
symbol of a thyristor is shown in Figure 2-2. Unless given a firing pulse when the voltage
V across the device is positive the thyristor will be in the “off” state and will block the flow
of current. Once a thyristor turns “on” by applying a gate pulse when it is forward biased,
it behaves similar to a diode and remain on until either the voltage or current is negative.
Therefore, a thyristor can only be controlled to turn it on. The direction of current flowing

through a thyristor cannot be reversed.

YR

Firing Pulse

Figure 2-2: Symbol of a thyristor

Smoothing Reactor

Y YY)

3-Phase
Transformer

lac G)Vdc

dc Side

Figure 2-3: Three phase 6-pulse bridge thyristor-based LCC

Figure 2-3 shows the circuit diagram of a grid connected three-phase, 6-pulse thyristor-

based LCC acting as a rectifier, which consists of six thyristor valves. The three-phase

8



transformer between the ac side and thyristor valves provides electrical isolation between
the ac network and the LCC and it can be considered as an equivalent inductors on each
phase. The smoothing reactor at the dc side provides a means to maintain the dc current,

which is shown in the form of a current source.

The firing pulse is the only means to control LCCs. By comparing a reference signal
Vab, Which is the line-to-line voltage between phases a and b, the phase angle at which the
firing pulse sent to T1 is defined as the firing angle a. The firing pules sent to other thyristors
can be computed based on the firing angle o by adding certain phase shifts. Due to the
source side transformer inductances, the phase currents cannot change instantaneously.
This introduces a delay on turning off the corresponding thyristor and causes an overlap
angle y. The extinction angle y is the phase duration that the thyristor is off. It is worth
mentioning that the extinction angle represents the remaining time of the corresponding off
switches before turning on again. Thus, commutation failure may occur if y is not
adequately large. The summation of «, |, and y is equal to 180 degrees. During the overlap
angle, there are four thyristors turned on simultaneously and the voltage (Vp or V») at the
dc terminal with respect to the ground is equal to half of the sum of the phase voltages

being commutated [13].

Figure 2-4 shows the voltage waveforms on the positive terminal and the negative
terminal of the dc side, the voltage waveform across the dc side, and the phase current Ia
while the LCC is under rectifier operation. The average voltage on the dc side can be

expressed as,

V, =V -V =%vLL cos(a)—gxsldc 2.1)
T T

p n
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where VL is the line to line voltage and X;s is the source-side impedance. The voltage at the
output consists of harmonic orders of multiples of six since the frequency of the voltage
ripple is six times the fundamental ac frequency. The phase currents contain harmonics
with the orders of 5", 7 and 11", 13" and so on. The impact from harmonics can be
eliminated by placing filters on both ac and dc sides. Besides, the dominant harmonics on
both ac and dc side can be significantly reduced by stacking two LCCs in series with

placing a Y-Y and Y-A transformer when connecting to the ac side.

100

Voltage [kV]
o

-100
200

Voltage [kV]
&
o

Current [KA]
_ _t_I

150 200 250 300 350 400
Phase [Degrees]

1
o
o
a1
o
[EN
o
o

Figure 2-4: Voltages and currents waveforms of a 6-pulse LCC

Normally the LCC-HVDC system are either connected as a monopolar dc transmission
system with ground or metallic return or a bipolar system as shown in Figure 2-5. The costs
of a monopolar configuration is less than that of a bipolar configuration, whereas bipolar a
LCC-HVDC configuration may keep delivering power in case of outage of one of the poles.

10



Any external dc system connecting to the ac system can be considered as connecting an
equivalent impedance along with the ac side. If the equivalent impedance is too large, the
LCCs would be under risk to connect to the ac system and the indication of the relative
strength of the ac system is called short circuit ratio. Therefore, evaluating the short circuit
ratio before connecting an LCC converter to the ac system is important. In common cases,
it is safe to connect an LCC if the short circuit ratio is high than 2.5. LCCs may not be able
to recover from commutation failure or dc faults if the ac system is weak [15]. Therefore,
there is a limitation for interconnection of an LCC to an ac system that the ac system has
to be strong enough. Another drawback of an LCC system is that there is no independent

real power and reactive power control as thyristors are semi-controllable device.

Monopolar Bipolar

Figure 2-5: Monopolar and bipolar LCC-HVDC configurations [15]

2.2 Voltage Sourced Converters

Lowering the energy losses during transmission and conversion is a major concern in
bulk power transmission. New developments in power electronics support sustainability
goals by enabling cost-efficient and reliable integration of renewable energy resources into
the power system [16]. This is because power electronic devices are highly efficient due to

the low losses of semiconductor devices, flexibility in operation, as well as fast dynamic

11



response. Due to these reasons, the use of VSC-HVDC is becoming increasingly popular

and significant in HVDC transmission systems.

The semiconductor switches commonly used in VSCs include GTOs, IGBTSs, and
MOSFETSs, which are self-commutating devices [17]. Since these semiconductor switches
are fully controllable devices in which both the “on” and “off” states may be controlled,
they can provide additional means for control and operation of systems built based upon
them. This gives the freedom of controlling active power and reactive power independently.
Meanwhile, VSCs can act as STATCOMs to regulate local ac networks and provide
reactive power compensations. The direction of power flow between two VSCs can be
changed without reversal of the polarity of the dc link voltage. Compared to LCCs, VSCs
can be connected to weak ac systems. Due to their fast switching feature, harmonic filtering

is often much easier than LCC:s.

There are many existing VSC topologies such as diode-clamped converters, floating
capacitor converters, and multilevel converters including monolithic and modular. The

most common VSCs, including two-level VSC and MMCs, will be reviewed in this chapter.
2.2.1 Two-Level Voltage Sourced Converters

The structure of a two-level VSC is similar to the three phase 6-pulse bridge thyristor-
based LCC. However, the switches used in two-level VSCs are fully controllable
semiconductor switches, which can be controlled to turn on and turn off, such as IGBTs,
MOSFETSs, and GTOs. Thus, VSCs have one more degree freedom to be controlled
compared to LCCs, so that both real power and reactive power of VSCs can be independent

controlled. Each switch of the two-level VSC has a diode that is connected anti-parallel to

12



the switch. This is to provide a path for current during the negative cycle. A circuit of a

three-phase two-level VSC is shown in Figure 2-6.

S]_ SB S5 Filter
PN A A Transformer  AC Grid

||}> Vee M A~ %%_@
L) nE ok

Figure 2-6: Grid connected three-phase two-level VSC

There are a few switching schemes, including space-vector modulation (SVM), optimal
PWM (OPWM), and bipolar and unipolar PWM that have been widely used to give
switching pulses to two-level VSCs. Bipolar sinusoidal PWM (SPWM) scheme is reviewed
in the following. Figure 2-7 shows how the switching pulses to a two-level VSC are

generated. The reference signal is given as
Ve =Msin(at+0) 2.2)

where m is the modulation index, w is the angular frequency, and @is the phase shift of the
reference signal. The modulation index is to control the magnitude of the output voltage
and must be less than unity in the linear operation range. In the linear operating range the

fundamental component of the phase voltage can be expressed as

V,
vV, = m7"sm(wt+9) (2.3)
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Magnitude

0 1 2 3 4 5 6
Phase [rad/s]
Carrier — — — Reference —— Switching Pulse

Figure 2-7: Bipolar SPWM for a single phase two-level VSC

The triangular waveform with a duty cycle of 0.5 shown in Figure 2-7 is the carrier. To
generate the switching pulses to drive the switch gates, the reference signal is compared to
the carrier. If the reference is higher than the carrier, the corresponding switch will be
turned on. Selection of the switching frequency of a VSC depends on the application,
harmonic requirements, consideration of losses, sizing, limitations of the switching devices,
and so on. A high switching frequency normally yields better harmonic performance and
better power quality; meanwhile it can also reduce the size of the converter’s energy storage
elements. However, a high switching frequency implies high switching losses and requires

use of fast switching device. The switching frequency can be defined as,

f,=m,f, (2.4)
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where ms is the frequency modulation index and f1 is fundamental frequency of the
switching pulse or the frequency of the reference signal. Normally the switching frequency
should be higher than 15 times the fundamental frequency. To eliminate the 3" order
harmonic and its multiples in a three-phase VSC, the frequency modulation index mx is

selected to be a multiple of three.

L

Figure 2-8: Grid connected VSC equivalent circuit

Before connecting to the grid, there are filters and a transformer that are connected in
between. The inductive filter reduces the impact from voltage harmonics on the grid and
the transformer provides electrical isolation and steps up/down the voltage between the
VSC and the grid. The transformer can also be considered as a series phase inductor.

Therefore, the circuit is equivalent to Figure 2-8.
2.2.2 Modular Multilevel Converters

In the past two decades, the booming of development of modular multilevel converters
has made them attractive in both industrial applications and academic research. MMCs
were firstly proposed by R. Marquardt and A. Lesnicar in Germany [18] and the first
MMC-HVDC plant was built by Siemens in the United States. Compared with
conventional power electronic converters in high- or medium-power applications, the
advantages of MMCs include the capability of delivering very high power with exceptional
harmonic performance with relatively low switching frequency, modularity, low losses,
and reliability due to the use of redundant SMs.
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Figure 2-9: Three-phase MMC structure overview

As a type of voltage sourced converters, MMCs are widely used in HVDC or FACTS
applications. Figure 2-9 shows an overview of the structure of a typical three-phase MMC.
It contains two arms in each phase and each arm includes multiple SMs. Arm SMs may
have the same or different configurations depending on the application. In addition, the
large number of series connected SMs provides more voltage levels in generating a high-
quality sinusoidal output waveform. Consequently, the larger the number of SMs the
smoother the output waveform. However, the increasing number of SMs brings problems

and more complexity to the control of the MMC.
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Figure 2-10: Phase voltage of a MMC vs. the reference
The power converted by an MMC has good quality due to its excellent harmonic
performance. As shown in Figure 2-10, the output waveform of an MMC closely follows
a sinusoidal waveform and, therefore, there is no need to place large and expensive filters

at the output to filter out high order harmonics. The phase voltage can be calculated as,

Viower =V
V., = _lower upper (2.5)

hase
P 2

where Viower and Vupper are the voltage across the lower arm and upper arm, respectively.
The property of modularity allows decreasing the installation cost and the low switching
frequency feature lowers the switching losses of the MMCs during its operation.
Meanwhile, the modular structure allows the high dc voltage to be distributed among the

large number of SMs.
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One of the critical challenges for MMCs is the capability to handle dc faults, such as
lightning strikes, short circuits on the cables, and so on. Some MMCs topologies have such

an ability to deal with a dc fault without a circuit breaker and some do not.

The design of SMs is usually dependent on the expectation from the MMCs. Different
SMs have different advantages or drawbacks. In most cases, consideration for designing a
SM include losses (both conduction and switching losses), level of modularity at the cell
level, voltage scalability, PQ controlling, capacitor sizing, energy storage, capacitor
voltage balancing, circulating current control, unipolar or bipolar voltage operation of the
arm, and dc fault handling capability. Generally, there are two common SM topologies that
are popular in many MMCs; these are the half-bridge (HB) SM and the full-bridge (FB)
SM as shown in Figure 2-11. The following paragraphs introduce the general behavior and

characteristics of these two SM topologies.

S S3
+
ISM L
Ve =
+ -
VSM 82 S4
(b)

Figure 2-11: Typical MMC SMs (a) HBSM; (b) FBSM

Figure 2-11 (a) shows the circuit of a half bridge SM. There are two semiconductor
switches with anti-parallel diodes connected on the terminals of the semiconductor
switches to provide a path for the negative current and a capacitor to hold the voltage of

the SM. The operation mode of the half bridge SM can be summarized as in Table 2-1.
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Table 2-1: Operation Modes of HBSM

S1 S, Vsm
ON OFF Ve
OFF ON 0

Under normal operation, the two semiconductor switches are always on or off with
complementary states. The output voltage of this SM is equal to either the capacitor voltage,
V¢, or 0; therefore, the switching of this SM is unipolar since it cannot have a negative
output voltage. The advantages of using half bridge SMs to build an MMC include low
material costs and low energy losses since there are only two switches in this SM. However,
the drawback of HBSM topology is that there is no dc fault handling capability. When a dc
fault occurs, the half-bridge MMC cannot block the fault current although all HBSMs are
blocked, since the capacitor may be bypassed and the de-energization process on the arm
inductor is very slow. Consequently, usually a circuit breaker is placed in the MMC circuit

if half bridge SMs are the only used topologies for all the SMs [19].

Table 2-2: Operation Modes of FBSM

St S» S3 Sa Vsm
ON OFF OFF ON Ve
OFF ON ON OFF -Ve
ON OFF ON OFF 0
OFF ON OFF ON 0

To handle a dc fault and to have bipolar switching FBSM topologies are proposed and
implemented in MMCs. Similar to a HBSM, it also consists of semiconductor switches,
anti-parallel diodes, and a capacitor. However, there are two more switches added in this
SM circuit as shown in Figure 2-11 (b). The operation of the FBSM can be concluded as

shown in Table 2-2.
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Compared to HBSMs, FBSM design can have three different voltage levels of V¢ and
0 at the output, which means that the switching of FBSMs is bipolar. One of the advantages
of FBSMs is the capability to handle dc faults. When a dc fault occurs, all SMs are blocked.
The capacitor in the FBSM is inserted into the fault path regardless of the current polarity.
The equivalent voltage and current in the fault loop always have negative reference
direction. Therefore, the fault current will decay until it reaches zero. However, the
disadvantage of this SM is in its efficiency. As mentioned previously, more semiconductor
devices added cause an increase in both conduction losses and switching losses, as well as

the material costs.

In recent research, there are new topologies developed based on the modifications on
the HBSM and FBSM. For example, clamp-single SM, clamp-double SM, improved
hybrid SM, series-connected double SM, three-level cross-connected and so on [20]. These
topologies of SMs are proposed to improve the fault handling capability of MMCs. When
a dc fault is temporary, the MMCs should be able to protect the circuit components and
afterward restart the operation of the system once the fault been cleared. Whereas, if the
fault is permanent, the MMCs should at least have self-protecting ability to ensure the

components can survive.

The control algorithm for finding the output voltage level that the MMC should deliver
has two types: nearest level control and multicarrier PWM. Based upon the reference signal,
the controller computes the number of SMs needs to be inserted in each arms. The selection
of which SMs should be inserted is based on the current direction and voltages of each SM.
Unlike two-level converters, due to multiple semiconductor switches involved in each arm,

sorting the operation order of the switches of every arm is introduced. The principle of SMs
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selection is to ensure that all SMs have a nearly balanced dc voltage. It is to ensure all the
switches can be used in such uniform rate and further to protect the devices. Above these
procedures, the gate signal will be sent to the MMC. Besides, since there is a large number
of energy storage elements in MMC circuits, pre-charging these elements may become
necessary. Similar to most power electronic devices, capacitors or inductors operate in
periodic steady state (PSS) under normal operation. Therefore, the energy stored in these
elements should be controlled and this includes the total energy control to control the
energy stored in the SM capacitors of each phase and the difference energy control to
balance the energy of the upper and lower arms in the same phase. Similar to two-level
converters, the dc voltage needs to be controlled and maintained at the reference value,

although the dc-link capacitor is not necessary to be in place for MMCs.

2.3 Application in DC Grids

In present power networks, ac and dc systems are intertwined. The development of
technologies related to renewable energies are tied with the research on dc grids. The main
consideration in dc grids include cost, efficiency, bi-directional power transfer, stability,

controls, fault handling capability, and so on.
2.3.1 LCCs in DC Grids

Research on the application of LCCs in dc grids over the past few decades provides
many ideas to interconnect multiple dc networks. There are two major ways - parallel
connection and serial connection - that have been proposed; these two connection schemes

are shown in Figure 2-12. It is necessary to mention that all ac sources shown in the graphs
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require another stage of conversion to dc voltage, so they can be ready to integrate into a

dc grid.

act _[ :“2 _[ Voo . én-rww— E:

Figure 2-12: (a) Parallel connection; (b) Serial connection [15]

For parallel connection of LCC-HVDC systems, the dc voltages at the dc terminals of
all LCCs are uniform and the polarity of the dc link voltage and the direction of current
flow cannot be changed unless employing mechanical changes. There is a master LCC to
be in charge of regulating the dc voltage and all other LCCs take control of their own dc
currents flowing to the network. Therefore, any dc fault, which is possible to happen when

commutation failure occurs on any of the LCCs, can result in a global power interruption.

Unlike the parallel connection, serial connection requires uniform current circulating
in the LCCs’ loop. The dc current in the LCC’s 1oop brings large losses since the current
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is always at the rated value. Similarly, one master LCC must take control of the regulation
of dc current and other LCCs need to control their own dc voltage so that the power transfer
to each LCC can be controlled. Commutation failures in local LCCs would not interrupt
the global power service. Meanwhile, the direction of power transfer can be reversed since

the polarity of dc voltages of LCCs in this case can be changed [15].

2.3.2 VSCs in DC Grids

As illustrated in Section 2.2, VSCs have many advantages compared to LCCs. One of
which is the flexibility of power flow and control. The following section reviews two state-
of-the-art VSC based dc-dc converter topologies in dc grid applications proposed in the
past few years. VSC-HVDC technology is also often used for offshore wind farm and bulk

power transfer.

A dual active bridge dc-dc converter normally consists of two VSC stages as shown in
Figure 2-13. A dc-ac converter is connected back-to-back to another dc-ac converter
typically through either a transformer (for both isolation and maintaining a stepping ratio
purposes) or a resonant circuit. For this interconnection method, there is no restriction on
the topology of VSCs, so the selection of the topologies of VSCs depends on many
conditions including financial and technical considerations. The first generation of dual
active bridge dc-dc converter topologies operating in high power range was proposed and
analyzed in [2]-[3]. The dual active bridge topology is attractive because of its bidirectional
power flow, low component stresses, and high-power density features [3]. In [21], the paper

analyzes the difference between the dual active bridge dc-dc converter in [2] and the dc-dc
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converter based on MMCs in [22] from the viewpoints of efficiency, cost, and limitation

of use in various dc grid connections.

+ +

Vaa| VSC —— [ —— VSC |V

Figure 2-13: Dual active bridge converter
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Figure 2-14: Current and future dc grids

The current and future integration of multiple dc networks can be summarized in Figure
2-14. The existing dc networks are connected on a point-to-point basis. Whereas, the future
dc grid is formed by interconnecting multiple dc links to a single point or a single device.
This method can save cost on both installation of converters and transmission lines.
Consequently, developing an efficient and reliable multiport dc-dc converter plays a
significant role for the improvement of dc grids. A state-of-the-art VSC based multiport

dc-dc converter is investigated and analyzed in the following chapter.
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Chapter 3 Architectures and Operations of a Multiport

DC Hub

3.1 Topology Review

In the previous chapter, it was mentioned that future dc grids require the
interconnection of multiple dc links. In [8], a solution for the interconnections of multiple
dc networks is proposed. The idea is to use a dc hub, which is a multiport dc-dc converter,
to link different dc networks with different voltage levels and make bidirectional power
flow becomes possible. The structure of the multiport dc-dc converter is shown in Figure

3-1.

'T| bciac _w W Ac/DC | T

1
T

gL | VSC2 £ VSC 3
T |DciAcy,” L. v,| AC/DC
alel gl of

Figure 3-1: DC hub structure [8]

The topologies of VSCs in the dc hub can be arbitrary, such as half-bridge or full-bridge
two-level VSCs, MMCs, and so on. Without considering losses and cost of a dc hub, under
the existing HVDC converter technologies, MMCs would be the best choice for the VSCs

of a dc hub since the harmonic performance of MMCs is much better than other VSC
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topologies. In the investigations shown in the following chapters, for consideration of
creating a more challenging environment of simulation, the VSCs adopted in the dc hub
are considered as half-bridge two-level VSCs as the harmonics from two-level VSCs are
much more considerable than the harmonics from MMCs, as shown in Figure 3-2. The
voltages across the dc terminals are denoted as Vaci, where i indicates the port number. In
an ideal case, the number of ports of a dc hub can be extended without having influences
on other ports. Power control in each dc terminal is arbitrary as long as the summation of

network powers in a dc hub is zero.

IH— Vici ——o

L, w3

Figure 3-2: Half-bridge two-level VSC

The ac outputs of all VSCs in a dc hub are linked by a specially designed multiport
LCL filter and then the energy exchange happens at the node of capacitors, as shown in
Figure 3-1. The equivalent capacitor is not an actual ac bus in its conventional form. Instead,
it can be considered as a single node that only links the VSCs within the dc hub. In addition,
the frequency of the voltage across the capacitors is in the kHz range and is much higher
than the conventional 50/60 Hz ac system due to the filtering purposes and considerations
on sizing of the reactive components. Better filtering ability may lower the switching

frequency of the VSCs so that the switching losses can potentially be reduced. Besides,
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reducing the size of reactive components of a dc hub can potentially decrease the cost of
materials. The design method of LCL filter plays a key role for the power conversion
process. The design method has been fully explained in [8] and the inductor and capacitor

values can be calculated using the following two equations.

r r r 2 In r 2
L M.V \/(vc) -(M{V¢) -~
P'w,

LR (M)

= 3.2
I a)O(VCr)2 MV (32)

where i denotes the number of the corresponding port, and r denotes the rated value. M/
is the rated modulation index of port i, V" and V/ are the rated fundamental components

of the ac voltage of port i and the ac voltage on the capacitors at the center of the dc hub,

respectively. B" is the rated maximum power of each port and @, is the fundamental
frequency of the ac voltage across the capacitors at the center of the dc hub, or it may be
considered as the operating frequency of the dc hub. To design the LCL filter, first of all,
itis necessary to selectthe rated P", V,,; and @, . According to the design principles in [8],
V¢ can be selected around 20% higher than the highest V" due to the considerations on

limiting fault currents and avoiding problems with the resonant frequency. Once these

factors have been defined, Li and C; can be computed accordingly.

3.2 Principles of Operation

The voltage source converters in the dc hub can be of any type including two-level,

multi-level, or modular multilevel converters. Using the design principles in [8], the values
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of LCL filter components are selected based on factors such as the rated power, dc link
voltages, number of ports, operating frequency, considerations of resonant frequency, and
so on. Since the application of a dc hub is mainly for connecting multiple dc links, the
internal harmonics of a dc hub are not a significant concern. Basic operating principles of

a dc hub under normal conditions are illustrated in [8] and summarized as follow.

a. The ac voltage and current of each port are in phase; therefore, all ports operate at
unity power factor to reduce the currents drawn and losses;

b. The phase of voltage across the parallel capacitors, Vc, is considered as reference
angle, so that the imaginary part of V¢ is forced to be zero and no PLL is required;

c. With the above, the zero summation of the real part of the port currents is an
indication of power balance in a dc hub.

In any circuit, the complex power can be presented as follows.

S=VI*=P+jQ (3.3)

Imaginary axis

Real axis

Figure 3-3: Vector in phasor domain

In phasor domain, any vector (denoted as X) as shown in Figure 3-3, can be represented as

in (2).
X =X, + X, (3.4)

The complex power can, therefore, be re-written as follows.
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S :(Vd + qu)(Id - jlq)

. (3.5)
S=Vyly +V 1, + J(V 13 —V,l,)
Thus, the port current shown in Figure 3-1 is given in (4).
I- :\/i- _VC :\/Id + j\/lq _VCd - jVCq (3,6)

Lol jol

where Vi is the port voltage. As mentioned earlier, Vcq is forced to be zero, which implies

that (3.6) can be simplified as follows.

Vi (3.7)

VCd
ol

v,

Iizlid+j|iq: +]

According to (3.5) and with Vcq equal to Ve, the port’s real power is

VquCd _

R =V Vil =21 =

id"C (38)

Based on (3.8), the lia component of the port current controls the real power as Vc is left to
be an uncontrolled variable, although the magnitude of Vc may be impacted by the variation
of port currenta. In (3.7), it is clear that lig can be controlled by Viq or effectively the g

component of the modulation index since port voltages can be expressed as follows.
Vi =Vig + j\/iq =M, E + jMini (3.9)

where Mig and Miq are the modulation indices for dg components of the port voltages,

respectively.

3.3 Steady State Analysis

As indicated in the previous section of topology review, a dc hub consists of multiple

VSCs interconnected by a multiport LCL filter. Ideally, the averaged model of a VSC is
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equivalent to an ac voltage source with a single frequency component (i.e., the
fundamental). As an example, the average model of a three-port dc hub can be shown in

Figure 3-4.

Figure 3-4: Three-port dc hub in the averaged model

Prior to designing the control system for a multiport dc hub, a steady state analysis is
performed. This is to validate that there exists a desired operating point, so that it is possible
to design a control system for the dc hub and let the dc hub operate at the desired operating

point. For a multiport dc hub, the given conditions and parameters are as follows:

a. Power from each port is known;

b. The operating frequency and all the inductor and capacitor values are given;

c. The voltage and current of each port are assumed to be sinusoidal and in phase
(unity power factor);

d. Vcqis equal to zero.

By using the three-port case as an example, to solve all voltages and currents in this
circuit without over-determining the system of equations, there are five primary unknowns

of V¢, Iy, I2, 61 and &, where Vc is the voltage across the capacitor, and 11 and > are the
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magnitudes of the currents from port 1 and port 2. All other parameters, such as Iz with its
phase and the capacitor current leq are the natural outcomes after these primary unknowns
are solved. An example of the vector diagram of the currents at each port is shown in Figure

3-5.

A Imaginary axis

L
I3 |

N
(93 91 .J 1d >
Real axis

Figure 3-5: Vector diagram of port currents

Based on the power theory, under steady state, the first two equations can be expressed as,
P, =V,.I,cos(6,) (3.10)
P, =V,1,cos(6,) (3.11)

Since all ports provide unity power factor, the other two equations can be formed as,

tan(6)) = 1, cos(6,) wl, _ sin(4,) (3.12)
YV, —1sin(6)wl,  cos(6)
tan(6,) - 1,c0s(6,) L, _ sin(6,) (3.13)
*V, —1,sin(6,)wL, cos(6,) '
These two can be simplified as,
Lol —V,sin(6,)=0 (3.14)
l,wL, -V, sin(6,)=0 (3.15)

Moreover, the tangent value of the current’s phase angle at port 3 can be defined as,
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l;cos(6,)ol, 1,0l
V, —lsin(6,) oL, Ve —Il,0L,

tan(6,) = (3.16)

However, by replacing Iz, Isq, 139, and & by the primary unknowns, the following equation
can be obtained,

[(vcwceq )2 + 12417 +21,1, c05(6, - 6,) - V. aC,, (1,5in(6,) +1,sin (492))}0L3

(3.17)
=V, (Ve@Cy — 1,5in(8,)—1,5in(6,))

There is a critical point on the sign of the tangent functions that needs to be clarified. For

such a port that is providing negative power, that means the voltage and current are 180°

out of phase. The tangent function for € is the same in which value is solved by either

I,/14 Or V, /V, .

A three-port dc hub is designed and simulated in open loop to validate the steady state
analysis performed above. The parameters of power circuit components of the dc hub are
designed based on (3.1) and (3.2), and the default modulation indices are set to be 0.9 for
all VSCs. The source side resistors are assumed to be zero under ideal conditions. The

power components and operating data are listed in Table 3-1 and Table 3-2, respectively.

Table 3-1: Power circuit components of the three-port dc hub

Ly L. Ls Ceq R1 Rz Rs
(H) (H) (H) (MF) (%)) (%)) (%))
0.0103 0.0154 0.0178 2.0465 0 0 0

By solving the system of equations of (3.10), (3.11), (3.14), (3.15), and (3.17), there
are three operating points are met the requirements and under additional investigation. The

solutions are listed in the Table 3-3.
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Table 3-2: Operation parameters of the three-port dc hub

Port 1 Rated maximum power 150 MW
ort
DC link voltage +150 kV
Rated maximum power -100 MW
Port 2
DC link voltage +100 kV
Rated maximum power -50 MW
Port 3
DC link voltage 50 kv
Fundamental frequency 1.25 kHz
Table 3-3: Operating points
Port Number 1 2 3
Solution 1
Current (kA) 1.110833.53° 1.1107.A423.76° 1.1107 A106.13°
Voltage (kV) 135.04./33.53° 90.03£-56.24° 90.03£—-73.87°
Modulation Index 0.9003 0.9003 0.9003
Ve 162.00 kV
Solution 2
Current (kA) 1.3029./42.36° 0.8899./136.16° 1.0597 A107.63°
Voltage (kV) 115.13./42.36° 112.38£—-43.84° 4718,/ —-72.37°
Modulation Index 0.7675 1.1238 0.9437
Ve 155.79 kV
Solution 3
Current (kA) 1.8105.260.40° 1.2008.4119.77° 0.3085.465.07°
Voltage (kV) 82.85..60.40° 83.282-60.23° 162.07£-14.93°
Modulation Index 0.5523 0.8328 3.2415
Ve 167.74 kV

However, not all solutions are feasible in reality. For two-level VSCs, the modulation
index should be less than unity to ensure that the operation is in the linear range. Therefore,
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in the control system, the modulation index is limited to unity. Meanwhile, as mentioned
earlier, the modulation indices are designed to be 0.9 for all VSCs in the dc hub. Thus, only
solution 1 can be feasible in reality as only in solution 1 all modulation indices are less

than unity.
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Figure 3-6: PSCAD/EMTDC simulation for the averaged model of a three-port dc hub
To verify this solution, this model is simulated in PSCAD/EMTDC. It is important to
mention that the source side resistance cannot be zero in reality. This is because the dc hub

will lack damping if there is no resistance.

The simulation results of maximum port powers and dg component of the dc hub are
shown in Figure 3-6. The maximum powers of these three ports are 150 MW, -100 MW
and -50 MW, respectively. The value of Vcgq is around 161.2 kV and Vcq is close to 0 kV,
under steady state. The simulation result closely match the results in the steady state
analysis. The minor differences are resulted from adding the source side resistance in the

simulation and the errors can be taken care of when a closed-loop control system is added.
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Overall, the simulation in PSCAD/EMTDC has verified the operating point from the steady

state analysis.

3.4 Harmonic Analysis

In [8], it is claimed that the dc hub with two-level VSCs only requires the switching
frequency of three times the operating frequency. Although the LCL filter may be strong
and may take care of the current harmonics from each port, a low switching frequency may

result in an inaccurate RMS value of the fundamental component of the voltage, V." , at

each VSC. Equation (3.18) given in [8] approximates the magnitude of the fundamental

component of the switching pulse under ideal case.

ym = AME (3.18)

i . \/E
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Figure 3-7: Bipolar switching of a two-level VSC

<l

1 O<wt<a

-1 asgowt<rmr-a

1 T—asowt<rw

S= (3.19)
-1 rw<wt<r+a

1 7+a<wt<27r—a

-1 2r—-a<owt<2r
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The switching pulse of a two-level VSC with a switching frequency of three times the
fundamental frequency is shown in Figure 3-7 and the its expression if shown in (3.19). To
perform harmonic analysis, the Fourier series of the switching functions can be defined as

in (3.20).
.27
C, = = jS(t)e T dat (3.20)
The sinusoidal function has a period of T =27, therefore,

1 a T—a b q ) T+a 2r-a ) 2z )
C, == fe—ka_ fe—kat+ J‘e—kat_ J‘e—kat+ J‘e—kat_ J‘eﬂkwt det (3.21)
T 0 a T—a V4

T+a 2r-a

Based on the property of quarter cycle symmetry there is no dc component and,

2
C, = (81 =S, oddk (3.22)
0, evenk
Therefore, there is no even order harmonics and,
_ 2] — jka jka _ 2]
Ch ot _g(e +e —1)_%(2cos(ka)—1) (3.23)
The Fourier series can be written as,
+00 272_
Sy =Cot D, 2|Ccos k_l_—a)t +/C, (3.24)
k=1, odd 0

where C, =0 due to the property of quarter cycle symmetry. The value of a depends on

the modulation index m of the VSC. It can be solved by the following function,

msin(a):—2+§a (3.25)
T
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Based upon equation (3.25), the relationship between the modulation index and a can be

plotted as shown in Figure 3-8.
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Figure 3-8: Modulation index vs. «

As an example, a two-level VSC with a modulation index of 0.9 is investigated and

a =1.52 in this case. The Fourier spectrum of the switching pulse is plotted in Figure 3-9.

The VSC theoretically is a replacement of a voltage source. Thus, the fundamental
component should be close enough to the equivalent voltage source. Under this case, the
modulation index is set to be 0.9; however, the 1% order harmonic has a magnitude of 1.14,
which is higher than the desired modulation index of 0.9. Therefore, to ensure the accuracy
of the modulation index, it is possible to introduce a correction factor, CF, which is to be
multiplied by the reference signal of the VSC. It is important to mention that adding the
correction factor is to reduce the error between the desired magnitude of the fundamental

component and the actual one. The correction factor CF in this case can be found as,

cr=29 079 (3.26)
1.14

To verify the correction factor, a comparison of the capacitor voltage is conducted as
an inaccurate ac fundamental component from the VSC sides will affect the value of the

capacitor voltage. The anticipated magnitude of the capacitor voltage is 162 kV. Based on
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the design in this case, with three voltage sources connected, the harmonic spectrum of the

capacitor voltage is shown in Figure 3-10.
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Figure 3-9: Harmonic spectrum of the switching pulse
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Figure 3-10: Capacitor voltage of the dc hub with ac sources connected
With the VSCs connected and when the correction factor is not applied, the harmonic

spectrum of the capacitor voltage is shown in Figure 3-11.

After the correction factor applied, the harmonic spectrum of the capacitor voltage is

shown in Figure 3-12.
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Figure 3-11: Capacitor voltage of the dc hub without correction factor applied
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Figure 3-12: Capacitor voltage of the dc hub with correction factor applied

200 —
150 [ .
100 f .
50 [ .

0 1 2 3 4 5 6 7 8 9 10
Harmonic Order

Figure 3-13: Capacitor voltage of the dc hub with increased switching frequency

According to the above harmonic spectra of the capacitor voltage under different
conditions, the dc hub with voltage sources connected shows a reasonable value of the
capacitor voltage; the dc hub with VSCs connected has a fairly large fundamental
component; therefore, it results in a large value of capacitor voltage; by adding the
correction factor, the fundamental component of the capacitor voltage drops to such value

that is close to the one obtained from the dc hub with voltage sources connected. Moreover,
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with VSCs connected to the dc hub, there is a considerably large amount of 3" harmonic.
A large high order harmonic may result in challenges to control, as it will bring oscillations

to the dq components if dg0 transformation is applied in the control method.

Alternatively, it is possible to increase the switching frequency to reduce the impact
due to the low switching frequency. The harmonic spectrum of the capacitor voltage is
shown as Figure 3-13. The fundamental component of the capacitor voltage is very close
to the simulation result from the dc hub with ac source connected. In addition, the most

significant harmonic is 9™ and its magnitude is almost negligible.

40



Chapter 4 Dynamic Control for DC Hubs

4.1 Single Phase dqg Transformation

Figure 3-3 shows that any vector in phasor domain can be decomposed into a real part
and an imaginary part. In control systems with conventional controllers such as
proportional-integral (P1) blocks, static (dc type) quantities are much easier to work with
than dynamic quantities such as sinusoidal waveforms. Therefore, single phase dq
transformation may be introduced to present the time-based ac waveforms in terms of two
dc signals, i.e., d and g components, whose magnitudes are equal to the real part and

imaginary part of such a vector in phasor domain.

A
stin

0 Vsin

A -

Rotating direction

w Vg

Figure 4-1: Single phase dq transformation

i) e e

sin
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In general, d and g are two rotating vectors that are orthogonal to one another, as shown
in Figure 4-1. To implement dq transformation, first of all, it is required to obtain two
sinusoidal signals, defined as vsin and dvsin such that dvsin that has a 90° phase shift relative
to vsin. The phase @ changes with a speed of . The magnitude of vq and vq can be computed
based on the projections of vsin and dvsin 0N Vg and vq vectors. Thus, the transformation can
be represented in matrix form as in (4.1) and the magnitude of the real part and imaginary

part of vsin can be defined through this transformation.

4.2 Control System of a Multiport DC Hub

According to the operating principles summarized earlier, a three-port dc hub control
system is shown in Figure 4-2. The concept of this control is based on the two-port dc hub
control method proposed in [10]. Similar to the two-port dc hub control, there are six inner
loops to control the dg components of port currents. Each liq reference is computed based
on its corresponding lig reference and the phase angle to ensure that the port operates at

unity power factor. The current flow from the VSCs to Vc can be simplified in Figure 4-2.

Li
Vi Ii VC
Figure 4-2: Current flow from a port to centre of the dc hub
Since the phase angle of V¢ is considered as reference, Vcq is always defined as zero. Under
steady state, (4.2) can be written.
JoLi(ly + j1g) =Vig + 1Vig —Veq (4.2)

From (4.2), the dq components of li can be determined as,
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Iid =—1 (4.3)

Ve VM

qu = I - a)LI (44)

In (4.3) and (4.4), oL, is a constant and Vc is assumed to be constant in steady state.

Therefore, lig can be controlled by controlling Viq and liq can be controlled by controlling
Vig. In the control system, Miq and Miq are the two direct factors that can control Vig and Vi,
respectively.

However, the power references to the outer loops are given individually except for one
port power that must balance the total power. For instance, in Figure 4-3, Parer and Parer are
given individually to generate the lig references for these two ports. However, lire iS
computed directly based on the liq reference for other ports since the sum of lig must be
zero to force Vcq to be zero. The reason for not adding another PI controller to generate 14
references based on Purer is that in reality the dc hub will not be lossless; the sum of port
powers is not zero if losses are considered. This control design can be extended to a larger
number of ports. In such a case, all inner loop controllers will remain unchanged. All liqg
references are the output of the power control loops except only one for which the liq

reference is automatically known from other liq references.

In addition, although the harmonics in the dc hub do not play any role in power
conversion or power quality, they will bring challenges to the controllers. The harmonics
will generate considerably large ripples and oscillations on the dg components after
performing dg transformation. As a consequence, filters are added in the control loops to

filter out ripples on the dg components of the port currents.
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Figure 4-3: Control diagram of a three-port dc hub
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The minimum selecting block on Miq is to ensure that the modulation indices Mi; for all

ports are always within the linear operation range.

4.3 Nonlinearity of the Control System

Pl controllers are used in this control system and, in general, Pl controllers are
considered as a linear controller. From (4.3) and (4.4), it is obvious that lig and liq have
linear relationships to Miq and Mig, respectively. However, the reference ligref IS a function

of the dg components of the modulation index. The function of Mg can be written as,

M, K,
Mid:{M_id quj(Kp+ Sj (4.5)

Thus, after adding outer loops from port powers control the control system for the dc hub

loses its linearity.

4.4 Validation of the Control System

This control system is tested on the designed three-port dc hub in PSCAD/EMTDC
simulation with a time-step of 0.1 ps to obtain detailed simulation results. The LCL filter
parameters are shown in Table 3-1, and the source side resistances R;j are set to be 0.5 Q.
In Section 3.4, it was shown that under a low switching frequency the high order harmonics
have noticeable magnitudes and they may bring significant oscillations into the dq
components if dq transformation is applied. This makes it challenging to properly respond
to the changes in the dc hub as the filters in the control system need a very large time
constant to smooth out the dq component of the current. A large time constant on the filter

will potentially decrease the speed of response of the controllers. To avoid this issue, the
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switching frequency is set to be 11.25 kHz, which is nine times the fundamental frequency
of Vc. The frequency modulation index of nine is still much smaller than the conventional

modulation index of 15 for two-level VSCs.

The PI1 controller tuning follows the guidance in [10] and the parameters for PI

controllers are shown in Table 4-1.

Table 4-1: Parameters of Pl controllers of the three-port dc hub

Pl l1d lig l2g I2g l3g I3g P2 P3
Ko 0.05 0.05 0.05 0.05 0.05 0.05 10+ 10+
T, (LK) 006 | 04 | 04 2 04 | 05 | 200 | 200
Upper Limit 1 1 1 1 1 1 0 0
Lower Limit -1 0.01 -1 0.01 -1 0.01 -3 -3
200 T T T T T T T T T
150 1
= 152.0
<100l l
s 100
% Py
g 50 151.8 — P,
3 Ps3
D- -
g 0 1516 |
o 4.7 4,7025 4,705

o
=}
T

R

o

o
T

BT 2 3 4 5 6 7 8 9 10
Time [s]
Figure 4-4: Power plots of a three-port dc hub with closed loop control
The simulation runs from a time period of zero to ten seconds and changes to power

references are given to the controller at t = 5 s. At this point, the powers for port 2 and 3

are dropped from -100 MW and -50 MW to -80 MW and -40 MW. In any circuit, the port
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in the network must have a zero summation. Hence, the power for port 1 is equal to the
absolute value of not only the sum of power for port 1 and port 2, but also the losses from
switching and source side resistances. The dc hub takes about 1.5 s to achieve steady state
after the transient is applied. The response speed is strongly depending on the time constant

of the PI controllers in the outer loop of its control system.
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Figure 4-5: dg components of the modulation indices
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Figure 4-6: Modulation indices of the dc hub



Figure 4-5 shows the dynamic changes on the dg component of the modulation indices,
which are the outputs from the inner loop P1 controllers. All Mig and Miq are always within

the limited range of the outputs of the PI controllers.

Figure 4-6 indicates the magnitude of modulation indices of the dc hub are less than
unity and all three VVSCs are operating under linear operation range. It implies the minimum

selection blocks in the control system are not active in this process.

200 . . . . . . . . .

W23 4 5 6 7 8 9 10

Time [s]

Figure 4-7: dg components of V¢

Figure 4-7 shows that phase of V¢ is locked to be the reference angle since Vcq oscillates
around zero under steady state. The capacitor voltage is close to the designed value 162 kV,

and the error is resulted from R;.

Figure 4-8 shows the dg components of I;. The summation of all liq are about zero. This

implies there is no reactive power from the VSCs to the center of the dc hub. In addition,
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this is also a sign that all VSCs are operating with a unity power factor, i.e., the voltage

and current for every port are in phase.
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Figure 4-8: dg component of |;
Overall, the closed loop control for a multiport dc hub has been verified by

implementing in a three-port dc hub with dynamic changes. The simulation results match

the theoretical values and principles of operation.
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Chapter 5 Dynamic Modeling of DC Hubs

5.1 Dynamic Phasor Model

Since the control system only processes and controls the dg components, it is not
beneficial to simulate the dc hub in the original abc domain. For example, the default
simulation mode in PSCAD/EMTDC uses nodal analysis for the power circuit components
and the currents and voltages are in the original abc domain. To process the control system,
all signals in the abc domain must be converted into a dq frame. However, performing dq
transformation will cause a small angle delay for signals in the dg components [11]. This
angle delay may not be significant for a low-frequency system (e.g., 60 Hz); however, it
will have a considerable impact on the phase angle information if the base frequency is
large (e.g., 1 kHz). Table 5-1 indicates the significance of the phase angle delay due to the
one time-step delay. The EMT simulation speed of the dc hub with closed loop control

built in PSCAD/EMTDC requires a very small time-step. Therefore, the simulation speed

is slow.
Table 5-1: Phase delay impacts
Operating Frequency Simulation Time-step Phase Delay
60 Hz 50 ps 1.08 degrees
1250 Hz 50 ps 22.5 degrees
1250 Hz 2.5 us 1.125 degrees

The harmonic contents of the dc hub may be reduced using higher switching

frequencies, MMC topologies, or optimal pulse width modulation (OPWM) methods. The
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focus of this paper will be on the fundamental component dynamics of the dc hub, and the
average-value model in this paper is developed for this purpose. A three-port dc hub is
investigated and the VSCs are considered as ac sources in the averaged model depicted in

Figure 3-4.

To model this circuit, the concept of generalized averaging method [23] is employed.
Each abc-domain variable is approximated with its fundamental component, which itself

is represented by its time-varying Fourier coefficients (or dq components) as follows.
X(t) =X, + jX, (5.1)
The dg components are, in general, functions of time because of the transients in the

original variables. The following expression is useful in modeling using the generalized

averaging concept.

d d .
a<x>k(t):<ax>k(t)_Jk277f<x>k (5.2)
where f is the frequency of the fundamental component.

The dc hub may be controlled using the magnitude and phase of each converter output,
or in other words the dq components of the port voltages. Thus, the state space equations

for the ac part of the hub are as follows.

d 1
alid :E(Vdi"‘a’l-iliq ~Vea —Rilig) (®3)
d 1
aliq:E(ti—w'-a'm _VCq_Riqu) (5.4)
d 1
5 Ver =5 (les + Ve (5:5)

eq
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d 1
—Vey = (lgg —aCVey) (5.6)
dt Ceq q q

Therefore, the state space equations can be written in the matrix form as follows.

I Ild | I Ild ]
Ilq I1q _Vld ]
I2d I2d qu
d s =A 24 +B Vas (5.7)
dt |3d I3d V2q
I3q |3q V3d
VCd Vca _Vsq i
_VCd _ _VCd _

where A is expressed as,

_R @ 0 0 0 0 1 0
L, L
-® _R 0 0 0 0 0 1
L,
0 0 _R 0] 0 0 _t 0
L2 L2
0 0 - R 0 0 0 L
L2 L2
A= R 1
0 0 0 o =2 oo -— 0
B B
0 0 0 0 - —& 0 L
L L
1 9 L 9o X 9 0
Ce Ce Ce
o L o L o L _, o0
L eq Ceq eq _

where B is expressed as,

52



19 0 0 0 o0
L
o L o 0 0 o
L
0 0 = 0 0 0
L2
B=lo 0 o L o o
L2
0 0 0 0 = 0
L,
o0 0 0o 0 X
L,
0 0 0 0 0 O
0 0 0 0 0 O]

In the state space equations, all the state variables are dc quantities in steady state;
during transients the variations of dq components represent the changes in the magnitude
and phase angle of the fundamental component of the respective variable. The above
differential equations can be solved numerically using a suitable integration method. Since
the system of equations in (5.7) is linear, the trapezoidal integration method may be applied

readily.

5.2 Control Processing

In a linear system, controllers may be written directly into the state space equations and
become a part of A and B matrices. However, the control system of a dc hub is nonlinear;
linearization around an operating point may be used at the expense of losing large-signal
representability. In this work, the nonlinear control system is formulated and solved

separately from the linear systems equations. This allows the use of different integration
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methods, e.g., trapezoidal method for linear system equations and Euler’s method for the

nonlinear controls.

A proportional-integral (PI) controller is shown in Figure 5-1.

X Xerr

Xref

Figure 5-1: Block diagram of a PI controller
The input to the PI controller is

Xerr (t) = Kot — X(t) (58)
where x is the controlled variable and X is the desired reference. The output of the PI
controller is

Y(t) = KX, (1) + [ Kix,, ()t (5.9)

where Kp and K; are the gains of the PI controller. With

a(t) = [ Kix,,, (tdt (5.10)

Euler’s method may be used to implement the integration with proper saturation limits in
place for those in both a(t) and the PI controller output y(t). Moreover, the transfer

functions of all filters in the control system are in the same form as shown below,

1
G (S):1+5T

(5.11)

where T is the time constant of the filter. This first-order differential equation may also be

solved using either of the two integration methods.
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5.3 Model Validation

The same three-port dc hub with closed loop control is investigated by using the
proposed averaged model. The three-port dc hub with closed loop control is simulated in
PSCAD/EMTDC (detailed EMT simulation) and its results are used to benchmark the
accuracy and computational advantage of the developed average-value model

(implemented in MATLAB).

Both models are run for a simulation time period of 10 s. The time-step used in the
EMT model is 0.1 us, which is necessary to have proper representation of the switching
converters. For the simulation of developed average-value model, a time-step of 1000 pus
is selected to ensure the numerical stability and simulation accuracy. In the EMT model,
the integration method is trapezoidal rule. For the integration of the averaged model, the
state equations are solved by the trapezoidal rule and the control system is solved using
Euler’s method. The procedure of these two integration methods can be summarized as

follow. Assume there is a linear time invariant state space equations,
X(t) = Ax(t) + Bu(t) (5.12)
For Euler’s method,
X(t+At) = x(t) +( Ax(t) + Bu(t) ) At (5.13)

For Trapezoidal method,

X(t+ At) = [ | —% AAtj_l K | + % AAtj x(t)+ B 20* uz(t +AY At} (5.14)

where | is the identity matrix and At is the time-step for the numerical integration.
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The simulation results based on computation from the proposed averaged model are

compared to the simulation results from PSCAD/EMTDC. Comparison of the simulation

results, including port powers, dg components of modulation indices, port currents, as well

as the capacitor voltage, is shown in Figure 5-2 to Figure 5-5.

200 T T T T T T T T T
150+ T
100} P,PSCAD -
= P, PSCAD
e P3; PSCAD
2 S0f — — P, MATLAB]
8 = = P, MATLAB
£ Q= P3; MATLAB |
g 47025  4.705
50+ _
-100 T
1 %2 3 4 5 6 7 8 9 10
Time [s]
Figure 5-2: Simulation results comparison of port powers
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Figure 5-3: Simulation results comparison of dq components of modulation indices
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Figure 5-4: Simulation results comparison of filtered ligq
The simulation results from both the PSCAD/EMTDC model and the average-value

model match closely, which validates the accuracy of the proposed average model.

As indicated in Chapter 4, there are only two references for the 3-port system. In the
simulations, power references are initially set to -100 MW and -50 MW for ports 2 and 3,
respectively. To verify the dynamics of the averaged model under the proposed control
method shown in Figure 3-4, step changes in power references are applied at t =5 s to ports
2 and 3, which drop to -80 MW and -40 MW, respectively. As shown in Figure 5-2 to
Figure 5-5, the system quickly responds to these step changes and the dc signals of
corresponding dq components settle to the desired values under both simulations using
PSCAD/EMTDC and the averaged model. Therefore, the proposed control method for
multiport dc hub is effective and the averaged model can accurately represent the system

operation with a much larger time-step.
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Figure 5-5: Simulation results of dq components of V¢

5.4 Comparison of Simulation Efficiency

The simulations using these two models are performed on the same computer.
Computational efficiency is summarized in Table 5-2. Without noticeable loss of accuracy,
the simulation speed of the proposed average model is clearly faster than the EMT model
due to the significantly larger time-steps that may be used in this model. The simulation
time-steps shown in Table 5-2 are the largest values for each simulator to produce accurate
results. As seen the developed average-value model is in more than 600 times faster than
the EMT model, yet produces results of virtually identical quality. It must be noted that the
two models are implemented in markedly different computing environments. The average-
value model is implemented in MATLAB, whereas the EMT model is in PSCAD/EMTDC.
MATLAB is a far slower platform than the FORTRAN-based EMTDC solver; despite this

disadvantage, the average-value model outperforms that EMT model significantly. If the
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two models are implemented in the same environment, the computational advantage of the

average value model will be even more pronounced.

Table 5-2: Simulation efficiency comparison

Model Simulation time-step CPU time of computations
PSCAD/EMTDC 0.1 ps about 450 s
Averaged Model 1000 ps 0.67s

5.5 AC Waveforms Recovery

Due to the large time-step used in the simulation of the proposed model, recovery of
the ac waveforms for display purposes needs special attention. Since the fundamental
frequency is high, there will not be sufficient data points to show the ac waveforms using
the granular data points in the respective dq quantities. To obtain the ac waveforms, an ac
waveform recovery method is used. As a rule of thumb, the largest time-step that can be

used in simulation is

1 1
t <—
largest 10 x f

(5.15)

highest
where fhighest 1S the largest harmonic component of interest. For instance, a 1.25 kHz ac
system may be simulated with a time-step no larger than 80 pys. With more points within
one cycle, ac waveforms can be recovered more accurately. To recover an ac waveform, it
is possible to insert more data points in its dg components before conversion to the abc
frame. The computation of the inserted data points can be approximately decided based on
the slope and the values between two original points. For example, in a dc waveform,
suppose that there are two points (d: and d2), and the time-step is At. If the required time-

step for displaying the ac waveforms is Aty, then the number of data points to be inserted
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between d; and d2 is,

noAt (5.16)

, —d .
d.=i—2—21At,i=12..,n (5.17)
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Figure 5-6: Comparison of AC waveform on V¢
Using this method, the capacitor voltage and port currents are recovered from dg
components and compared to the simulation results obtained from the EMT model, as
shown in Figure 5-6 and Figure 5-7. It is observed from Figure 5-6 that the original Vc
envelope waveform computed by the proposed average model does not display a sinusoidal
waveform, while the recovered capacitor voltage waveform in MATLAB matches well to

the result from the detailed EMT model.
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In Figure 5-7, with the same recovery method, the recovered current waveforms show
excellent fit into the detailed simulation results. The port currents do not completely match
with the PSCAD/EMTDC solution is because this method only provides allowance to
display the fundamental ac waveform since the proposed average model only simulates the
fundamental component. Nevertheless, by adding more harmonics this method will provide

adequately accurate representations of ac waveforms.
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Figure 5-7: Comparison of AC waveform on I;
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Chapter 6 Conclusion and Future Work

6.1 Contributions and Conclusions

This thesis discussed a few problems related to a multiport dc hub including its control

system, modeling, and simulation. The key contributions for this thesis are listed as follows:

1. Summarized the architecture and operation of a multiport dc hub;

2. Provided a detailed study on the steady state analysis of a three-port dc hub; in
addition, this thesis performed a comprehensive harmonic analysis to a three-port
dc hub under low switching frequency; it showed that low switching frequency can
result in an error on the magnitudes of the fundamental components of the voltage
at the output of the VSCs;

3. Based upon the existing closed loop control system for a two-port dc hub proposed,
this thesis extended this control method to a multiport circuit. Meanwhile, the
proposed control system was validated on a three-port dc hub in PSCAD/EMTDC
simulation;

4. In accordance with the principle of dynamic phasors, this thesis proposed an
average-value model of a multiport dc hub to reduce the computational cost of its
simulation. Compared with the EMT simulation results, the averaged model with a
large time-step showed high accuracy to emulate the dg components of operating
signals in dc hub under both steady-state and dynamic operations. This validated
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the benefits of the averaged model (high accuracy and computational efficiency) to
study the operation and dynamic behaviors of dc hub. Additionally, an ac waveform
recovery method was introduced for displaying high-resolution ac waveform, since
averaged model is generally simulated with large time-steps.

In conclusion, firstly, this thesis reviewed the fundamental knowledge of HVDC
transmission and concepts of dc grids. Besides, the topology of a multiport dc hub was
studied in depth. Based on a survey of existing literature, no methods exists to demonstrate
the control systems for a multiport dc hub. Thus, this thesis has provides a feasible solution
to control a multiport dc hub, and the provided control diagram has been verified on a
three-port dc hub in PSCAD/EMTDC simulation. Moreover, the proposed average-value
model can significantly improve the simulation efficiency by giving allowance to use a
large time-step. By testing the model in MATLAB, the simulation efficiency was shown

to be improved to nearly 600 times faster than the simulation in PSCAD/EMTDC.

6.2 Future Work

This thesis focused on two problems: control and simulation of a multiport dc hub. The
following suggestions are made mainly on the development of control and simulation of a

dc hub in order to extend the work presented here:

1. The stability of this control system can be investigated. The control system alone
with the power circuit can be written into a matrix form (linearized around an
operating point) and the stability of the control system can be observed from the

eigenvalues of this matrix.
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2. The dc sides of this dc hub are considered as constant dc sources in this thesis. In
the future work, dc sources need be replaced by real dc networks or transmission
lines. It is important to perform system studies after connecting the dc hub into a
power network.

3. Although the proposed model can provide adequate accuracy comparted with EMT
simulation results, the harmonics cannot be presented by the proposed first-order
dynamic phasor model. It is possible to increase the number of harmonics in the
dynamic phasor model; therefore the simulation results from the dynamic model

can become more realistic.

6.3 Publication
Part of the research work in this thesis has been accepted for publication in the
International Conference on Power Systems Transients, 2019.

L. Liu, S. Filizadeh, X. Shi, and D. Jacobson, "Dynamic Modeling and Simulation of a
Multiport DC Hub with Closed Loop Control," in Proc. International Conference on

Power Systems Transients (IPST), 2019.
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