N
b\ University
1% «Manitoba

Advanced Virtual Synchronous Generator
Implementation on a Modular Multilevel

Converter

By
Chen Jiang
A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Electrical and Computer Engineering
The University of Manitoba
Winnipeg, Manitoba, Canada

Copyright © 2023



Abstract

Voltage Source Converters (VSC) are finding increasing usage due to the growing
demand for renewable energy resources (RES) and distributed energy resources (DES).
However, DES and RES connected using traditional VSCs experience adverse behavior in
weak ac networks where the phase angle at the point of common coupling (PCC) can
change rapidly. One solution to this problem is to make the converter mimic the
characteristics of a synchronous machine which makes the connection to a weak grid with
other generation sources much easier. The resulting VSC is referred to as a “Virtual
Synchronous Generator” (VSG) and behaves in a similar manner to traditional synchronous
generators with which there is a century of experience. Hence, synchronizing the VSG with
a grid consisting of other synchronous generators and even multiple VSGs is
straightforward. However, unlike real synchronous generators which are robust and can
handle large short circuit currents, the power electronic switches of a VSG require
protection due to their reduced overcurrent capability.

The conventional VSG faces several challenges, for example, it is difficult to include
inherent current limits, and even with an added embedded current limiter, often the
converter can become unstable when connected to the grid, particularly when it has a high
short circuit ratio. To overcome the drawbacks, this thesis proposes a novel current source
interfaced VSG, which emulates the mechanical and electrical dynamics of an actual SG
and can be operated as a current source interface at the same time.

Before designing the current source interfaced VSG, a control method to make the
converter act as a high-bandwidth and high-precision current source is required and is
proposed in this thesis. The novel hysteresis current controller using acceleration slope
designed for the modular multilevel converter (MMC) makes use of the multiple voltage
steps available with the MMC and accelerates or decelerates the rate of change of current
depending on whether it deviates significantly from the target current. Both the
Electromagnetic Transients (EMT) simulation and hardware-in-loop (HIL) experiment
validate the successful operation of the proposed current controller. Also, the power loss
analysis shows that the MMC with the proposed current controller i) has significantly less



power loss than a two-level VSC with hysteresis control and ii) is essentially the same as
that of an MMC controlled as a voltage source, which is the commonly used configuration
for MMCs in HVdc transmission applications.

Using the proposed hysteresis current controller, a current source interfaced VSG
named SM emulation VSG is introduced then. In this case, the inherent current limiting
function can be implemented easily and straightforwardly by simply limiting the magnitude
of the current reference. Additionally, this proposed approach allows one to represent the
VSG with the differential equations of an actual SG with as much detail as desired, such
as the number of d- and g-axis windings, etc. Both small signal analysis and EMT
simulation results show that the VSG remains stable not only in weak systems but also in
ultra-stiff systems, which was identified as a challenge for earlier conventional VSG
implementations. In order to demonstrate the viability of the proposed approach, it is also
compared with other existing or emerging VSG approaches such as Swing Equation (SE)
based VSG. Additionally, the small signal analysis is also conducted to investigate the
effect of inclusion/exclusion of the damper windings.

Moreover, since the parameters of the proposed VSG are not restricted to the range of
a physical machine, one is free to arbitrarily assign any parameter value that one may wish.

A genetic algorithm (GA) is used to optimize the parameters to obtain better performance.

Index Terms: Electromagnetic Transients Simulation; Virtual Synchronous Generator;
Grid-forming Converter; Modular Multilevel Converter; Hysteresis Current Control; Small

Signal Analysis.
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1 Introduction

This chapter introduces the background of voltage source converters (VSCs) used for
High Voltage Direct Current (HVdc) power transmission and discusses why virtual
synchronous generators (VSGs) are a useful VSC topology option. It starts with a
discussion of HVdc technology and particularly the VSC, which is seeing increasing use
in modern HVdc systems. Then the most widely used control strategies, i.e., decoupled
current control [1] and droop control [2]-[3] are presented. Finally, this chapter
demonstrates limitations with the traditional methods and discusses how the newly
emerging VSG control approach shows promise in overcoming these limitations.

1.1 High Voltage Direct Voltage Transmission Background

1.1.1 Ac Versus Dc Transmission

High voltage ac transmission is the most widely used power transmission technology
in the world. It has the advantage of easily changing voltage levels through transformers
and simple generator structures. However, when used in transmission, it has higher losses
due to poor power factor, skin effect, etc. Also, when used for underwater or underground
cable transmission, the high charging current required for ac transmission can be
problematic. On the other hand, dc transmission has unique advantages in certain
applications, i.e., long-distance transmission systems and dc cables [4]-[7].

In highly populated urban areas, underground cables are more suitable for power
system planning. It is well known that the underground ac cables have higher capacitance
than the overhead transmission lines due to its physical structure. Therefore, the capacitive
current in cables causes long-distance transmission to be near impossible without
compensation. As shown in Figure 1-1, due to the voltage drop and terminal limit, the
acceptable longest length of the transmission line is around 480 km [6]. Although some
reactive power compensation equipment can be installed to reduce the total reactance, the
cost of the equipment can be very high and may not be practical. However, the dc
transmission system does not have the disadvantages mentioned above. As a capacitor is
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an open circuit to dc, the cable capacitance does not affect the steady-state H\Vdc operation.
Also, due to the dc electric and magnetic fields being constant, there is no ionic motion in
the cables and no induced current in the sheath. The capacitive current losses for a long
distance can be eliminated due to the constant dc voltage. Therefore, long-distance
transmission can be achieved by using a dc transmission line. Additionally, the dc lines do

not require reactive compensation thus the cost decreases.

6 ™ Fhermal Limit
5 4 Voltage Drop Limitation|
73
]
= 2 480 km .
0 |

0 500 1000
length (km)

Figure 1-1 Active Power Versus Transmission Line Length [6]

Another advantage of a dc transmission line is the ability to connect two asynchronized
ac systems. In ac networks, power can only be transferred between two ac systems with
the same nominal frequency and synchronized operation, but dc systems can be used to
connect such asynchronous systems. Therefore, some back-to-back HVdc links are built
for connecting different frequency systems, such as Itaipu (Brazil) where 50 Hz and
60 Hz systems are connected [8].

Moreover, dc transmission can improve power system stability. Their controllers can
change the power rapidly which permits the HVdc links to damp oscillations in the ac
interconnecting networks. For example, an auxiliary damping controller can be installed in

the HVdc system to dampen low-frequency oscillation in the ac system [9].
1.1.2 Line Commutated Converter (LCC)

In the past, the common dc transmission technology has been the line commutated
converter (LCC). The LCC consists of either mercury valves or thyristor valves. The
simplest structure of LCC is the 6-pulse Graetz bridge as shown in Figure 1-2. The

conversion process ac to/from dc is achieved by sequencing the turn-on of the thyristor
2



switches, T1, T2...T6 in sequence, which results in a current transfer from one ac phase to

the other.

I

T6 * T2

Figure 1-2 Typical Three-phase Six-pulse Graetz Bridge

The LCC can be operated in two different modes, which are rectifier mode and inverter
mode. This is achieved by different firing angles on the valves. When the firing angle is
less than 90°, the converter is under rectifier mode. In this mode, the dc current flows from
the positive terminal of dc circuits to transfer the power from ac system to the dc link.
When the firing angle is higher than 90°, the converter is operated as an inverter. Under
this mode, the dc voltage changes polarity and transfers dc power to ac system. The HVdc
transmission system consists of two Graetz bridges, which are interconnected on the dc
sides. One is operated as a rectifier and the other is under inverter mode.

The application of LCC-HVdc technology is highly accepted in the modern power
system. However, some weaknesses of LCC-HVdc need to be noticed. The first drawback
of LCC is reactive power consumption. Both operation modes consume reactive power and
are approximately 50 — 60 % of the active power [7]. The six-pulse LCC also generates
harmonics of frequencies 6n + 1 on the ac side and 6n on the dc side, which requires
additional filters. Using the widely used 12-pulse connection where two 6-pulse bridges
are connected in series on the dc side and shunt on the ac side, the harmonics can be
significantly reduced, but considerable filtering is still required. Some compensation
equipment such as capacitor banks, synchronous compensators, and higher-rating ac filters
are needed to provide reactive power support. The compensation equipment not only
increases the costs but also requires more space in the converter station.

Another drawback of LCC-HVdc is the “commutation failure” on the inverter side,
which can be defined as the unsuccessful transfer of current from the conducting valve to
the next one in the conducting sequence. This is often caused by disturbances in the ac

system. When the commutation failure happens, there is a short circuit on the dc side and
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the power transmission is stopped due to this short circuit. If there are many repeated
commutation failures, the HVdc links may trip. Another limitation of the LCC is that the
thyristor valves can only be triggered to turn on. Their turnoff is completely at the mercy
of the ac voltage, and they turn off when the applied voltage reduces the valve current to
zero. This imposes a significant constraint on the range of operation. This limitation can
be overcome by using gate-turnoff-able switches such as insulated gate bipolar transistors

(IGBTSy) as is the case in the voltage source converter (VSC) discussed below.
1.1.3 Voltage Source Converter (VSC)

The voltage source converter (VSC) consists of switches capable of being turned on
as well as off with external commands, such as gate turn-off thyristors (GTOs) or insulated
gate bipolar transistors (IGBTs). Therefore, the VSC can generate its voltage waveforms
independent of the ac system. The widely used VSC structures are two-level VSC, three-
level VSC, and modular multilevel converter (MMC) [1][10][11].

1.1.3.1 Two-level Voltage Source Converter (VSC)

The two-level VSC is the most frequently used VSC for all applications with low dc-

side voltages [12]. The schematic diagram of a three-phase two-level VSC is shown in
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Figure 1-3 Typical Structure of a Two-level VSC

The dc capacitors provide short-term energy storage to maintain the dc voltage
approximately constant. Each leg of VSC consists of two unidirectional controllable

switches and an anti-parallel diode so that the valve can conduct current in both directions
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and block voltage in one direction by switch signals. Generally, an inductance L.y, IS in
series with the ac terminal to improve the current waveforms. This could be a separate
inductor or be included in the leakage inductance of a downstream transformer.

The basic operation of one phase leg is in Figure 1-4 [10]. With the neutral point
selected as the middle node between the dc capacitors as shown, the output voltage only

has two values (+ %, — %), hence the moniker “two-level”. Notably, the switching signal

(firing pulses) of the upper IGBT is always the complement of the lower IGBT to avoid
short circuiting the dc bus.

Vio
2

v

2 2
(a) Switch Conduction (b) Commutation from Switch to Diode

v

2
(c) Diode Conduction (d) Commutation from Diode to Switch

Figure 1-4 Operation of a Two-level Converter Phase Leg

When the upper switch is on as shown in Figure 1-4 (a), the ac terminal voltage is
equal to + % In Figure 1-4 (b), the upper switch is off and the available path for current
is the lower diode. After the current is fully commutated to the lower diode, the ac terminal
is equal to —% as shown in Figure 1-4 (c). Normally the lower switch is also turned on

after a certain delay time (naming blanking time) as a reversal of the current direction is



possible in Figure 1-4 (c). The ac terminal voltage can be returned to a positive value by
turning off the lower switch and then turning on the upper switch after a blanking time.
This process is in Figure 1-4 (d). After the current path is replaced by the upper switch
same as in Figure 1-4 (a), the ac terminal voltage becomes positive again. This sequence
can be repeated. If the current is in the opposite direction of Figure 1-4 and the
commutation sequence is similar, the difference is the current will be commutating between

the upper diode and the lower switch.

Through the switching sequence above, the ac voltage can be switched between + %

%4 . . .
and —7‘1 at any desired time, therefore, the converter is controlled as a voltage source.

The desired ac voltage can be achieved through the pulse-width modulation (PWM)
method.

Although the two-level VSC is economical and a simple solution for low-voltage
operation, some shortcomings should be noticed. Firstly, the ac side voltage has a large
harmonic component around the switching frequency. As the switching frequency is large
(typically inthe 1 — 2 kHz range in HVdc applications), these harmonics do not penetrate
as much as the lower frequency harmonics inherent in the LCC. Nevertheless, they do

require the installation of an ac filter. Also, as the ac terminal voltage is only changed

between +%, the high voltage slope causes significant stress on the insulation of

connected ac-side equipment. Each switching event also results in a considerable energy
loss as any parasitic capacitance on the ac busbar has to traverse a voltage change of |V,].
In order to have better performance, the multilevel converter topology discussed next is

now becoming dominant in new VSC-HVdc installations.

1.1.3.2 Modular Multilevel Converter (MMC)

Modular multilevel converters (MMCs) today become the most popular VSC topology
which is now widely used in applications such as HVdc transmission [13], variable-speed
drives [14], renewable energy generators [15], flexible ac transmission systems (FACTYS)
[16] and so on.

The schematic diagram of a one-phase MMC is shown in Figure 1-5 (a). The arm
consists of several identical modules which can be either the half-bridge or full-bridge type.
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With appropriate switching signals, any desired ac terminal voltage can be obtained. The
MMC has lower losses and can generate nearly harmonic-free ac voltage waveform
compared to the two-level VSC. The dc capacitors are distributed within each module,
while the MMC is built up by cascade-connected modules. Therefore, the ac terminal

voltage can have several voltage levels depending on the number of modules.

_________________________________________________

Lower,
Arm

Multi-valve

@

Figure 1-5 (a) Half-bridge or Full-bridge Schematic Diagram of a One-phase MMC.
(b)Schematic Diagram of MMC Output Voltage Waveforms.

The modular structure of the MMC is suitable for high-voltage applications because
the design can be changed by including either more or fewer submodules to accommodate
the rated voltage of choice, without requiring the redesign of the submodule. During
operation, the ac voltage waveform is generated by adding or bypassing specific modules
in the arm as shown in Figure 1-5 (b). With a large number of levels, the stepped output
waveform can be made to closely follow a sinewave, thereby eliminating any filter
requirement.

With a properly designed MMC, each module is switched on or off infrequently in one
cycle, and the change in voltage at its terminals is simply the module voltage and not the
entire dc voltage (as was the case for the 2-level topology). This significantly decreases the
switching losses of the converter. An additional advantage of MMC is that the control



system has extra freedom to deal with dc side faults. The dc capacitors are not completely
discharged during the fault so that the fault recovery can be faster [11].

On the other hand, compared to the two-level VSC, the MMC has a more complex
structure. and the design of the control system is more complicated. Some additional
control features are needed to balance the voltages on each of the sub-module capacitances
(via the capacitance voltage balancing controller) and to suppress circulating current (via

the circulating current suppression controller, also known as CCSC).

1.2 Park’s Transformation

Neglecting the zero sequence, the three-phase ac variables can be transformed to a
two-axis rotating frame (the dqg reference frame). Most VSC controllers work in the dq
reference frame, as it becomes easier to directly control the real or reactive powers
independently. This is discussed below.

The Park transformation matrix is used to transform the variable parameters from the
phase abc reference frame to a rotated dqg reference frame [17]. If the ac variables in the
phase abc reference frame are balanced, the variables become dc constant after
transforming into the dq reference frame. In the study of synchronous generators, this
transformation can also be regarded as referring the stator quantities onto the rotor side.

The transformation matrix and its inverse matrix are in (1-1) and (1-2) below, where
0 is defined as the angle by which the d-axis leads the centerline of phase a winding in the
direction of rotation. When the transform is applied to electrical machines, 0 represents the
mechanical angle of the rotor. This angle is carefully chosen to effectively convert stator
variables to the rotor side, creating a more simplified and intuitive physical representation

of the machine's model.

cos (6) cos (6 — 2?71) cos (6 + 2?”)
TO) = g sin (8) sin (6 — 2?”) sin (6 + z?n) (1-1)

1 1 1

2 2 2



( cos () sin (0)
T-1(0) =| cos (6 — 2?”) sin (6 — 2?”)
cos (6 + 2?”) sin (6 + Z?n)

(1-2)

NIRNIRN]|R

According to (1-3), the voltage and current transformation can be expressed as follow,

vy Vg, ig iy
<Uq> = T(H) X (vb>, iq = T(H) X <lb> (1'3)
Vo Ve io ic
1.3 VSC Converter-level Control

This section describes how the higher-level controls are designed for any VSC (MMC
or 2-level VSC). Typically, the VSC control mode can be either the grid following (GFL)
or grid forming (GFM) type.

1.3.1 Grid Following Strategy

The grid-following control method is the commonly used technique for converter
control. This approach enables converters to synchronize their generated voltage waveform
with the grid voltage waveform by using a phase-locked loop (PLL). The PLL tracks the
phase (and frequency) of the grid voltage and generates the timing reference for firing the
converter’s valves. However, it may pose challenges in scenarios where the grid has a high
impedance (i.e., it is “weak”), so that a change in the power order causes a sudden shift in
the phase of grid ac voltage, which may result in poor tracking. Also, slight variations or
disturbances in the weak grid can lead to fluctuations in converter operation, potentially
affecting system performance and introducing instability.

The typical strategy in grid-following control (GFL) is the 'dg decoupled control,'
which has been used over many years. An overview of this method is provided below.

Figure 1-6 shows a VSC converter connected to an infinite bus through a transformer.
With all voltages referred to one side, the transformer equivalent circuit is a series L — R
circuit as shown. Voltage triplets (v,, vp, v.) and (e,, ey, €.) represent phase voltages at

grid side and converter side respectively and currents (i,, ip, i) represent line currents.
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Figure 1-6 One VSC Connected to an Infinite Bus

With the dq decoupled control strategy, the output currents of the VSC are generated
according to the dg-axes current order. The outer loop calculates the dg-axes current
reference based on the power order and this current reference is inputted into the inner loop.
The outputs of the inner loop are the d- and g-axis components of the desired voltage from
the VSC. Converting from rectangular to polar coordinates, the magnitude (in pu, this is
the modulation index) and phase of the VSC’s output voltage are realized. This voltage can
be generated either by using the pulse width modulation (PWM) technique for a 2-level
converter or by using a more sophisticated method for a multi-level modular converter
(MMC) [10]. Therefore, output active and reactive power from VSC to the grid are
controllable separately. Since the current of the VSC is the direct control variable of the
controller, it is easy to limit the current during operation in case of the VSC or other devices
have damage risks because of over-current phenomena.

The control block diagram of the dg-decoupled controller is shown in Figure 1-7 below
[1]. P and Q.. are the active and reactive power references, P and Q are the
measured powers flow out from the converter. iy, i; and u,, u, are the measured
system current and terminal voltages in dq reference frame. i3, i; and ez, e; are the

current and voltage references in dq reference frame.

P Ug
P, - eg
r“’f—ﬁé)—r P . —> ¢,
dq -
magnitude
&angle
+ *
e
Qref Pl + q 5*
Q u,

Figure 1-7 Control Block Diagram of Dg Decoupled Control
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The ‘dg-frame - magnitude and angle’ block converts the dgq quantities back to the
magnitude and phase of the ac voltage using (1-4) and (1-5) below. Here e;, and &6 are
the magnitude and phase angle of the reference voltage. These are then converted
straightforwardly to reference voltage waveforms for each of the three phases, which
transferred to the firing block for generating the on/off signals for the IGBT switches.

e = /eéz +e? (1-4)

0" = arctan (e—q> (1-5)

€d

The downside of the dg-frame decoupled control is that it needs a phase-locked loop
(PLL) to lock on to the phase of the grid voltage, and then the controller will follow this
value to control the frequency of the VSC side. This will cause some problems when the
VSC is in the islanding mode of operation, such as terminal voltage dropping, frequency
unstable, and so on. To overcome this problem, some additional control loops become
necessary, which further increases the complexity of the controller.

It should be noted that the proportional integral (PI) controllers result in a delayed
response and any current order change cannot be instantaneously followed. This is different
from the proposed hysteresis current controller used later in this thesis (Chapter 4).

Other methods are also possible and sometimes used in power transmission
applications. For example, Alpha-Beta control, or af control [18] which transforms
three-phase AC signals into a two-dimensional af reference frame. This transformation
simplifies the control of VSCs by decoupling the active power control (in a-axis) from the
reactive power control (in f-axis). Such decoupling enables precise and independent
control of real and reactive power output, which is essential for grid stability and power
quality enhancement. However, this method requires proportional resonant (PR)
controllers specific to the rated frequency rather than PI controllers, which can increase
computational demand (when digitally implemented) and behave sub-optimally if the ac

frequency changes.
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1.3.2 Grid Forming Strategy

The grid-forming (GFM) control method [19] is a recent advancement in converter
control. Unlike the traditional GFL control strategy, where converters synchronize with the
grid's voltage and frequency, the GFM itself generates its output voltage and frequency and
can be used for connecting to purely passive loads or very weak systems. The magnitude
and phase of the generated voltage is continuously adjusted to deliver the desired real and
reactive powers. This innovative approach allows converters to establish a new grid
reference and actively shape the network's voltage and frequency, making them capable of
initiating and sustaining a stable grid in scenarios where the main grid might be unavailable
or unstable. GFM holds promise for enhancing grid resilience, enabling microgrid

operation, and ensuring reliable power supply from renewable sources.

1.3.2.1 Droop-based Control Strategy for GFM

Droop-based control is one of the basic GFM strategies to control the terminal voltage
and the frequency of the VSC side (e,, ep, e In Figure 1-6) instead of the current flow of
the system (i,, i, i, in Figure 1-6) [2][3]. This control strategy needs voltage and current
feedback from the ac network.

The power flow equations are defined below. In (1-6) and (1-7), E is the voltage
magnitude of the sending point and V is the voltage magnitude of the receiving point, §
is the angle difference of these two voltages, X is the line reactance between these two
points. P and Q are the active power and reactive power flow from the sending point to

the receiving point.

P =*=sind (1-6)
Q= VYZ — % coséd (2-7)

When the resistance of the transmission line is ignored, active power ‘P’ changes with
power angle § = [(w — w,) dt, where the w, is the nominal frequency. On the other
hand, reactive power ‘Q’ is more sensitive to the voltage magnitude. Therefore, active

power ‘P’ is a function of system frequency (w), and reactive power ‘Q’ is a function of
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voltage magnitude. Assuming that the relationship is linear, then the following
characteristic equations can be established. Equations (1-8) and (1-9) defined as the P —
w*droop characteristicand Q — E*droop characteristics respectively. E* and w™* are the
reference frequency and voltage, w,, E,, P, and Q, are the steady state values of the
frequency, terminal voltage, active power, and reactive power. Variables m and n are

the droop constants.

w* = wy—m(Py— P) = g(P) (1-8)

E* = Ey—n(Qo— Q) = f(Q) (1-9)

The control block is in Figure 1-8 below. The V.., is equal to E*, and &,.f can be

calculated by integrating the reference frequency w”.

Vre f

VarVb) Ve P

— > P-—w,Q-V
Power vsc
. Droop
Calculation Q .
> Controller

iaviblic

Ve Vp, Ve 174
5

Figure 1-8 Droop Control Structure

Additionally, this control strategy is suitable for both operation modes (grid-
connecting mode and islanding mode), the droop controller can also achieve load sharing
without a communication link between different inverters in proportion to their power
rating by choosing droop parameters appropriately.

However, since the controller is in voltage-source control mode, there is no inherent

current limiting. Also, there are steady-state errors in frequency and voltage.

1.3.2.2 Virtual Synchronous Generator (VSG) Control

As the number of inverter-based distributed energy source (DES) connections into the
modern grid replaces existing synchronous generators, the inertia of the power system
decreases. This can cause frequency oscillation problems and creates new unstable

conditions [17]. Both VSC control strategies (decoupled current control and droop control)
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mentioned above will encounter problems when the connected system is ‘weak’ because
these control strategies do not provide inertia to the system.

To support low inertia systems, a new control method is required. The features
required in this new control approach include:

1) The inertia should be provided to the power system to improve the frequency

oscillation problem.

2) The VSC should be operated not only in grid-connecting mode but also in islanding

mode without any control structure changing.

3) The damping function should exist to decrease the transient process faster.

4) The control strategy should have a current limit ability to protect the VSC from

over-currents.

5) The load can be shared between several VSCs automatically according to the

predetermined droop parameters without communication links.

6) The voltage and frequency steady state error should be eliminated.

Some existing control strategies only partially address the above requirements. For
example, an extra lag control block or lead control block can be added to the droop
controller (shown in section 1.3.2.1) to provide inertia and damping respectively. However,
the over currents cannot be effectively limited [20]. One can also provide inertia via the
addition of a low pass filter block to the control system, but the steady-state error still exists
in the power and voltage [21]. Among the different control strategies for VSC, a control
strategy named virtual synchronous generator (VSG) can achieve all the requirements
above [22]-[24].

The VSG is classified as a GFM control strategy, in which the converter is controlled
to mimic the behaviour of a synchronous generator (SG). It is known that the synchronous
generator (SG) has high inertia because of the rotor mass which improves the frequency
oscillation damping [17]. Besides, the synchronous generator does not need
communication when several machines are connected to a power network. The machines
can achieve load sharing automatically. Also, the synchronous generator can be controlled
to provide damping to the power system when a transient process happens.

Since the synchronous machine has these advantages, it is a good idea to let the VSC
mimic the behavior of the SG with the design of a suitable control structure. Note that
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actual synchronous generators have a real inertia in the due to the Kinetic energy storage in
the rotating mass of its rotor. In a virtual synchronous machine such a store of energy has
to be provided, such as through a battery energy storage or a remote connection to a rectifier
in a point-to-point transmission system.

In most cases, a simplified model of the SG is used, such as the swing equation-based
VSG discussed in Chapter 2 later, where the electro-mechanical swing equation and a
simplified representation of damping are included. Additional blocks, such as extra
damping loop [25] can be added to such a model to improve dynamic performance.
Similarly, a virtual impedance controller can be combined with the VSG representation to
emulate the slow time-varying (quasi-stationary) impedance characteristics of a real SG
[26][27]. This type of controllers typically provide d- and g-axis current orders which can
be passed to a decoupled dq controller to generate the modulation index for the converter’s
firing pulse generation block. However, [28] shows that such VSG controller may cause
the converter to become unstable when it connected to a strong system.

This thesis will develop and investigate a novel current source interface VSG (detailed
synchronous machine emulation VSG in Chapter 5), which emulates the mechanical and
electrical dynamics of an actual SG. This strategy will optimize the behaviors of converter
and achieve all the requirements mentioned above.

It should be noted that the VSG control methods described in this thesis can be
implemented with two-level VSC or MMC technology. For high power and voltage levels,
the MMC is the converter of choice due to its lower losses and modular construction.
However, for voltages be lower power lower voltage applications, e.g., below 350 kV,
600 MW), such as in the Caprivi HVDC Interconnector in Namibia [29], the 2-level VSC

topology is still commonly used due to its simplicity of control.

1.4 Additional Standard MMC Controllers

In this section, some additional standard MMC controllers will be introduced, which
are circulating current suppression control (CCSC), nearest level control (NLC), and
capacitor voltage balancing control. These controllers are commonly used and are always
equipped with the MMC.
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1.4.1 Circulating Current Suppression Controller

In an MMC, there can be even harmonics currents that circulate between the legs and
do not enter the network [10] and the main components of the circulating currents are
second-order harmonics. The circulating currents i%P¢ = [i%,i2,i] can be obtained from
the sum of arm currents in each phase. From Figure 1-5, each arm of the MMC has the arm
inductance L., and the purpose of the arm inductance is merely to limit high-frequency
components in this circulating current and to enable a smooth circulating current control.

In order to cancel the circulating harmonics, the circulating current suppression
controller (CCSC) is required. The widely used CCSC method is the decoupled CCSC as
shown in Figure 1-9.

The circulating-current control is intimately linked to the voltage control. From the
controller structure, the circulating currents i#¢ is first transferred to the dq reference
frame by the Parker transformation to get the d- and g-axis second-order harmonics
components. And a decoupled controller is designed to control i and il separately to

zero by generating the order of the compensating voltage vcdcq using the proportional-

integral (P1) controller. Then v is converted back to abc coordinate. v22¢ is combined
with the voltage references vﬁ‘é’f from the main controller to provide the final voltage

order to MMC.

0.0 4+>SE— PI 4?7
I —> v
r:C:: abc i 20starm vs; dgq HUEZ
0.0;._%7 PI 50
) 2]

Figure 1-9 Decoupled Circulating Current Suppression Control
1.4.2 Nearest Level Controller

This section focusses on the modulation of the output voltages of the MMC. After

generating the final voltage orders, the next step is to decide the number ‘N’ of the active
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submodules at each time instance to provide the MMC’s required voltages. Since the
MMCs can only generate discrete voltage levels, the main idea of the modulation is to
convert the continuously varying voltage references to discrete numbers.

Many different methods including multilevel carrier-based modulation methods and
nearest level controller (NLC) can be used [10]. In the thesis, the NLC algorithm is chosen
and is introduced later.

The NLC algorithm is originally created for large multilevel drive applications and
one of the advantages of this method is the simple implement. The main idea of the NLC
is to sample the voltage references at high frequency f; and to approximate it with the
nearest available level.

The easiest approximation can be formulated mathematically by applying the
‘round(x)’ function, which will output the closest integer. Also, there are some modified
versions of the approximation algorithm. In this thesis, the updated ‘discretization
sinusoidal reference’ is used. The function of this block is that it generates the proper
discrete number of the submodules according to the per-unit voltage reference vy py,.
The algorithm is shown below in (1-10), where N is the number of the submodules in
each arm of the MMC, and the ‘floor(x)’ function indicates the greatest integer less than or

equal to x.
Noue = floor[0.5 + (Vref py + 1.0) X 0.5 X N (1-10)

The sampling frequency f; should be high enough to avoid voltage steps change in
one instant exceeding one capacitor voltage level. The minimum required sampling
frequency can be calculated from (1-11), where f; is the system fundamental frequency,

and N is the number of the submodules in each arm.
fs,min = anl (1'11)
1.4.3 Capacitor Voltage Balancing Controller

After deciding on the correct number N,,; of the active submodules (SMs), the next
step of the MMC is to choose which N,,; out of N SMs are inserted. This is done by
capacitor voltage balancing controller.
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The capacitor voltage of each SM (V) are changed during the MMC operation
depending on the status of the SM and the arm's current direction. It is well known that the
capacitors of the inserted SMs are charged when the concerned arm current is positive, then
its V. increases. On the other hand, when the arm current is negative, the capacitors of the
active SMs are discharged and its V. decreases. And the capacitor voltages remain
unchanged when the SMs are bypassed. For energy balance purposes, it is necessary to
choose the proper SMs to insert or bypass when the voltage order is changed.

Different capacitor voltage-balancing methods can be found in [10], such as
submodule sorting, predictive sorting, tolerance ban method, and so on. In this thesis, the
basic submodule sorting method is used, and the main idea is introduced below.

The submodule sorting method is one of the simplest methods, which is based on
identifying the submodules with the highest and lowest instantaneous capacitor voltage

[31]. The main idea is to regulate all the capacitor voltages around the average voltage level
(%) by charging the lower voltage magnitude capacitors and discharging the higher

voltage magnitude capacitors. Where V. is the dc side voltage and N is the number of
SMs in each arm.

Assuming that only one SM is required to insert or bypass when the voltage reference

changes, then a total of four situations is possible. The algorithm logic is as follows:

1) An SM should be inserted, and the arm current is positive. In this case, the
bypassed SM with the lowest capacitor voltage is chosen since this process will
cause the capacitor to be charged, whereby its voltage increases to reach the
average value.

2) An SM should be inserted, and the arm current is negative. In this situation, the
bypassed SM with the highest capacitor voltage is chosen since this process will
cause the capacitor to be discharged, whereby its voltage decreases to reach the
average value.

3) An SM should be bypassed, and the arm current is positive. In this case, the active
SMs with the highest capacitor voltage is chosen. This is because the process will
stop the charging of the capacitor and thus the voltage will not depart from the

average value further.
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4) An SM should be bypassed, and the arm current is negative. In this case, the active
SMs with the lowest capacitor voltage is chosen. This is because the process will
stop the discharging of the capacitor and thus the voltage will not depart further
from the average value.

When the number of the SMs which are required to insert or bypass is more than one,

for example, two SMs should be inserted and the arm current is negative, then the SMs

with highest and second highest capacitor voltage are chosen.

1.5 Thesis Structure

Based on the framework of the research, this thesis is organized as:

Chapter 1 gives the background information, literature review, and introduction.

Chapter 2 introduces Swing-Equation (SE) based VSG control with switchable current
limiting control. The mathematical explanation of the control design process is included.
Additionally, the proposed controller has applied an MMC system for verification in the
Electromagnetic Transient (EMT) program.

Chapter 3 shows the comparative study of the widely used Master-Slave controller
and SE-based VSG controller for parallel VSC-HVDC links feeding passive loads on
offshore platforms under different operation situations.

Chapter 4 introduces a non-linear method to control the MMC like a high-bandwidth
and accurate current source. Besides the traditional hysteresis current control for the two-
level VSC, a novel hysteresis current control method using acceleration current slope
designed for the MMC is also proposed. The power loss analysis is then discussed. Finally,
a popular application which is the active power filter (APF) is presented in the offline EMT
program and the physical real-time digital simulator (RTDS).

Chapter 5 gives the details of detailed synchronous machine (SM) emulation VSG
with current limiting blocks. Unlike the SE-based VSG controller, this VSG method
regulates the output currents from the converter, therefore, it is easy to limit the currents.
The mathematical explanation of the controller’s design process is included. Several

simulation results are provided for verification.
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Chapter 6 gives the mathematical derivation of the small signal models of the VSG
mentioned in chapter 5. Eigenvalue analysis is performed to study the influence of the
damper windings and other parameters. Also, the stable operation of the VSG is
investigated with different SCR ac systems. Moreover, since there is no physical restriction
of the parameters of the VSG, the genetic algorithm (GA) is used to optimize the
parameters to obtain a better damping performance.

Chapter 7 concludes the comparison between SE-based VSG and detailed SM
emulation VSG from different aspects, which are damping support, similarity to the
synchronous generator, and over-current protection.

Chapter 8 concludes the thesis and lists the future works in progress.
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2 Swing Equation Based Virtual Synchronous

Generator Control

The synchronous generator (SG) is the most widely used power source in modern
networks. It can provide voltage output with a stable frequency and magnitude in the
presence of arbitrarily varying loads. If there is more than one SG connected to the grid,
when the frequency changes due to power demand fluctuation, each SG will respond to
this fluctuation according to its own damping factor and inertia constant. Therefore, no
communication system is needed between SGs to distribute power and eventually all
generators will settle into the new steady state.

If the voltage source converter (VSC) can be controlled to mimic the behavior of an
SG, the VSC can maintain the frequency and voltage properly. Moreover, the VSCs in
parallel operation can also share power demands automatically and independently without
using any other high-level control signal to distribute power for each VSC.

The control system of a VSC (2-level or MMC) can be designed so that the VSC
behaves like a ‘virtual synchronous generator’ (VSG). The controller mimics the dynamics
of an SG. The level of adherence to a true SG can be approximate or very accurate, the
former being the usual case. One advantage of this type of model is that the phase-locked
loop required for a conventional VSC controller to obtain the timing reference can be
avoided. One issue is that an actual SG can tolerate very large short-circuit currents. On
the other hand, if the VSG had the same currents, it would damage the IGBT valves. Hence,
any VSG implementation must also include some form of current limitation, which is not

present in a real SG.

2.1 Swing Equation-based VSG

One VSG implementation is the Swing Equation (SE) based VSG. It essentially
models the mechanical dynamics of an SG accurately but simplifies the electrical part. It
is discussed in this chapter, which also includes a discussion of how the current can be

limited so as not to damage the IGBT valves.
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The core swing equations (which primarily consider the dynamics of the mechanical
movement of the rotor) of an SG model are built inside the VVSG controller. The electrical
representation is very simple and is essentially a controlled ac voltage source. Additional
factors such as the damper windings are ignored in this approach. Therefore, this type of
VSG controller is named ‘Swing Equation (SE) based VSG’. Such converters (along with

their associated control systems) are also called ‘Synchronverters’ [22].
2.1.1 Implementing the SG Model in the VSC-Inverter Controller

The general structure of a grid-connected VSC inverter (2-level) is shown in Figure
2-1. The VSC inverter is connected to the grid through an LC filter. With the VVSG control
strategy, the VSC will behave like an SG with the approximate model shown in the figure.

T,
Primer N\ ; L R v
a) Mover 1‘ JI { TE

| N SE based VSG |
controller .
| ~ —ilil} —il;'} | bec [ — 0
Ls ISS; V, . [ L R -l

Figure 2-1 (a) The Simplified SG. (b) The SE-based VSG Implementation.

From Figure 2-1, the inductor L, of the LC filter can be selected as the synchronous
inductance (L) of the SG. The resistance (R;) of the filter can be selected as equal to the
synchronous resistance (R) of the SG. The internal back electromotive force voltage (E)
is computed by the controller and becomes the reference voltages (eg, e}, ec) for the PWM
controller which generates the internal PWM voltages (e,, ep, e.). Note that the low
frequency component of the PWM waveform e, will be equal to e, etc. The capacitor
voltage (v,, vy, v.) is equivalent to terminal voltage (V) of SG. The mechanical power

exchanged with the prime mover is replaced with the power exchanged with the dc bus.
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2.1.2 Electrical Part of Synchronous Generator in the SE-based Model

Models of the SG with various levels of detail are introduced in the literature [17]. For
system analysis and control design, a simplified model of the SG is used to build the VSG.
Assume that the rotor of SG is a round rotor without any damper windings, as shown in
Figure 2-2. The self-inductance and resistance of the field winding are L and Ry,
respectively. There is one pair of poles per phase with identical and rotationally symmetric
concentrated coils. When implementing the VVSG, the magnetic-saturation effects in the
iron core and eddy current are not considered and hence not included. The self-inductance
coefficient is L, the mutual-inductance coefficient is M, and the coil resistance is R,. The

rotor angle is 6.

Figure 2-2 Structure of An Idealized Three-phase Round-rotor SG

In (2-1) below, v is the phase terminal voltage, i is the stator phase current and e

is the back electromotive force (emf), which is also can be considered as the internal

v, iy e,
Bl e
Ve ic €c

cost sinf
2 . 2
cos (6 — ?”) sing = |Sin (Ca ?n) : (2-2)
cos (6 + 2?”) sin (6 + z?n)

voltage as in Figure 2-1.

Also, we define:

cosf =
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The terminal voltage of SG can be written in (2-3) and (2-4) as follow,

v=—Ri-Lia+e (2-3)

e = Myipwsing — My %@0 (2-4)

where, Mg is the mutual inductance between stator winding and rotor winding; is is
the field current and w is the rotor speed.

Assuming that the field current of SG is constant, then the emf is rewritten as

2.1.3 Mechanical Part of Synchronous Generator

The mechanical dynamics of an SG can be described by the “swing equation” [17]:
dw
]E =Tm—T— Dp(w — wg) — Dyw (2-6)

deo
—=w
dt

(2-7)

where J isthe moment of inertia of all parts rotating with the rotor. T,,, is mechanical
torque, T, is electromagnetic torque. w is the rotor speed, w, is the reference rotor
speed and 8 is the rotor angle. Since the amortisseur windings are not included in the SE-
based representation, a damping coefficient D, is included to provide a damping torque
proportional to the slip frequency (w — w,) which crudely represents the damping effects
of the amortisseur windings in a real machine. The other damping coefficient D,
represents damping due to the windage loss.

The electromagnetic torque can be rewritten in (2-8) [22],
P P .. 2 .. 21
T, = Myi, [la sin(0) + iy sin (0 - ?) + i.sin (6 + ?)] (2-8)

The formula shows that the electromagnetic torque is related to phase currents, rotor
angle, and virtual mutual flux Mgi;.

For an actual SG, the mechanical torque is provided by the prime mover, and for the
VSG controller, this power will be supplied by the dc side source. Thus, the dc source is

equivalent to a virtual prime mover.
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With the electrical and mechanical parts above, the whole SG model is now described.
Based on the introduction above, the VSG controller can be built accordingly and is shown

in the next section.
2.1.4 Structure of Swing Equation-Based VSG

The generated active and reactive powers can be calculated based on (2-9) and (2-10)

as follows,

P = wMyiy |iq sin(6) + iy sin (6 — =) + icsin (6 + 2| (2-9)

Q = —wMsis [ia cos(0) + iy cos (9 — 2?”) + i, cos (9 + 2?”)] (2-10)

The above (2-6) to (2-8) can be summarized by the “frequency loop” block diagram in

Figure 2-3. In the frequency loop, the inputs are the active power reference (P..r) and the

phase current feedback signal (i) measured from the external system. The output of the
system is the virtual rotor angle 6. The electromagnetic torque T, can be calculated based
on (2-8). The virtual mutual flux Mgi is generated from the voltage magnitude loop.

In a real SG, the terminal voltage is controlled by an “exciter” via the applied field

flux M;i,. A voltage magnitude control loop (shown in Figure 2-3) can be included which

generates the desired Mi magnitude. In the diagram below with switches S, opened
and Sy, closed, a simple controller is used which acts on the scaled voltage magnitude
error, i.e., Dg(Vyer — Vi), Where V.., and 1}, are the voltage reference and measured
terminal voltage magnitude, respectively. Alternatively with switches S, closed and Sy
opened, the desired Mi, magnitude is generated based on the reactive power error, i.e.,
(Qref — Q), wWhere Q.. and Q are reactive power reference and calculated system

reactive power using equation (2.8), respectively.

Once the magnitude of the field flux is calculated by the voltage magnitude loop, three-
phase voltage reference waveforms (e, e,, es) for each of the corresponding phase
voltages can be generated and sent on the firing pulse generator to generate the appropriate
firing pulses to the IGBTS so that the generated internal voltage, say e, hasafundamental

component equal to e, etc.
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Additionally, there is a magnitude detection block in Figure 2-3 to get the voltage
magnitude from the voltage signal. Several methods can be used for magnitude detection.
One of the designs is shown below.

Assuming a balanced three-phase voltage,

v, = sin¢ ,v, = sin ((p - 2?”) , Ve = sin ((p + %n) (2-11)
We have
VaVp + VpVe + VgV = —%vﬁl (2-12)

Where, v, is the voltage magnitude.

Noted that a low-pass filter is needed in the VSG implementation to attenuate the ripple.

Y

Firing Firi
Irin

Pulse > pul 9

Generator ulses

Figure 2-3 SE-based VSG (Sans Current Limiter)
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2.2 Current Limiting Methods in Swing Equation Based VSG

Since the output currents are not the direct control variables of SE-based VSG, there
is no inherent current limiting feature. Therefore, the SE-based VSG lacks the ability to
limit over-current phenomena when a system fault or other unexpected situation happens.
Some modifications can be added to the SE-based VSG to solve this problem.

The most popular current limiting methods nowadays are:

1) Multi-loop controller with an embedded current limiter
2) Virtual impedance controller
3) Switchable current limiting controller

This section first briefly introduces method 1 and method 2 and then discusses the
switchable current limiting method in detail as it is the one used in the remainder of this
thesis.

2.2.1 Current Limiting using Embedded Current Limiter

Multi-loop controller with an embedded current limiter is one type of grid-forming

control. It has a cascaded control structure [32]-[36]. The typical structure is in Figure 2-4.

VSG Controller

e || e e Comter T T

SE-based VSG
Controller el ep e;
(see Fig 2-3) —

v
VarVorVe > o[ D0

Firing
Pulse
Generator

Current
Limiter

Figure 2-4 Typical Structure of Multi-loop Control with an Embedded Current Limiter

A downstream current control loop is inserted after the main VSC controller (which
will be a SE-based VSG in this case). The voltage references ey, e;, e; in Figure 2-3 could
be directly used by the VSC to produce the voltage. However, doing so directly leaves no
mechanism to control the current. Hence, the voltage orders are first converted to

equivalent current orders which can be limited, as shown in the inner current controller in
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Figure 2-4. This is a straightforward method to limit the current because the current
reference is the control input, and its magnitude can be limited at this stage. Then the right-
hand side decoupled controller generates the voltage orders v¢ and vl to achieve the
limited current orders. These are converted back to polar quantities to produce the
modulation voltages for the three phases.

Note that since the limiters are added to the current reference for the VSG type
controller, once the current hits the limits, the converter becomes a constant current source
which will lack the VSG's dynamic characteristics. Also inserting the current controller in
series with the original VSG can deteriorate the dynamic behavior (e.g., increase the time
constant) of the controller response [30]. Moreover, [28] shows that such VSG with
embedded current controller may cause the converter to become unstable when it

connected to a strong system due to the delays inherent to the PI controllers.
2.2.2 Current Limiting using Virtual Impedance Controller

Virtual impedance control is an over-current protection method used widely in grid-
forming converters [37]-[39]. This method operates by reducing the amplitude of the
converter reference voltage in case of any over-current. In this approach, the controller is
given a characteristic that mimics the insertion of a series impedance on the ac side, by
changing its ac voltage. Usually, a virtual resistor is chosen as the only component of the
virtual impedance. A mixed impedance could have been an alternative, but it has been
shown to give rise to poor stability [37].

The equivalent circuit of the converter with a virtual resistor connected to the grid is

shown in Figure 2-5.

Ltr

Figure 2-5 Single Phase Diagram of Converter Equivalent Circuit with Virtual Resistor
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2.2.3 Switchable Current Limiting Controller

The two current limiting methods mentioned above both add an extra control loop
inside the VSG, which introduces additional dynamics which detract from the principal
role of the original VSG. The switchable current limiting controller is chosen in this thesis
since it would not significantly deteriorate the original SE-based VSG.

In this current limiting method, the control strategy of the converter can be divided
into two separated control blocks. One is the Swing-Equation (SE) based VSG discussed
in Section 2.1 and another is the switchable current limiting controller as shown in Figure
2-6 [40]. The operation principle is concluded as follows:

1) Under the normal operation mode, the SE-based VSG is active.
2) When the over-current situation occurs, the converter will switch to the current
limiting controller.

3) When the over-current situation clears, the VSG will be activated again.

VSG Controller

dq

Vabc—> abc/dq > \ elabc

e2abc R _\__>eabc
Iabc —> abc/dq > Mode selector
switch
abc

Fﬁ + it% =my X Irated

-k i* .
ly T T g Detection block

_ 2 Current
(i&)z + (!r}) =m; X Irated Ilmlter

Figure 2-6 Switchable Current Limiting Loop

A 4

In the figure, the detection block with multiplier m; is used to monitor the system
current. Assume I,.4:.q IS the current rating. Typically, m; is chosen from 1.2 to 1.5.

With smaller m,, the detection block has more sensitivity. When the measured output

current magnitude /i§ + iz is less than my X Iq¢eq, the VSC is under the initial VSG

controller, therefore, the VSC is controlled as a voltage source and is suitable in both grid-
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connected and islanded operations. However, if the current magnitude /i§ +iZ is larger

than the pre-set value (my X L.4teq), the controller will determine this as an unexpected
over-current situation, and the mode selector switch is triggered to switch the control mode
from VSG to the current limiting controller. It is desired to limit the currentto my, X Lgtea
by generating d- and g-axis current orders iz and i; under this overcurrent situation.
Normally, m, is chosen from 0.8 to 1.0. The PI controllers are used in this current
limiting method to make the system current follow the current reference. After the fault is
cleared and the output current recovers to the normal value, the controller is switched back
to the VSG mode after a certain clearance time.

Besides the above-mentioned advantages, some problems also appear. For example,
as a Pl controller is used, the current may overshoot the reference transiently or have a slow

response depending on the controller's gains.

2.3 Demonstration of Swing Equation Based VSG

With the aid of Electromagnetic Transients (EMT) simulation, this section
demonstrates the dynamic operating behaviors of an MMC with the SE-based VSG. The
widely used PSCAD/EMTDC® software was used as the vehicle for simulation in all
system-level studies in this thesis.

The reason for selecting PSCAD/EMTDC®O is its significant capabilities in modelling
power systems that include HVdc and other power electronic equipment, and due to the
wealth of expertise available to the author while at the University of Manitoba. This
simulation software was originally developed at Manitoba Hydro by Professor D. A.
Woodford and Prof. Ani Gole (University of Manitoba). It has also been used for the design
and system studies of the majority of the world’s HVdc systems, with a user base of
approximately 50,000 internationally.

In this section, the SE-based VSG is demonstrated using an 11-level MMC system

with switches S, closed and S, opened. This ensures a PQ control mode in which the

output active and reactive power are being regulation.
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2.3.1 Demonstration System Layout

A simple transmission scenario with an 11-level MMC is shown in Figure 2-7. The
strong ac system is represented by a voltage source and the Thevenin impedance R, + jX;.
It is assumed that the remote converter controls the dc side voltage to its desired value of

+ 5 kV. The main system parameters are in Table 2-1.

: Phase C Phase B Phase A |
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| |
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Figure 2-7 System Layout with 11-level MMC

Table 2-1 Main Parameters of MMC System

Parameter Value Parameter Value
Dc side voltage V. 15 kV Transformer MVA 5 MVA
Number of submodules /Arm 10 Transformer voltage 5.6/10 kV
MMC arm inductance 2 mH Ac system rated voltage 10 kV (L-L, RMS)
Converter rated power 5 MVA System frequency 60 Hz
Converter rated voltage 5.6 kV (L-L, RMS) Ac system SCR 7.5

The parameters of the SE-based VSG (see Figure 2-3) and the switchable current
limiting block (see Figure 2-6) are in Table 2-2 and Table 2-3, separately.
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Table 2-2 Parameters of SE-based VSG

Parameter Value Parameter Value
Reference active power Py..r 5.0 MW Inertia J 05 s
Reference reactive power Q,r MO'O Damping constant D,, 30
var
Voltage magn.itude loop proportional 0.0 Voltage magnitude loop integral time 0.2
gain factor K, constant K;
Damping constant D, 0.0
Table 2-3 Parameters of Switchable Current Limiting Controller
Parameter Value Parameter Value
Rated current L.gieq 1.0 pu Multiplied constant m,, 0.9
Multiplied constant m, 1.3 Control mode switch time 0.2s

According to Table 2-3, the converter changes from the SE-based VSG to the current
limiting block with m, = 0.9, when the system current magnitude is larger than
my X Igreq = 1.3 pu. And the converter changes back to SE-based VSG if the system
current is lower than 1.3 pu for 0.2 s.

In order to demonstrate the effect of the switchable current limiting block, the
demonstrations are divided into two parts as followed in section 2.3.2 and section 2.3.3,

which are the SE-based VSG without and with the current limiting block, separately.

2.3.2 Fault Recovery Demonstration Without Current Limiting Block

To validate the SE-based VSG, the system is simulated and allowed to reach a steady
state. A three-phase to ground fault is applied at the secondary side (Y connection) of the
transformer at 0.5 s, and the duration of the fault is 0.15s (9 cycles).

Figure 2-8 indicates the output active power P and reactive power Q.
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Figure 2-8 Waveform of Output Powers P and Q

Before the fault is applied, the system is under steady-state operation. The output
active power P is approximately equal to 5.0 MW, and the output reactive power Q is
regulated to be 0.0 Mvar. The results match the power references, which means the SE-
based VSG can be operated under PQ mode successfully in the steady state. After the fault
is cleared, the powers can recover to the same steady state, albeit with considerable
oscillation which can be damped by introducing appropriate damping (not shown).

Figure 2-9 (a) (b) show the RMS value of the converter terminal voltages Vzys and
the instantaneous three-phase voltage waveforms v, ., and Figure 2-9 (c) (d) show the
RMS value of the output currents Ipys and the instantaneous three-phase currents
waveforms i,.. Figure 2-10 is the MMC’s upper arm current of phase a. During steady
state, the three-phase voltages and currents are balanced. After the fault is cleared, the
terminal voltages and output currents are able to recover to the same steady state quickly

within about 400 ms.
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(a) RMS value of VSC terminal voltage VRMS
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Figure 2-9 Waveforms of Terminal Voltage v,;,. and Output Current i,

A real SG’s short circuit current is dependent on its internal voltage and transient
impedance (X7,
mimic a real SG and consequently a similar high current ensues. The maximum output
current reached almost 5.2 kA (peak) and the maximum arm current reached around
5 kA (peak) during the fault, which would cause over-current damage to the converter’s

delicate electronic component (IGBTSs, etc.). This type of operation is not acceptable in a
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Figure 2-10 Waveforms of the Upper Arm Current of Phase a

Xg) and can be very large. In the above case, the SE-based VSG tried to



real converter system. Hence adding a current limiting feature is imperative as discussed

in section 2.3.3.
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Figure 2-11 Output Variables from Frequency Loop and Voltage Magnitude Loop

Figure 2-11 shows the virtual rotor speed w of MMC from the frequency loop and
the virtual mutual flux M;i, from the voltage magnitude loop. From Figure 2-11 (a), the
converter can keep synchronism with the external system during the steady state. During
the fault, the virtual rotor speed keeps increasing due to the near-zero output power during
the short circuit, and the input power remains constant. Some oscillation happens after the
fault is cleared. The virtual rotor speed of the MMC recovers to its nominal value and post-
fault synchronization is achieved in this case. Therefore, the converter has fault ride-
through capability. However, if the fault durations were longer, the virtual rotor speed and
consequently the virtual rotor angle could increase causing a loss of synchronization with
the external system.

Also, from Figure 2-11 (b), the virtual mutual flux Mi; decreases during the fault
and can recovery back to its nominal value when the fault is cleared. This indicates that the

terminal voltage magnitude of the converter is under control.
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2.3.3 Fault Recovery Demonstration with Current Limiting Block

To protect the converter from over-current damage, a switchable current limiting block
is added. A three-phase-to-ground fault is applied at the secondary side (Y connection) of
the transformer at 0.5 s, and the duration of the fault is 0.15s (9 cycles).

Figure 2-12 shows the output active power P and reactive power Q. Also, Figure
2-13 shows the RMS value of the converter terminal voltages Vg5 and the instantaneous
three-phase voltage waveforms v,,.

Before the fault is applied, the system reaches a steady state operation with P =
50 MW and Q = 0.0 Mvar. The results match the power references, which means the
SE-based VSG can be operated under PQ mode successfully in the steady state. Also, the
three-phase voltages are balanced. After the fault is cleared, the system can recover to the

same steady state at around 1.3 s after an oscillation.
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Figure 2-12 Waveforms of Output Active Power P and Reactive Power Q
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Figure 2-13 Waveforms of Terminal Voltage v,,. and its RMS Value

Figure 2-14 (a) is the signal which indicates the controller mode. Value ‘0’ means the
MMC is operated as a SE-based VSG and ‘1’ shows the converter is in the current limiting
mode. The irregular oscillation of the powers (see Figure 2-12) is caused by the multiple
switches between the SE-based VSG and the current limiting mode.

It is notable that in a real SG, the rotor angular speed « would keep increasing during
the fault due to the excess of input power over output power. This brings risks of losing
synchronism with the external system. Since the converter is not a real SG, the virtual rotor
speed w can be kept exactly at 1.0 pu during the interval to prevent lost synchronism
when the current limiting block is active. And when the converter is under the SE-based

VSG, w isreleased. This mechanism is referred to as ‘w reset mechanism’.

Figure 2-14 (b) is the virtual rotor speed w of the MMC with this reset mechanism.
The converter can keep synchronism with the external system during the steady state. Also,
the post-fault synchronization is achieved in this case since « of the MMC recovers to its
nominal value. Therefore, the VSC has fault ride-through capability.

Figure 2-14 (c) shows the magnitude of the output currents I,,,, which is equal to

/iﬁ + iz Also, the maximum allowable current of 1.3 pu is shown with dotted line.
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Figure 2-14 (d) shows the instantaneous three-phase current waveforms i,;.. Figure 2-15
is the MMC’s upper arm current of phase a.

When the fault is applied at 0.5 s, the current magnitude increases and reaches 1.3 pu
ataround 0.501 s. At the same time, the converter is switched to the current limiting block
to regulate the current magnitude to m, X I,4:.q = 0.9 pu. A large fault current (about
1.5 pu) can be seen at the beginning of the fault. It is because the PI controller needs time
to force the current equal to the references. Therefore, in the beginning, the converter faces

risks of over-current.
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Figure 2-15 Waveforms of the Upper Arm Current of Phase a

After the fault is cleared, the SE-based VSG is active again at 0.704 s. Please note,

when the VSG is re-selected, it raises the current too quickly, necessitating the second and

third over current limitations. It is clear that the converter can be operated in a safe range

during the whole operation.

2.4 Chapter Conclusion

The main content of this Chapter can be concluded as follows:

1. The Swing Equation (SE) based virtual synchronous generator (VSG) was

introduced with details.

a)

b)

This controller essentially models the mechanical dynamics of an actual
synchronous generator (SG) but simplifies the electrical part. Therefore,
the voltage source converter (VSC) with this kind of controller can mimic
the behavior of the real SG. Therefore, all the experience obtained from the
traditional SG can also be used.

One advantage of the VSG method is that no communication system is
needed between different converters to equitably distribute the power. This
is because when the frequency changes due to power demand fluctuation,
each VSG responds to this fluctuation according to its own damping factor
and inertia constant.

Moreover, the VSG can generate its own frequency and voltage order

without the help of the phase-locked loop (required for the conventional
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VSC controller) to obtain the timing reference. Therefore, this kind of
controller can be used for connecting to passive loads or very weak systems.
This advantage makes the VSG desirable in renewable energy
interconnecting systems which are usually operated in low short circuit
ratio (SCR) conditions.

2. Any VSG implementation must include current limiting to protect the valves from

damage due to overcurrent. The switchable current limiting method was
introduced in this Chapter and added to the SE-based VSG.

a)

b)

Since the output currents are not the direct control variables of SE-based
VSG, there is no inherent current limiting feature. Thus, some extra feature
should be added, such as the switchable current limiting method.

The switchable current limiting controller regulates the current within a
safe range, only when the over-current situation occurs, therefore, it would
not significantly deteriorate the original SE-based VSG function.

Please note that as the PI controller is used in the current limiting block,
the current may overshoot the reference transiently or have a slow response

depending on the controller gains.

3. The SE-based VSG method and its switchable current limiting block were tested

in Electromagnetic Transients simulation (PSCAD/EMTDC software) to validate

the effectiveness.

a)
b)

A simple MMC system was used to validate the control strategy.

The simulation results show that the converter with the SE-based VSG can
reach the desired steady state successfully. And the current limiting block
regulates the valve currents to a safe range to prevent the over-current
situation. Also, the converter can recover to the same operating point after
a three-phase-to-ground fault, which proves the fault ride-through
capability of the system.

Moreover, the virtual rotor speed reset mechanism can prevent the

converter from losing synchronism with the external system.
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d) The oscillation currents may raise quickly to touch the ceiling limitation
when operating mode is switched to SE-based VSG. Thus, the switchable
current limiting block may be activated multiple times.
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3 Parallel VSC-HVdc Links Feeding Passive Loads

The material in this chapter is published by the author as reference [23] C. Jiang, A. D. Sinkar, M. K. Das,
A. M. Gole, and V. Pathirana, "A comparative study of master-slave control and virtual synchronous machine
control for parallel VSC-HVDC links feeding passive loads on offshore platforms,” in 15th IET International
Conference on AC and DC Power Transmission (ACDC 2019), Coventry, UK, 2019, pp. 1-6. Adhering to
IET copyright policy, it is being reproduced here for her own thesis with the above acknowledgment

(https://acdc.theiet.org » media > iet-conference-paper-template).

This chapter describes the parallel operation of two 2-level VSC links for supplying
power to an offshore oil platform intended for application in the North Sea. The SE-based
VSG method (without the current limiting block) mentioned above is implemented and
studied in this application system. For compassion between different control strategies, a
widely used Master-Slave (M/S) strategy is also introduced briefly in this section. Different
operating scenarios are discussed and tested in the EMT simulation program, such as load
balancing, start-up of offshore induction motors, transferring and tripping of loads in case
of failure of one of the links, and fault recovery and ride-through.

It demonstrates the automatic sharing of loads in a realistic application between VSCs
without the need for communication when the SE-based VSG is implemented. On the other
hand, the M/S controller requires communication and an additional Power Management
Allocator (PMA) but is inherently better at current limiting.

This project involves collaboration with an industry partner. At the time of the research,
two-level converters were typical for ratings under 350 kV and 300 MW, and so were
selected for these purposes. More recently, MMCs are also being used for lower ratings
and could have also been used. In this preliminary study, current limiting was ignored in

the simulations.

3.1 Project Introduction

Offshore oil and gas platforms are highly energy-intensive applications with power
demands exceeding hundreds of MWs. Traditionally, gas-turbine generators on-site have

been used to meet their power demands [41]. Nowadays, however, to reduce their carbon
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footprint, many projects have started utilizing VSC-based HVdc links to supply power
from the onshore grid [42], [43]. This is also an economically attractive solution depending
on the distance to the platform. Alternatively, multiple VSC-HVdc links can also be used
to cater to their power demand to ensure higher reliability and to reduce production losses
due to an outage of a single link [12], [44]. However, operating multiple VSC-HVDC links
onto a passive, islanded system (like an offshore platform) gives rise to many technical
challenges. These include bump-less synchronization of the VSC converters, coordination
of their operation, sharing of the power demand without overloading any converter, and
maintaining the voltage and frequency stability of the offshore grid in case of switching of
different components/loads.

Two control strategies that are most effective for such applications are Master-Slave
(M/S) control and Virtual Synchronous Generator (VSG) control of VSCs. The former
strategy relies on the fact that there is a Master converter that sets the frequency and voltage
of the offshore grid while the other converter (the Slave) follows it [45]. The latter strategy
relies on controlling the VSCs such that they emulate the behavior of synchronous
generators so that the control techniques used in traditional synchronous grids can be
extended to these applications.

In this section, a comparative study of these two strategies is presented with different

types of switching events simulated in an EMT simulation program (PSCAD/EMTDC).

3.2 Layout of Parallel VSC-Links System and Operation Mode

The layout of the system utilized for the simulation studies is shown in Figure 3-1 and
the parameters of the different equipment are listed in Table 3-1 to Table 3-3.

Based on the system layout, it can be inferred that there are three modes in which the
system can operate:

e Mode 1 (Non-parallel mode): In this mode, individual converters supply their local

load with the interconnecting transformer branch open (due to a scheduled or
forced outage).

e Mode 2 (Parallel mode): In this mode, both the converters are synchronized and

share the load according to their individual ratings.
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e Mode 3 (Single converter mode): In this mode, only a single converter supplies

only the critical loads in the system in case the other converter is out of service

(due to a scheduled or forced outage) with interconnecting transformer branch

closed.
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Figure 3-1 Parallel VSC-Links System

Table 3-1 Transformer Data

Transformer VSC-1 VSC-2 Interconnecting Load-1 Load-2
Transformer Transformer Transformer Transformer Transformer
Rating 210 MVA 270 MVA 100 MVA 200 MVA 200 MVA
Voltage Ratio 95/33 kV 180/115 kV 33/115 kV 33/11 kV 115/11 kV
Connection AJY AJY Y/Y Y/Y Y/Y
Ly 0.15 pu 0.15 pu 0.07 pu 0.07 pu 0.07 pu
Ry 0.02 pu 0.02 pu 0.02 pu 0.02 pu 0.02 pu
Table 3-2 Induction Motor Data
Parameter Value Parameter Value
Rated Power 125 Mw Rated Voltage 11 kV
R, 0.021444 pu Xy 0.108546 pu
R, 0.0333333 pu Xn 0.108546 pu
Xm 4.0 pu Rated Efficiency 97.1%
Rated Power Factor 0.9 Inertia (H) 20 s
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Table 3-3 Filter Data

Filter VSC-1 Filter VSC-2 Filter
Cr 97.432 uF 8.0229 ur
Le 75.147 uH 0.9126 uH
R¢ 0.0878 Q 1.0665 O

3.3 Master-Slave Control Method of Parallel VSC links

The Master-Slave (M/S) controller is introduced briefly, and this control method is
also implemented in the parallel VSC system to compare with the proposed SE-based VSG
strategy. Note that the M/S control method requires communication between the VSCs.

In M/S control strategy, one of the converters is designated as Master and the other is
designated as Slave [12]. The Master converter’s controller sets the frequency of the
offshore grid. It also maintains its terminal voltage at its rated value. The Slave converter’s
controller tracks its terminal voltage using a phase locked loop (PLL) and provides the
amount of active and reactive power according to the command it receives. To coordinate
the operation of the two converters and to share the load changes based on their individual
ratings, a hierarchical control structure can be used. This structure consists of a higher-
level controller, called the Power Management Allocator (PMA), and lower-level control

systems that control individual VSCs according to the commands received from the PMA.
3.3.1 Higher-level Controller

The Power Management Allocator (PMA) is shown in Figure 3-2.

P1—

Pz ’ —> Pref(s!ave)
Power

Breaker
Management
Statuses g —> Qref(slave)

Q1 —— Allocator
Q; —
(PMA) — MS1 Flag
Qy—
Qu— — MS2 Flag

Figure 3-2 Power Management Allocator for M/S Control Strategy
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This PMA block essentially performs two important tasks:
1. Decide which converter is the Master converter and which is the Slave converter.
2. Provide active and reactive power commands to the Slave converter to share the
load according to individual ratings.
The PMA generates the active and reactive power order for the Slave converter using
(3-1) and (3-2) respectively.

Pra ea(stave
Pref(slave) = _ated(slave) X (Pl + PZ) (3'1)

Prated(total)

_ {(Ql —Q4) ifVSC1lisslave (3-2)

Qref(stave) = (0, — Q,,) ifVSC2is slave

Here, Prareacsiavey 1S the available rating of the Slave converter while Prqreqtotar)

is the total available rating of the Master and the Slave converters. All the other quantities
are as given in Figure 1. The reactive power order is generated in such a way that the
reactive power flow on the interconnecting transformer branch is kept as low as possible
(when operating in Mode 2). If the Slave converter provides the demanded power, the

master converter provides the remaining power (i.e., the slack).
3.3.2 Lower-level Controller

The block diagram of the lower-level control system is given in Figure 3-3. The well-
known dg-based control system has been used for individual VSCs. Since there is an inner
current control loop present in this type of control, it is possible to have faster control of

VSC currents so that the converters do not get overloaded even during transient operating

conditions.
VvSC VSC Terminal
dg-based
Voauer—7 Outer Voltage / Current /Vcltage Reference
Bus Volta;ge Controller 0 | dg-based | U U ol
DQref g-base DQref dq abcref ,
_"}—-— Inner Current > — PWM. PWM
AT / b Generation Pulses
1 | Controller abc
Prefr Qref —"—P Power :
‘ Controller
|
(From PMA) MS Flag = 0:Master [
(From PMA) 1:Slave 2]

Figure 3-3 Lower-level Control System for individual VSCs
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For the Master converter, MS Flag is equal to ‘0’. While for the Slave converter, MS
Flag is ‘1°. The angle 8 shown in Figure 3-3 comes from a PLL. Since any one of the two

converters could be Master/Slave, these controls are duplicated for each of the VSCs.
3.3.3 Synchronization Mechanism used in M/S Control

Assume the system is operating in Mode 1. So, the MS Flag in Figure 3-3 is equal to
0 for both converters. Say it is decided to switch to Mode 2 with VSC-2 as Master and
VSC-1 as Slave. Breaker BS2 in Figure 3-1 is closed and the PMA gives the command to
VSC-1 to become the Slave. Following this, the PLL of VSC-1 starts tracking the voltage
V51 (see Figure 3-1). When the phase difference between Vg, and Vs, becomes 0, the
breaker BS1 is closed. On successful synchronization, VSC-1 is the Slave converter and

supplies the active and reactive power as commanded by the PMA.

3.4 Swing Equation Based VSG Method

The operating mechanism of the SE-based VSG was introduced before, which will not
be repeated here. Only the special aspects related to the VSC parallel operation are
explained in this section.

3.4.1 Load Sharing in VSG Controller

In a synchronous grid, the variations in active and reactive power are shared amongst
the connected generators using frequency and voltage droop mechanisms. This is a very
elegant and, most importantly, decentralized way of sharing the load (i.e., it doesn’t rely
on any communication between machines). When the active power demand changes, there
is a change in the speeds (w) of the machines due to changes in their individual T,. The
prime mover system of each machine then changes its power inputs in such a way that the
new power balance is achieved.

This concept can be extended to work in the case of VSCs controlled using SE-based
VSG method as well. The parameter D, in the swing equation (2-6) usually represents the

mechanical friction in an actual machine. But it’s a well-known fact that the effect of droop
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control is equivalent to an increase in the constant Dp. So, for VSG, the constant Dp in
frequency loop (see Figure 2-3) represents the mechanical friction plus the frequency droop
coefficient. Similarly, the quantity D, in voltage magnitude loop (see Figure 2-3)

represents the voltage droop coefficient for sharing the reactive power demand.
3.4.2 Selection of D,, and J for SE-based VSG

To ensure proper load sharing when using VSG controller, it’s important to properly
select the different parameters of the control system shown in Figure 2-3. The different
parameters to be selected are Dp, /, D, and K.

Connecting both converters into the same ac system requires a common frequency.
Thus, Aw; = Aw, = Aw (say), where Aw = (w — wy). If we want that the ratio of
powers supplied by each VSC to be the same at all operating points, i.e., P;/P, = n, then
from the steady state analysis of (2-6), it can be shown that the ratio of the droops

(Dp1/Dp,) isalso equal to n. This gives a droop characteristic as shown in Figure 3-4.

\Pﬁi’lz
0 Pscl 1 \ P
_l/ﬁH —1/Dp;
—Awmax

Figure 3-4 Frequency-Active Power Droop Characteristic

Aw

Awpax

Here, Aw,,q4, 1S the maximum change in the frequency when the load changes from
(Pset1 + Pserz) 1o 0. Typically, this is taken to be about 3 % to 5% of the nominal

frequency. From Figure 3-4, it can be easily shown that:

se Pse
IDpy| = —2_ | |Dp,| = —22_ (3-3)

Awmax Awmax

Now, looking at the frequency loop in Figure 2-3, we can say that its time constant 7,
is given by (3-4). The time constant 7, is a design parameter that must be selected based

on the bandwidth that is desired.
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Tp =L (3-4)

Dp
Soonce 7p, n and Aw,,,, have been selected, Dp;, Dp,, J; and J, can be easily
calculated using (3-3) - (3-4) and Dp,/Dp, = n. Similarly, D1, Dy, K; and K, that

are used in the voltage magnitude loop Figure 2-3 can also be calculated.
3.4.3 Synchronization Mechanism used in SE-based VSG

Assume the system is operating in Mode 1. To synchronize the two VSCs, firstly
breaker BS2 is closed (see Figure 3-1). Once this breaker is closed, an automatic control
system starts tracking the phase difference between the voltages Vgz; and Vg, (see Figure
3-1) and changes the P,,;; based on this. This in turn changes w; in such a way that the
phase difference between the voltages Vg, and Vs, starts decreasing. When the phase
difference becomes zero and stays within a tolerance band for a predetermined amount of
time, the breaker BS1 is closed. On successful synchronization, this auxiliary control

system used for synchronization can be deactivated.

3.5 Simulation Demonstration

This section presents the results of the simulations performed in PSCAD/EMTDC® to
compare the two schemes under different dynamic scenarios. For M/S controller, in all the
cases presented here, VSC-2 is the Master, and VSC-1 is the Slave.

3.5.1 Load Sharing After a Step-change in Load

Figure 3-5 shows the response of both VSG as well as M/S controller for an increase
in the load by 50 MW at t = 1 s. Both strategies are effective in ensuring the sharing of
the change in the load according to the individual ratings of the VSCs. The only difference
is that in M/S controller, the frequency of the system always comes back to nominal
frequency after a load change while in SE-based VSG controller, the frequency drops when

the load increases.
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Figure 3-5 Effect of Step Change in the Load; (a) SE-based VSG, (b) M/S Controller

A slower outer control loop named ‘secondary frequency regulation’ can be utilized
for changing Ps.tq and Pgeep in a coordinated fashion to bring the frequency back to its

nominal value, which is given in Figure 3-6 below.

Additional Feedback Loop

i) 23]
+

o |1
S

>

Figure 3-6 Secondary Frequency Regulation Loop
3.5.2 Direct-On-Line (DOL) Starting of Induction Motor

Typically, the majority loads on an offshore platform are high-power induction motors.
To check the viability of M/S controller as well as VSG controller, their response is
recorded for a Direct-on-Line (DOL) start of a 14 MVA induction motor. Figure 3-7

shows the responses for both cases. The induction motor has been started at t = 1s at
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the bus near to VSC-2. The mechanical load on the motor is assumed to be a pump-type of

load (i.e., T, < w?).
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Figure 3-7 Induction Motor DOL Starting; (a) SE-based VSG, (b) M/S Controller

The DOL start is successful in both cases. It takes about 3 s for the machine to reach
its rated speed. The only difference is in the fact that the voltage sag in the case of M/S
controller is higher (about 10 %) than with SE-based VSG (about 3 %).

This can be attributed to the fact that M/S controller has an inherent current limiting
capability (due to the decoupled i;-i, control loops), unlike the VSG presented here. So,
when the induction motor is starting and if the Q@ demand is higher than the ratings of the
converters, then M/S controller will just limit the converter’s output current to avoid

overloading the converters. No such mechanism is available for the VSG presented here.
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3.5.3 Tripping of a Link

One of the critical contingencies for a system with parallel VSC-HVDC links is the
tripping of one link and subsequent changeover from the synchronized operation of both
converters (Mode 2) to one converter supplying the entire load (Mode 3). This is
particularly critical in the M/S control case when the Master converter trips (since it is
maintaining the voltage and the frequency of the offshore grid).
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100 100
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0 1 2 3 0 1 2 3
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(a) (b)
Figure 3-8 Effect of Tripping of VSC-2; (a) SE-based VSG, (b) M/S Controller

Figure 3-8 presents the responses of both cases when VSC-2 is tripped at t = 1s
(VSC-2 is the Master for M/S controller).

For M/S controller, when the Master converter trips, two extremely critical things need
to be accomplished:

1. Detecting that the Master converter has tripped and changeover of the Slave to

Master.
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2. Issuing transfer trips to non-critical loads to ensure that the total load stays within

the rating of the surviving converter.

There are delays associated with each of these steps and if these delays are too large,
then the voltage may sag to a very low value (as in Figure 3-8 (b)) and lead to a total outage.
Hence, care needs to be taken to deal with this case in the field.

On the contrary, there are no such special requirements for SE-based VSG. Since the
VSCs share the load in a completely decentralized manner, the changeover from Mode 2
to Mode 3 becomes relatively easier. The only critical point is that the transfer trips need
to be given quickly to avoid overloading a converter (notice the sharp increase in the active
power for SE-based VSG in Figure 3-8 (2)). In addition, the current limiting mechanism
should be added to protect the converters. But, as seen in Figure 3-8 (a), for SE-based VSG,
the frequency falls on overload. So, tripping of non-critical loads can be accomplished

using under-frequency relays that utilize local measurements at load busses.
3.5.4 Fault Ride-through and Recovery

It is very important to study how fast these two schemes ride through and recover
following a fault in the offshore grid. In the simulation, a three-phase fault occurs at t =
0.1s ona 50 MW feeder near VSC-1’s bus. The fault is cleared after 0.1 s by tripping
the corresponding feeder. Figure 3-9 presents the post-fault recovery for both cases.

It can be inferred from Figure 3-9 that the recovery of the SE-based VSG is faster
(about 0.12 s) than the M/S controller (about 0.27 s). This can be attributed to the fact
that in SE-based VSG, the VSC’s output voltage is controlled while in M/S controller, the
VSC’s output current is controlled. Since all the loads are passive in an offshore platform,
the recovery with a voltage-controlled device is expected to be faster compared to the case
with a current-controlled device. Also, there are inherent delays in the decoupled current

controller since the PI controllers are used.
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Figure 3-9 Post-fault Recovery; (a) SE-based VSG, (b) M/S Controller

3.6 Chapter Conclusions

Based on the discussions and the simulation results in this chapter, the following

inferences about the two control strategies can be drawn:

e The SE-based VSG method is shown to be a good solution for offshore platforms
when it comes to multi-vendor implementations since the load can be shared
automatically in a decentralized manner without the need for PMA.

e The frequency always comes back to the nominal value following a disturbance in
M/S controller. To accomplish this in the SE-based VSG, an additional slower
outer control loop may have to be used which changes P.;; and P, in a
coordinated fashion.

¢ Handling the case of tripping a link is relatively easier for the SE-based VSG than
the M/S controller. In the M/S control method, there is a need for a mechanism to
detect that the Master converter has tripped. No such special requirement is there
for SE-based VSG.

54



In the case of SE-based VSG, unassisted post-fault recovery is faster than with the
M/S controller. This is because, in VSG, the VSCs are voltage-controlled devices
while in M/S controller, they are current-controlled devices.

There is no inherent mechanism to avoid overload of a VVSC in the case of SE-

based VSG. Thus, the SE-based VSG requires an additional current limiter, e.g., a
switchable current limiting block. In the case of M/S controller, this can be easily
accomplished using the inner current control loop present in the lower-level
controls.

In the case of M/S controller, providing redundancy for the central coordinating
controller is very critical to counter total failures. No such redundancy is required
for SE-based VSG.
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4 Novel Hysteresis Current Control for MMC Using

Acceleration Current Slope

This work has been filed as US Provisional Patent Application No. 63/502,189, May 2023.

The voltage source interfaced Swing Equation based VSG introduced in Chapter 2,
has no inherent current limiting capability. An additional feature such as the switchable
current limiting block must be added to regulate the overcurrent.

What if the voltage source converter (VSC) can be given the characteristic of the real
synchronous generator and implemented as a stiff current source at the same time? Then
the inherent current limiting function can be implemented easily and straightforwardly by
simply limiting the magnitude of the current reference. The VSG with embedded current
controller mentioned above in section 2.2.1 could be one option. However, as shown later
in Chapter 6, with this option, the system becomes more susceptible to instability when the
short circuit ratio (SCR) is large due to the delays inherent within the P1 controller [28]. To
overcome this potential instability, this chapter introduces a new approach. Using the
proposed method, the VSC is controlled as a current source with very fast dynamic

response.

4.1 Introduction

Traditionally, the hysteresis current control (also referred to as current-reference PWM)
has been long used with two-level VSCs [46] to follow a given reference current. This
method is summarized in section 4.3.

However, the application of this method with the modular multilevel converter (MMC)
has not been widely investigated due to the complexity of its structure. Thus, the control
strategy which can make the MMC behave as a high-bandwidth and high-precision current
source is the subject of this Chapter. The example used in this chapter to demonstrate the
working of the proposed hysteresis control method designed for MMC:s is the active power

filter (APF), which is often used for controlling arc furnace flicker as in Figure 4-1 [47].
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Then Chapter 5 will use this control method to build a current source interfaced VSG
strategy.

The operating principle of an APF is that it identifies the undesirable component of
the load current and injects a canceling component into the grid to offset this [48].
Additionally, a converter-based APF can simultaneously provide reactive power

compensation, regulation of terminal voltage, and voltage balancing in three-phase systems.

|
S L,
|S System Current | @ Y 7Y YY) No&)l;r&ear ILA Load Current
Lsystem L Lload
% | coupling .
i c - Harmonic i
\/ MMC i .
C4 Cancelling Current

i Component
Vdc—[ — :}

Shunt Active Power Filter

Figure 4-1 System with Shunt Active Power Filter

The structure of this chapter is as follows. The traditional hysteresis current control for
the two-level VSC is first introduced briefly and its advantages and disadvantages are
presented. Then a novel hysteresis current control method for the MMC using an
acceleration slope strategy is developed. This proposed method can be directly applied
without modifications to MMCs with any number of levels. The effectiveness of the
proposed method is validated using Electromagnetic Transients (EMT) simulation. A
method to determine the power loss is used to estimate switching and conduction power
loss [49]-[50]. It is shown that the MMC option can greatly reduce the switching power
loss as well as provide an improved output waveform in comparison with the existing
hysteresis control for a two-level VSC. Finally, an application example of an MMC-based
APF is demonstrated using EMT simulation and is also constructed and tested using a
hardware-in-loop (HIL) simulation on a real-time digital simulator (RTDS).

4.2 Existing Current Control Methods for MMC

Current control methods for the VSC can be classified as i) linear controller and ii)

nonlinear controller [51]. In the linear controllers, a voltage order is generated using a
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proportional-integral (P1) controller. This type of control is more suited for low-bandwidth
applications such as reactive power balancing but is too slow for active harmonic filtering
or for cleaning up arc furnace current waveforms [47].

For the latter, non-linear control method such as hysteresis current, delta modulation,
and space vector are recommended. Space vector method or nonlinear vector current source
(NLVCS) control strategy is discussed in [52]. The NLVCS algorithm is based on space
vectors, and it has good robustness against the system operating changes compared with
the linear current control method mentioned before. It also has a fast current dynamic
response. However, the algorithm requires the instantaneous voltage and current variables
to be transformed into two-dimensional vectors through aff transformations. Usually, the
transformation angle is measured through the phase locked loop (PLL) component installed
in the system and it is well known that the PLL may fail to measure the correct angle value
if the system response is fast. Moreover, the two-dimensional transformation only obtains
the information of specific frequency, and it does not appropriate for the voltage and
current variables with lots of harmonics components. Therefore, this NLVCS method is
mainly suited for the active filtering of one or two specific harmonics, whereas the
hysteresis current control method introduced in this chapter can target a broad range of
harmonics.

The hysteresis modulation method is popular and has been applied to multilevel H-
bridge converters, diode-clamped converters, and flying capacitor converters [53]. One of
the challenges with hysteresis controller is the higher switching power loss, especially in
two- or three-level controllers, where the output voltage swing at each switching is very
large. However, MMCs afford the opportunity to have a switching step which is a very
small fraction of the step in a two-level converter, and so have the potential for significantly
reducing switching loss. Although MMCs are seeing increasing use in HVdc and other
applications, the hysteresis current control method for MMC and its power loss analysis
have not been further investigated.

Reference [54] suggests a hysteresis current controller with an MMC using a fixed
sampling timestep. In this method, the MMC has to change its output voltage every
sampling timestep which results in a large number of switchings and so potentially a higher
switching loss. Alternatively, the proposed method in this thesis makes a judgement based
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on difference between current error and hysteresis width in each sampling timestep to
decide whether the MMC needs to change output voltage. Thus, the MMC may keep
voltage level unchanged over several sampling timestep. This results in fewer switch

operations.

4.3 Traditional Hysteresis Current Control for Two-level VSC

Hysteresis current controller in Figure 4-2 is a popular non-linear control method used
for two-level VSCs. The objective is to keep the output current (i) within a narrow band
defined by a lower and upper threshold around the reference current (i,..) [46].

Ve
2

Figure 4-2 Example System for Traditional Hysteresis Current Controller.

Traditional hysteresis current controller uses a simple “bang-bang” control strategy.
Figure 4-3 shows typical waveforms for this type of control. If the actual current (i) falls

below the lower threshold (e.g., time t;), the output voltage (v,) is switched to positive dc

rail (%) by triggering T;. As aresult, the current increases, and traverses toward the upper

threshold. Similarly, v, is switched to the negative dc voltage (— %) by triggering T,

when the current breaches the upper threshold (e.g., time t,). Thus, the currents can be
regulated within the pre-set envelope. However, only the current direction and not its rate
of change is controllable because the two-level VSCs only have two voltage options which
are positive or negative dc voltage, and the rate of rise/fall depends on the back emf of the
load.

This chapter introduces a novel hysteresis current control method for the MMC using
an acceleration slope. With this new type of controller, the output currents of the MMC
can be limited within a pre-set hysteresis band and the change in voltage at each switching
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will only be a small fraction of the full voltage range, so the corresponding power loss can

be much reduced. Furthermore, the slope of the current can also be controlled.
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Figure 4-3 Typical Waveforms with Hysteresis Current Controller for a Two-level Voltage

Source Converter. (a) Currents. (b) Terminal VVoltage
4.4 Novel Hysteresis Current Control Using Acceleration

Current Slope

The section describes a principal contribution of this thesis. It shows how the MMC
can be adapted to conduct a rapidly controllable current source.

4.4.1 MMC Topology and its Simplification

The equivalent circuit model of the three-phase MMC structure is shown in Figure 4-4.

The upper and lower arm submodules are represented by the voltage sources (vgbc =

[vpa,vpb,vpc]T,v,‘{bC = [Vna» Vnp» VnclT) @nd Ly, isthe arm inductance. The superscript
‘abc’ denotes a vector of the individual phase [a, b, c] quantities. Reference [55] shows

that the voltages v,; and v,, at points a;, and a, in phase ‘a’ (and corresponding
points on the other arms) are approximately equal.
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Figure 4-4 Equivalent Circuit Model of MMC.

Therefore, Figure 4-4 can be simplified as shown in Figure 4-5 by “virtually”
connecting these approximate equipotential points (a, &a,, b; &b,, and c;&c,) with L, =
Lgrm/2. Let i%P¢ be the measured MMC currents, v&P¢ represent the measured voltages
on the connected external network and vP¢ represent the internal output voltages of this

simplified MMC model which can be calculated based on the upper arm voltage (v,)

and lower arm voltage (v,) in phase k as in (4-1).

vy, = ok CncTp0XIM € [a, b, ] (4-1)

where, the N, and Ny are the number of active submodules of the upper and lower

arm in phase ‘k’ and Vg, is the average dc voltage of the submodules.
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Figure 4-5 Simplified Equivalent Circuit Model of MMC. (a) Three Phase View. (b) Single Line

I

I

View.
4.4.2 Hysteresis Current Control Using an Acceleration Slope

From the single-line view in Figure 4-5(b), the relationship between the system current

i and voltages v;,vs is shown in (4-2) below. Assuming that the current i is able to
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follow the reference current i,., exactly, the required MMC voltage v, can be estimated

by (4-3).

di
L, d_:t =V — Vs (4'2)

diyer
€ at

Ve = Vrer =L + v (4-3)

The controller is implemented digitally, with a small sampling timestep AT, which is
the interval between successive current measurements. The output voltage adjustments
happen only at integer multiples of AT. As AT is small, it is reasonable to consider the
slopes of the reference current and the measured system current to be constant during this
interval. Similarly, the slope of the current at time t can be approximated as the slope
value from the previous timestep. To illustrate this, consider the four situations in Figure
4-6. The black line is the reference current i,., and blue lines correspond to the possible
trajectories of system currents i. As in the case of the 2-level converter, corrective action
is taken only when the current breaches the lower/upper thresholds i,.r + hy, where hy

is half of the hysteresis band.
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Figure 4-6 Four Situations of Current Change

Four scenarios are possible. Due to the discrete sampling timestep AT, the time t’
when the system current equals the threshold that may lie inside the interval [t;, t; + AT];
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and thus, at the sampling instant, the current may marginally fall outside the target envelope.
For example, in Figure 4-6 (a), the current is marginally smaller than the lower threshold,
i.e., [ <iyr— hy attime t;. In this case, the current should be nudged to rise a little
faster than the reference current so that it can get back into the envelope i,..r + hy. Hence,

a modified reference current iy, is selected which has a slightly higher rate of change,

di; di - . "
% = %+ Ag, where the slope deviation parameter A, is a positive number.

i.e.,
Depending on the magnitude of the A, the currentat t; + AT can attain different values
as shown by the blue lines in Figure 4-6 (a). This process can be achieved by making the

terminal voltage v, of the MMC equal to the voltage reference v,..; as given by (4-4).

dire
V¢ = Vrep = Le ( dtf + AS) + v (4-4)

In the case depicted in Figure 4-6 (b), the current is higher than the upper threshold

(i > irer + hy) and needs to be reduced toward the lower threshold. In this case, the rate

of change of reference current can be reduced by the amount Ag as shown in (4-5).

diye
Vp = Vper = Le ( -~ AS) + v (4-5)

Similarly, Figure 4-6 (c) and (d) depict the situations when i,., has a negative slope.
Again, the required MMC voltage v, can be calculated from (4-4) for the situation in
Figure 4-6 (c) and from (4-5) for the case in Figure 4-6 (d). Please note that the re-
calculation of terminal voltage based on (4-4) and (4-5) only occurs when the measured
current breaches the upper or lower thresholds, otherwise, the terminal voltage remains at

the same value.
4.4.3 Selection of the Slope Deviation Parameter Ag

The value of the slope deviation parameter 4, can either be a pre-selected constant

or be changed dynamically during operation if more precision is required.
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4.4.3.1 Constant Value for Slope Deviation Parameter Ag

In this mode, the slope deviation A is fixed to a pre-set constant value. The

recommended range of 4, can be pre-selected from 0.0 to %.

Take situation (a) in Figure 4-6 for example. If the value of the slope deviation is too
small, the current may undershoot and be unable to get back within the desired hysteresis
band as seen by the blue trajectory in Figure 4-7. This indicates the need for a larger 4.
However, if the slope deviation is too large, the current may overshoot the envelope. as
shown in the red line of Figure 4-7, and a smaller A is required. Hence the value of the
A, should be chosen appropriately to avoid these over/under shoots. The controller with a
constant A4, is less complex in comparison to one where A is variable.

A~ j l_Jpper threshold
| di’

ref

di
R { dt dt

ref

Figure 4-7 Schematic Figure of Small 45 (blue line) and Large 4, (red line).

4.4.3.2 Variable Value for Slope Deviation Parameter Ag

Using a variable value for slope deviation A gives better tracking of the current, but
the controller implementation is somewhat more complex.

In this strategy, A, is proportional to the magnitude of the error between the actual
and reference currents |i — i..¢|. Thus, when the error is large, the value of the 4, will
be increased so that in the next timestep the current will change faster.

Figure 4-6 (a) is taken as an example to deduce the value of slope deviation 4.
Assume that at t = t;, the current is below the allowed hysteresis band and thus is

|i_iref|_hy

unacceptable. Therefore, the slope A4 is increased to AT

, SO that the current i

rises at a faster rate to re-enter the acceptable deviation envelope (i .; + hy) more

quickly as shown in Figure 4-8.
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The precisions of this hysteresis current control method can be increased by decreasing

the value of ‘hy’ but doing so typically leads to more switching and hence additional power

loss.
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Figure 4-8 Variable Value for Slope Deviation Parameter Ag
4.4.4 Overall Flowchart of Proposed Method

The above proposed approach is summarized in the flowchart in Figure 4-9 below.
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Figure 4-9 Flowchart of Acceleration Current Slope Based Hysteresis Current Controller
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4.5 Validation of Proposed Approach Using EMT Simulation

This section first introduces the structure of the demonstration system. Then the
proposed hysteresis current control strategy is validated using the EMT simulation program
(PSCAD software).

4.5.1 Demonstration System for the Proposed Method

The proposed MMC hysteresis control method is simulated with a simple example of
an 11-level MMC system as shown in Figure 4-10 below using the EMT simulation
program (PSCAD/EMTDC). The main parameters of the system are in Table 4-1.

The 11-level MMC were selected for two reasons:

1) The steps in the voltage waveforms are clearly visible. They would be difficult
to see with a larger number of levels, e.g., the 201 levels used in the examples
of Chapter 5.

i) The loss calculation algorithm that was used was only capable of handling a
small number of levels at that time.

The MMC is connected to an external ac source through a transformer. The three-
phase current references (i;‘é’; ), measured system currents (i%’¢) and MMC terminal
voltages (v&¢) are the required inputs to the hysteresis current controller to generate the
voltage references (vff]?). The proposed current control action can be superimposed on the
existing controllers required for proper MMC operation such as capacitor balancing,
circulating current suppression (CCSC), and so on. In an MMC, harmonic currents of even
frequencies (dominantly second harmonic) may circulate between the legs, and these do
not enter the ac network. A CCSC is therefore commonly employed to cancel the
circulating currents by injecting compensating voltages (v2€). The final voltage orders for
each phase are generated by summing the vfé’fc and v2P¢. The MMC’s voltage control
block then selects the appropriate number ‘N’ of submodules to activate in each arm using

an algorithm such as “nearest level control” (NLC).
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Table 4-1 Main Parameters of System

Parameter Value Parameter Value
Number of submodules/Arm 10 MMC dc side voltage +5kV
MMC arm inductance 2mH Transformer voltage 5.6/10 kV
Transformer three phase MVA 25 MVA Transformer leakage inductance 0.15 pu
Ac system voltage (I — [, RMS) 10 kV Ac system short circuit ratio (SCR) 4.5
Half of hysteresis band ‘hy’ 0.01 pu Selection of the slope deviation Variable value
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Figure 4-10 Validation System Layout

4.5.2 Method Validation Using EMT Simulation

Figure 4-11 (a) shows the phase ‘a’ system current i, (dotted line) and its
corresponding reference current i,.r, (solid line), whichisa 60 Hz sinewave with peak
amplitude of 0.6 pu. The other two phase references i,.s, and i,.rc (NOt shown) are

similar but have + 120° phase shift to form a balanced 3-phase set.

67



As is evident, the method works well, because the two waveforms are virtually
identical, with the difference i,,,, being within the desired + 0.01 pu hysteresis width
band as seen in Figure 4-11 (b). Figure 4-11 (c) shows the phase ‘a’ voltage v, on the
system side (dotted line) and the phase ‘a’ internal voltage v,, from (4-1) (solid line).
Phase ‘b’ and ‘c’ waveforms (not shown) are similar, and phase displaced by + 120°.

At any switching instant, the MMC controller inserts/removes usually only one or at
most two submodules as can be seen by observing the v,,. Thus, the change in output
voltage is only a fraction of that in the two-level converter where each switching results in
a change in voltage equal to the full dc voltage. This is the reason for the MMC’s lower

switching power loss and fewer harmonics components.
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Figure 4-11 MMC Waveforms Using Proposed Hysteresis Current Controller. (a) Output and
Reference Current Waveforms of Phase ‘a’. (b) Current Error of Phase ‘a’. (¢) Voltage

Waveforms of Phase ‘a’.

Figure 4-12 shows the dynamic response of the MMC with the proposed controller,

after a sudden step change of the reference current i,..r,. The magnitude is changed from

0.6 pu to 0.4 pu andsimultaneously a 45° phase shift is applied. The output current i,

can follow the reference current and rapidly attain the new equilibrium operating point,
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with only a small transient error of about 0.3 pu at the point of change, showing that the
proposed hysteresis current control method has a good dynamic response. The high current
error (i.o) just after the reference current sudden change is attributed to the voltage of
the MMC (v,,) reaching its ceiling limitation as shown in Figure 4-12 (c), which means
all the submodules of the lower arm are active. In this case, the output current slope also

reaches the maximum controllable value. This error is decreased for a larger MMC dc side

voltage.
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Figure 4-12 MMC Waveforms Under a Reference Current Step Change. (a) Output and
Reference Currents of Phase ‘a’. (b) Current Error of Phase ‘a’. (c) Voltage Waveforms of Phase

Ga,
4.6 Converter Power Loss Analysis
In this section, the power loss evaluation method is first introduced. Then the power
loss comparison between different levels of MMC and two-level VSC is discussed, and it

is shown that the proposed MMC-based hysteresis control has a significantly lower loss

than does the traditional 2-level approach.
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4.6.1 Converter Power Loss Evaluation Method

In order to show the advantage of the proposed approach, its estimated power loss is
compared with that of traditional hysteresis current control on a two-level VSC. The
method of [49] and [50] is used to determine these losses. The converter power loss can be
divided into i) conduction loss, ii) blocking loss and iii) switching loss. The conduction
loss is obtained by multiplying the on-state voltage by the on-state current. Similarly, the
blocking loss can be computed by multiplying the off-state blocking voltage by the leakage
current.

However, the determination of the switching losses poses a problem, as the switching
process typically lasts only a few tens of nanoseconds, and if simulated, would require
using very small simulation timesteps. Hence, the approach in [50] is utilized, where the
pre- and post-switching voltages (v, and v;,5;) and currents (i, and i, .) of the device
are obtained in the simulation using reasonable simulation timesteps At of the order of a
few microseconds. A physics-based model is then used to estimate the voltage and current

waveforms (the dotted lines) during the switching interval T, as depicted in Figure 4-13.
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Figure 4-13 Typical Turn-on Transient Waveforms

The switching losses are then estimated by multiplying the interpolated current and
voltage waveforms and then averaged. In addition to the pre- and post-switching voltages
and currents from the EMT simulation, the loss model also requires other datasheet
information from the manufacturer to derive the model parameters for the power loss

estimation.
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4.6.2 Switching and Conduction Loss Calculations

The study of the power loss of two-level VSC and MMC is shown in this section.
Firstly, the loss comparison between the MMC with the proposed hysteresis current
controller and the two-level VSC with the traditional method is discussed. Then the power
loss with a different level number of the MMC is studied. Finally, the effect of the
controller parameters on the power loss is analyzed.

4.6.2.1 Power Loss Comparison Between MMC and Two-level VSC

The power loss estimation is carried out for an 11-level MMC with the proposed
hysteresis current controller and a 2-level VSC with the traditional hysteresis current
controller [46]. For a fair comparison, the IGBTs in the MMC and two-level converter
should have the same ratings. Hence it is assumed that the two-level converters use 10
series IGBT modules per switch. Also, the external system, the sampling timestep, and the
parameters of the controller for these two converters are the same to make a reasonable
comparison. The MMC submodules are rated at 1 kV and are assumed to use the Toshiba
ST1500GXH24 IGBT/diode modules with datasheet in [56]. Table 4-2 summarizes the

main data of the total power loss (sum of the switching, conduction, and blocking losses).

Table 4-2 Converter Power Loss Comparison

Output Total |
Converter Type Control Type power ota (FI)\;I\:VVe)r 0SS
(MW)
11-level MMC Current sine wave output with proposed 147 0.24
with 10 hysteresis current control ' (1.6 %)
submodules 027
Voltage sine wave output with NLC 14.9
/Arm 9 p (1.7 %)
Current sine wave output with traditional 145 2.10
hysteresis current control ' (12.7 %)
Two-level VSC
Voltage sine wave output with pulse-wide 145 0.86
modulation (1860 Hz carrier) ' (5.6 %)

From Table 4-2, the two-level VSC with traditional hysteresis current controller has a

loss of 12.7 % which is over 7 times that of the 11-level MMC with the proposed method,
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whose loss comes in at only 1.6 %. As expected, the benefit of the MMC circuit is the
significant reduction in losses because each switching results in the output voltage
changing over one or two capacitor levels, rather than over the full dc voltage as is the case
for two-level VSC.

The losses obtained when the converters are operated to generate sinusoidal voltage
outputs are also provided in Table 4-2. It should be noted that for a fair comparison, the
modulation indices were adjusted so that the voltage waveforms have the same magnitudes
as those observed in the current controlled options.

As can be seen, an MMC generating a sinusoidal ac voltage waveform would
experience a loss of 1.7 % which is essentially the same as the 1.6 % with the proposed
hysteresis current controller. In contrast, with a 2-level VSC, the percentage loss is 5.6 %
when generating a sinusoidal ac voltage waveform but rises to 12.7 % when it is used to
generate the desired sinusoidal current. The result shows that, compared with the normal

voltage control methods, the hysteresis current control does not increase the MMCs’ loss.

4.6.2.2 Power Loss Comparison with Different Numbers of MMC Submodule

In this test, each MMC submodule is operated at 1 kV, thus, the output power, ac
voltage, dc voltage, and other system parameters are appropriately scaled proportionally to
the total submodule number. At the same time, the external system, sampling timestep, and
parameters of the proposed hysteresis current controller are kept the same to make a fair
comparison.

Figure 4-14 (a) shows the percentage loss for different numbers of submodules per
arm of MMCs (varying from one to fifteen) with the proposed hysteresis current control
method. The horizontal axis indicates the number of submodules per arm., and the vertical
axis the loss as a percentage of the input power. Please note that ‘0’ in the horizontal axis
indicates the case of the two-level VSC with the traditional hysteresis current controller,
which is shown here as a reference.

Figure 4-14 (b) shows the relative contributions of the two major parts of the total
power loss, viz. the switching loss and conduction loss of all the IGBT valves. Note that
they would sum to approximately 100% (not exactly because the blocking losses are not

shown).
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From the figure, the power loss of the MMCs with the proposed hysteresis current

controller is always less than that of the two-level VSC with the traditional method,

regardless of the level number of the MMC. Also, the total percentage loss of the MMC

decreases firstly with the increase of the level number and then reaches a platform when

the number of SMs/Arm is around 7.
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Figure 4-14 Power Loss with Different Levels of MMCs. (a)Percentage Loss (Total loss/Input

power). (b)Relative Contribution of Switching and Conduction Loss to Total Power Loss.

This is because, with a larger submodule/arm number, only the switching loss can be

decreased, while the conduction loss increases as shown in Figure 4-14 (b). It can be

understood that there is a competition between these two power loss parts. When the total

power loss is dominated by the switching loss, the percentage loss has the same trend as

the switching loss, which decreases with more levels. However, when the conduction loss

becomes the major component of the total power loss when the number of SMs/Arm is

around 7, the percentage loss reaches saturation.
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4.6.2.3 Influence of Controller Parameters on Power Loss

Figure 4-15 shows the impact of the slope deviation parameter A and the sampling
timestep AT to the percentage loss for the 11-level MMC as described in Figure 4-10 and
Table 4-1.

As mentioned before, switching can only be conducted at the integer multiples of AT,
so asmaller AT, will typically imply a larger power loss, although with a better waveform
quality. It is because the MMC will respond to the current reference more precisely due to
the high sampling frequency, thus, more switching action is required, and more switching
loss accrues.
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Figure 4-15 Percentage Loss Versus Slope Deviation A for Different AT

If A is very large, then the MMC switches several submodules at each switching
instant, and the behavior starts approaching that of a two-level VSC with its larger power
loss. So, for any AT, all the curves saturate at a larger loss value as A increases. In
addition, before this saturation point, the percentage loss of the MMC increases in a nearly
linear relationship with Ay raising.

4.7 MMC-Based Active Power Filter Application

To demonstrate the proposed hysteresis current controller in a realistic application, the
active power filter (APF) is used in this section as an example. Firstly, the structure of the

APF and its main controllers is introduced. Then it shows the simulation results of the
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MMC-based APF using the PSCAD program and the experiment results from the HIL

testing on a real-time digital simulator (RTDS).
4.7.1 MMC-based Active Power Filter Example System

Modern power grids are being increasingly impacted by the proliferation of power-
electronics-based apparatus which can introduce distortion and unbalances and thus
degrade power quality [57]. To mitigate the distortion, the conventional solution is to use
passive LC filters which exhibit good robustness, reliability, and low cost [58]. However,
they usually target specific frequencies and can become detuned as the filter’s components
age. A more effective and increasingly popular solution is the use of active power filters
(APF) or active power line conditioners [59]. These are usually implemented with a two-
level VSC topology in hysteresis current controller as discussed in section 4.3. This thesis
proposes a new strategy to include hysteresis current controller in MMCs and shows the
operation effectively.

A simple single-line view of MMC-based APF with its controller is shown in Figure
4-16.
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Figure 4-16 MMC-based APF Example System

In Figure 4-16, the ac system (represented by an ac voltage source and a Thevenin

equivalent impedance) is connected to a non-linear passive load (consisting of R, L, C
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and diode elements). With a sinusoidal balanced three-phase voltage, this load corresponds
to a load of 7.34 MW with positive and negative current components of 1.23 kA and
1.00 kA and harmonics of order 2n. The MMC-based APF is shunt connected to the
network through a transformer.

The APF controller has an ‘undesirable component’ detection block and a dc voltage
controller as shown in Figure 4-17 [60]-[61].
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Figure 4-17 Undesirable Component Detection Block and Dc Voltage Control

The controllers are implemented in dq coordinates. The transformation angle (6) used
in the abc-dq transformation is measured by the phase-locked loop (PLL) block with the
positive sequence of phase ‘a’ of system voltage (v%) as the 8 = 0 origin. The d- and g-
axis components (i, and i,,) of the load currents (i#b¢) are usually constant, however,
these would have additional components when the load currents are unbalanced.
Subtracting the long-term averages (i,gqy and i qqy) from i, and i,, gives the
contributions to the load currents from negative sequence and harmonics components.
Those are the undesirable components of the load currents and should be targeted by the
MMC-based APF. In addition, some other supplement controller can be added, such as the
regulation of the dc voltage which generates the signal iy 4. as shown in Figure 4-17.
Finally, the dg components (icq,er and icqrer) are converted back to abc coordinates
(ickref  k € [a, b, c]), and then supplied the current references to the proposed hysteresis
current control to regulate the output current of the MMC-based APF (i&b°).

Thus, the unwanted components of the load currents (i%**°) can be cancelled by the

compensation currents from the MMC to ensure that the system currents (i20€) are
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balanced and harmonics-free. The MMC control block still must retain additional controls
for circulating current suppression, capacitor balancing, and so on.

The proposed MMC-based APF system is tested first using the Electromagnetic
Transients (EMT) simulation and then is constructed in physical hardware. The hardware
version is validated by the hardware-in-loop (HIL) testing on a real-time power system

simulator (RTDS).
4.7.2 Verification by Simulation Based on EMT Program

The proposed approach is exemplified with a simple MMC-based APF. The single-
line view was shown in Figure 4-16 above. Figure 4-18 shows the EMT simulation results

generated from the APF system.
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Figure 4-18 Active power filter simulation results. (a) Three-phase load currents. (b) Three-phase

compensation currents. (¢) Three-phase system currents.

In Figure 4-18 (a), the three-phase load currents i??¢ are unbalanced as well as
distorted (i.e., non-sinusoidal). The MMC-based APF identifies the undesirable

components in the phase currents i2¢ and injects the inverse currents ¢ in Figure
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4-18 (b) to cancel these. As a result, the current i2P¢ entering the connected network are
balanced and sinusoidal as shown in Figure 4-18 (c). This shows that the APF implemented
with an MMC using the proposed hysteresis approach can ensure good power quality on
the ac network side.

4.7.3 Hardware Implementation and Experimental Validation on

Hardware-In-Loop Real-Time Digital Simulator

In this section, the effectiveness of the proposed hysteresis current controller for MMC
is validated by experiments based on the hardware-in-loop platform.

The setup is shown in Figure 4-19 for the simple APF example system (in Figure 4-16).
The load is a combination of linear elements (resistance, inductance, and capacitance), and
a non-linear element (diode) as shown in the figure. The electrical network, ac system,
MMC, and load (marked by Region I in Figure 4-16) are modelled on the RTDS simulator
(NovacCor) [62].

Rear-view

3 Ethernet

4/

Real Time Model of 5

Power System
LS

Figure 4-19 Hardware-In-Loop Platform Setup for the Experiment Verification.
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The controller (identified by Region Il in Figure 4-16) is physically implemented in
hardware using two Freescale MC7448 RISC processors each operating at 1.7 GHz and
programmed using a stripped-down version of the C language (C-builder) and generates
the number of module orders for the MMC. The controller card slots into the same rack as
an earlier version (PB5) of the RTDS platform [62], which makes it easier to interconnect
with the RTDS. As would be the case in a field implementation, the physical controller
gets analog measurement signals. The proprietary Giga-Transceiver Input/Output (GTIO)
cards [62] are used to appropriately condition the input and outputs including D/A or A/D
converters when connecting the physical controller to the real-time digital simulator.

Figure 4-20 shows the HIL experimental results of the MMC-based APF. The signals
are as seen by the physical controller, and so are analog quantities plotted on an
oscilloscope. The experiment shows that the hardware controller is able to command the
MMC to produce compensation currents (i2°¢ ) which indeed cancel the unbalanced and
harmonics components of the load currents (i%’¢ ) to guarantee the three-phase system

currents (i22¢ ) to be balanced and harmonics-free.
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Figure 4-20 Experiment results. (a) Three-phase load currents. (b) Three-phase compensation

currents. (c) Three-phase system currents.
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4.8 Chapter Conclusion

It is a good idea to design a current source interfaced VSG method so that the valve
currents can be limited into a safe range directly without the extra current blocks. Therefore,
the current interface method for the VSC is necessary. For two-level VSC, the traditional
hysteresis current controller can do the job. However, a control method which can make
the MMCs behavior like current sources was lacking. A new hysteresis strategy to control
the MMC output currents using an acceleration slope was developed in this Chapter. The
successful operation of the proposed hysteresis current control was validated in offline
testing using Electromagnetic Transients simulation (PSCAD/EMTDC program) and
hardware-in-loop experiment (Real-time Digital Simulator).

Power loss estimate calculations were carried out for the losses in the IGBT and diodes
and show that the MMC with the proposed hysteresis current controller has a power loss
that is significantly less than that in a two-level VSC with traditional hysteresis current
controller and is essentially the same as when the MMC is used to generate sinusoidal ac
voltages. Also, the power loss of the MMC increase with the smaller sampling timestep
and larger value of the slope deviation.

An active power filter was investigated as an application example of the proposed
hysteresis current controller using the MMC. EMT simulation was used to develop the
concept and select feasible controller parameters, after which the controller was physically
constructed and tested in a HIL environment with the electrical network part implemented
on a real-time simulator. Both the EMT simulation and HIL experiment prove that the
MMC-based APF can indeed inject currents into the system to cancel the unbalanced and

harmonics component of the system currents to improve the power quality.
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5 Virtual Synchronous Generator with Detailed

Synchronous Machine Emulation

The current source interfaced virtual synchronous generator (VSG) can be readily and
accurately implemented using the current interface method developed for the MMC in
Chapter 4, which is the focus of this chapter. Unlike the voltage source interfaced SE-based
VSG strategy presented in Chapter 2, the VSG method discussed in this Chapter uses a
synchronous machine (SM) emulation using a highly accurate representation that includes
the field as well as the d-axis and g-axis damper windings. The current source realization
removes any additional delays that get introduced with the common decoupled dq axis
voltage injection implementation. It uses an MMC equipped with the acceleration current
slope-based hysteresis current controller presented in Chapter 4 for demonstration. The
MMC'’s output voltage is tightly controlled so that the computed current values can be
precisely injected back into the system.

Although a VSG with this significantly detailed representation may or may not be
necessarily used in an actual installation, the purpose of this implementation is twofold.
The first is to see whether the VSC can indeed be given the characteristic of an actual
synchronous machine, which is not precisely possible with a decoupled dg axis-based
controller. The second is to act as a template against which other simpler representations
such as the SE-based VSG of the previous chapter can be compared, as it is conceivable
that simpler representations are adequate for field installation. This type of representation
inherently imparts a damping torque for speed deviations from synchronous speed [17].

This section starts with a brief description of the overall control structure and then
discusses each of its building blocks such as the mechanical part, the electrical part external
excitation control blocks, and finally the current limiting function.

5.1 Detailed Synchronous Machine Emulation VSG

The overall diagram of the detailed SM emulation VSG with the MMC is shown in
Figure 5-1 below.
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Figure 5-1 Detailed SM Emulation VSG for MMC

The SM emulation VSG block requires the measured system voltage vs,, vsp, Vs, at
the point of common couple (PCC) to generate the current references i,*/,i’*/, i’/ for
the MMC. These current references can be limited under a certain value to protect the

valves. The active power reference P,..r is also needed. The other input to the VSG
controller is the virtual field voltage Eq; which is supplied from the excitation system to

regulate the voltage magnitude of the PCC equal to its reference V..

Then the current references i./, i}/, i’/ are transferred to the acceleration slope-

based hysteresis current controller (proposed in the former chapter) to regulate the output
currents i,,1i,,i. within a narrow envelope of their references by generating the suitable
firing pulses of the valves.

Also, some additional standard control blocks for the MMC are required, e.g.,
circuiting current suppression controller (CCSC), nearest level controller (NLC), capacitor
voltage balancing controller, and so on [10]. These controllers are discussed before in

section 1.4.
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5.2 Detailed VSG Algorithm

The electrical and mechanical system emulation algorithms are introduced in this
section, followed by a discussion of the excitation system.

5.2.1 Electrical Equations Modeling

In this section, a fully detailed synchronous generator emulation is considered. The
rotor can be a cylindrical or salient pole, although, in the example, the data is for a round
rotor. The stator and rotor circuits of a synchronous machine are shown in Figure 5-2.

The stator phase winding coils are represented by a,b, and ¢, fd represents the
field winding, and kd, kq represent d- and g-axis damper circuits respectively. The
integer k represents the index of the particular winding, e.g., if the g axis has 2 damper
windings, their currents will be identified by 1g and 2gq, etc. In this development, three
windings are assumed in the d- and g-axis respectively. In the d-axis, we have the stator
(d) winding, the field (fd) winding, and the (1d) d-axis damper winding. The q axis has

a stator (q) winding and two damper windings (1g and 2q).

ZamN D-axis

Rotor Stator

Figure 5-2 Stator and Rotor circuits of A Synchronous Machine

The commonly used equivalent model of synchronous generator is in Figure 5-3 below
and the explanation of quantities is in Table 5-1.
In this figure, the currents appear as loop currents and directions are as shown. The

corresponding flux linkages are represented by 4, Y, Yrq.... etc., and p represents the
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fluxion operator i.e., py,; = dy,/dt as per Sir Isaac Newton [63], the inventor of

calculus and Master of the Mint. The series inductance Ly, represents the flux linking the

field winding and the damper winding, but not the armature. Often L, can be neglected

with minor loss of accuracy [17]. A similar situation happens to the series inductance Lg,.

s R, fwi L, | L’kfwi 0 . R, _a)rl//f L, | I._mwi.o
+ id ild ifd + iq ilq by
vV, Py 2"“”“ .%Lm L Y PYq él‘mq % L, : Leq
* Rul" o ; ’
B Pvig| TR t Eq Py 44 _ Py, 1R 7 Reg PV 2q
- (a) d-axis equivalent circuit i - (b) g-axis equivalent circuit
Figure 5-3 Equivalent Circuits of d- and g-axis
Table 5-1 Equivalent Circuit Quantities
Label Explanation Label Explanation
AMUM d-axis speed emf w Py g-axis speed emf
R, Stator resistance Lg Leakage inductance
Loma d-axis mutual inductance Ling g-axis mutual inductance
Lig d-axis damper inductance Lig)Lyg g-axis damper inductance
Riq4 d-axis damper resistance Rig:R2q g-axis damper resistance
Leg field winding inductance Vg d-axis stator voltage
Reg field winding resistance Vg g-axis stator voltage
Efq field voltage Wy =W Virtual rotor speed

Based on the equivalent circuit shown in Figure 5-3, the relationships between currents

and flux linkages are expressed below in (5-1) to (5-6) [64].

Ya = (Lg + Linag)ia + Limaiiag + Linalra
Yiqg = Lipgla + (Lm + Lys + Lmd)ild + (ka + Lmd)ifd

Yra = Lmaia + (Lis + Lma)iza + (Lra + Lis + Lina)isa
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Wg = (Lg + Ling)ig + Limgizg + Lmgizg
1/)1q = Lmqiq + (qu + qu + Lmq)ilq + (qu + Lmq)iZQ

l/)2q = Lmqiq + (qu + Lmq)ilq + (LZQ + qu + Lmq)iZQ
The voltage equations are expressed below in (5-7) to (5-12).

Ay .
— = Va ~ laRa — 0y

dyiq ;
— = —Rq 4l
dt 1dl1d

Arq .
a = Era — Rralfa

dg ,
? = Uq + (x)ll}d - Ralq
dyq ,
e~ Riglig
i .
. —Ryqizq

(5-4)

(5-5)

(5-6)

(5-7)

(5-8)

(5-9)

(5-10)

(5-11)

(5-12)

Choosing flux linkage variables (Y4, Y14, ¥ra, Wq, P14, P24) as state variables, and

voltages variables (v4, v, er4) as inputs, the state equations can be expressed in the matrix

format below in (5-13). 1 denotes the time derivative of .

Y = Ay + Bv
Here,
$d 1 0 0
lpld 0 0 0 Va
W= fd B= 0 0 1 v=| v
g 0 1 0 E
lplq 0 O 0 ra
lqu 0 O 0
Assuming,
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0 00 -w 0O
0O 00 0 0O
10 0 0 O 0 O )
Q= w 0 0 0 0 O (5-15)
0 0 0 0 0O
0O 0 0 0 0 O
—R, 0 0 0 0 0
0 —Ryg O 0 0 0
0 0 Ry 0 0 0
R = fd (5-16)
0 0 0 —Rs 0 0
0 0 0 0 —Ry O
0 0 0 0 0 —Ry,
Lo + Limg Lina Lina 0 0 0
/ Lmg Lig + Lis + Ling Lyg + Lina 0 0 0 \
L | Lina Lis + Lima Leg + Lygg + Ling 0 0 0 |
B 0 0 0 Lo+ Limg Ling Ling
\ 0 0 0 Lmq Lig + Lgqg + Ling Lgq +Lmg /
0 0 0 Ling Lgq + Ling Lyg + Lgg + Ling
(5-17)
Therefore,
A=Q+RL? (5-18)

According to (5-13), the flux linkage can be calculated by using a numerical
integration method, such as the backward Euler method, trapezoid method, RK-4 method,
and so on [66]-[67]. These methods are not explained in this thesis.

The current variables can be calculated based on flux linkages. The relationship is
expressed in (5-19). By using Park’s transformation, current variables can be easily

transformed between the dq reference frame and the phase abc reference frame.

.. . . . . NT _
I=(ig i1g irq iq i1q i2q) =L (5-19)
Equations (5-13) and (5-19) are the core algorithm used in the detailed SM emulation
VSG. To make the VSG more robust, a compensation resistance can be used [65].
In this section, a detailed electrical circuits representation of a real SG is used to
develop the VSG, which has three windings in the d-axis consisting of the magnetizing

branch (L,,4), field inductance (Lrq) and damper winding inductance (L4), as well as
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three windings in the g-axis (L4, L1, and L,). This representation can be simplified if
desired by removing some damper windings to generate different VSG options. These
simplified versions are not demonstrated in this chapter; however, their small signal models
are discussed in Chapter 6 to investigate the performance of inclusion/exclusion of the dg-

axes damper windings.
5.2.2 Mechanical Part Modeling

The main algorithm discussed in this section is the swing equation describing the effect
of the acceleration of the ‘virtual’ rotor. This was earlier discussed in section 2.1.3 but is
reproduced here for convenience.

The swing equations are expressed in (5-20) to (5-22)

2HZ2 =Ty — T, — Dy (5-20)
ao

Z=w (5-21)
Pref

Tm == @ + wao (5'22)

Where, T, is the mechanical torque, T, is the electromagnetic torque, D,, is the
damping coefficient proportional to the rotor speed, H is the inertia constant, w is the
virtual rotor speed, and 6 is the virtual rotor angle position.

Equation (5-21) can be numerically integrated to calculate the rotor position 6.
Electromagnetic torque can be calculated based on current and flux linkage mentioned in
Section 5.2.1, which is in (5-23),

T =Ygy iq - d’q iq (5-23)

The general structure of the detailed SM emulation VSG is in Figure 5-4, where (5-13)
to (5-23) are built in.
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Figure 5-4 Structure of Detailed SM Emulation VSG

Equations (5-13), (5-20) and (5-21) mentioned above can use per-unit or actual values.
If time is also per-unitized as t = wyt, wWhere w, in rad/s is the fundamental

frequency, the derivative term should be replaced as in (5-24).

==2 (5-24)

5.2.3 Excitation System Modeling

The exciter typically used to control the terminal voltage for the synchronous
generator can also be added to the VSG. The inputs of equation (5-13) are d-axis stator
voltage (v,), g-axis stator voltage (v,) and field voltage (ef4), where v, and v, are the
measured VSC terminal voltage (v,, vy, v.) after applying Park’s transformation [17] and
the field voltage esq is the output of the excitation system.

There are several different structures for the excitation system. Here, the IEEE-type

AC4A exciter model is used [68] as an example and the diagram is shown in Figure 5-5.

VRMAX - KCifd
VI MAX
V= N 1+5T, Ka Ry E
ref / J 1+ STB 1+ STA Lmd fd
1 VIMIN —/
V—> 1+STr VRMIN

Figure 5-5 Excitation System Diagram

The input is the terminal voltage RMS value reference in per-unit (pu). The output of
the excitation system needs to go through a scaling block before transferring to the VSG

algorithm. The value of this scaling block is calculated in (5-25).
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Scale = fﬂ (5-25)

md

5.3 Current Limiting Block

As mentioned in section 2.3.2, a real synchronous machine is robust and can handle
temporary short-circuit currents several times larger than what can be handled by the IGBT
valves in a VSC. Therefore, it is important to add a current limiting feature to the VSC to
prevent damage.

This section first introduces two kinds of current limiting methods and a fault detection
block that can be used with the detailed SM emulation VSG. The current limiters are active

during the whole operation to guarantee the safe operation of the converters.
5.3.1 Direct Hard Current Limiting Block

With the current injection method, it is trivial to hard limit the current references so
that the power electronic switches never carry more current than their maximum limits.

The VSG with such a limiting block is shown in Figure 5-6.

VSG Controller ["Excitation
Vref —| System o)

E ref Current Limiter oy rrent references to
fd i hysteresis controller

"
| iVSG IMAX
_ W _ I'd '7q aq /jabc 159, igse,ifse _ i e e
Mechanical T Electrical I
Part £l Equations & -dq / abc Vi Vi, Ve
Tm [Vd 1Vq Measured terminal voltages

I

| _

[ Direct Hard
I

I

Figure 5-6 Controller Structure with Direct Hard Current Limiter

By the inverse Park transformation, the outputs of the VSG are three-phase current
variables i}5¢,iy5¢,i¥S¢. Then the direct hard current limiting block makes sure that the
instantaneous value of each phase current is between a pre-set range +1,,,, by giving the

limited references ./, i’/,i’®/ to the hysteresis current controller.
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This process can be observed in Figure 5-7 with I,,,,, = 1.10 pu, where i, is the
measured system current of phase ‘a’. This figure also proves that the proposed hysteresis

current controller can indeed control the MMC to generate any desired current.

Ouput and reference currents of Phase a

T T T T T

2 T T

10 ———— f—— prasm— |

(pu)
o

11 ¥ ——t . ot

‘ ref i jvsG

-2 1 1 1 1 1 1 I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time (second)

Figure 5-7 Output Current and its Reference with Direct Hard Current Limiter of Phase ‘a’.

However, this may introduce distorted currents which contain high components of
third-order harmonics into the external network (as shown in Figure 5-8). Alternatively,

one may choose to limit only the magnitude of the current as discussed in the next section.

Fourier Transformation of Current

0.8
0.6
0.4
0.2

(8 I 4 N 1 I ) BN 1 I (4] I

Harmonics Magnitude

Figure 5-8 Fourier Transformation Results of System Current i,
5.3.2 Current Magnitude Limiting Block

This current limiting block only limits the magnitude of the ordered current but retains
the sinusoidal shape. It is implemented by converting the dq current references to polar
(e.g., magnitude, phase) form and then limiting the magnitude to the allowed maximum

value. Then the magnitude and phase are converted back to rectangular (i.e., dq)
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coordinates and later to the three-phase current references are processed as before. This
block is placed between the VSG algorithm block and the hysteresis current controller, as

shown in Figure 5-9.

| — |
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System
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e .
I Part Equations dq/abc Vi Vi, Ve
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Figure 5-9 Controller Structure with Current Magnitude Limiter

The details of this current magnitude limiter block are in Figure 5-10. The magnitude

of the ac current reference \/(igef)z + (i:ff)2 is limited to a maximum value of I,,,. The

limited magnitude and phase are then converted back into the abc domain. The inverse

.ref .ref .ref

Park transformation is used to generate the phase current references i, ,i, " and i,

from 4™, i for passing on to the hysteresis current controller. The angle 6 isavailable

from the VSG algorithm and is obtained by integrating w.

|
irefx [y M MAX] M [y X -lim
AR L7/|v| _//- V —> 1,
sref Y 1) [/ Y_ :lim
Iq — X [ 5 i X —>|q

Figure 5-10 Current Magnitude Limiter
5.3.3 Virtual Rotor Speed Reset Mechanism

As mentioned in section 2.3.3, the virtual rotor speed w continues to increase during
the fault due to the power output suddenly dropping to near zero, just as the rotational speed
of a real generator would be. If the fault duration is too long, w will increase to an

unacceptably large value so that the converter “loses synchronism” with the external
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system. Then the converter needs to be disconnected from the system. This is what would
happen with a real SG.

However, the VSG provides us with an opportunity to avoid this, as we are free to set
the computed w in the equations to a desired value. Hence a reset mechanism is
introduced to reset the value of w to unity during the fault and so can prevent the VSG
from losing synchronism (unlike a real machine, where this is impossible as our mentor,
dearly departed Prof. Akihiro Ametani would have said). Some simulation results are
shown later to prove this conclusion.

As this mechanism should only be activated during a fault, it is key for the control
system to identify the system's fault. A ‘fault detection block’ is used to achieve this

function as shown in Figure 5-11.

w1 BT FaultDetection
VIRMS Fault Signal |
o7 s Fault_Detection'si3uk Detection
Configuration e
B 4l F 3
w General
Clear Time 0.2

Figure 5-11 Fault Signal Block

A fault is assumed to occur if the converter terminal’s voltage magnitude falls below
a threshold value (e.g., 0.7 pu) and is assumed to be cleared after the voltage recovers
above the threshold for more than a clearing time (typically 200 ms). The threshold and
clearing times can be selected by the user and were determined by trial and error in this

case.

5.4 VSG Operation with Detailed SM Emulation

In this section, the proposed detailed SM emulation VSG controller is implemented
with an MMC to demonstrate its effectiveness. Firstly, both the current limiting block and
the virtual w reset mechanism are removed to show the potential damaging over-current

and loss of synchronism during fault.
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Later, the current limiting function is activated to make sure the valves are operated
under a safe range. Finally, the advantage of the virtual rotor speed reset mechanism to

prevent losing synchronism is shown with longer faults.
5.4.1 Layout of Modular Multilevel Converter System

A simple transmission scenario with an MMC is shown in Figure 5-12. An MMC
connects with an ac system, which is represented by a voltage source and Thevenin
impedance Z; = R + jX;, through a transformer and a 100 km transmission line. The
short circuit ratio (SCR) of the ac system is 4.5 and the angle of Z; is 85°. The MMC
has 200 submodules per arm, and it is assumed that the remote converter controls the dc
side voltage to its desired value of + 150 kV. The parameters of example system and its

corresponding MMC controllers are given in Table 5-2 to Table 5-5.
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Figure 5-12 System Layout with MMC
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Table 5-2 Main System Parameters

Parameter Value Parameter Value
Dc side voltage V., +150 kV Transformer MVA 270 MVA
Dc side shunt resistance 2 % 100000 Q Transformer voltage 138/230 kV
Converter rated power 250 MVA Transformer resistance 0.02 pu
Converter rated voltage 138 kV (L-L) Transformer inductance 0.15 pu
MMC arm inductance 0.029H Transmission line 100 km
System frequency 60Hz Ac system SCR 4.5

Table 5-3 Parameters of Hysteresis Current Controller using Acceleration Current Slope

Parameter Value Parameter Value
Equivalent inductance 0.0145H A; mode Variable Mode
Half of hysteresis band (hy) 0.01 pu
Table 5-4 Parameters of Excitation System
Parameter Value Parameter Value
The upper limit on the error Vypax 10.0 pu The lower limit on the error V;,,n —10.0 pu
Lead time constant T, 1.0s Leg time constant Tg 10.0s
Regulator integral gain K, 200.0 pu Regular time constant T, 0.015s
Maximum regulator output Vgpyax 5.64 pu Minimum regulator output Vepw —4.53 pu
Rectifier loading factor K 0.0 pu The voltage filter time constant T, 0.02 s
Table 5-5 Parameters of Detailed SM Emulation VSG
Parameter Value Parameter Value
Inertia constant H 20 s Leakage inductance L, 0.15 pu
Damping constant D 5.0 d-axis mutual inductance L4 1.50 pu
Stator resistance R, 0.0043 pu field winding inductance Lgq 0.119 pu
d-axis damper resistance R4 0.01823 pu d-axis damper inductance L, 0.1097 pu
g-axis No.1 dgmper resistance 0.0104 pu g-axis No.1 dameer inductance 0.395 pu
1q 1q
g-axis No.2 d;mper resistance 0.0167pu g-axis No.2 dimper inductance 0.0669 pu
2q 2q
field winding resistance Rgq 0.0008947pu g-axis mutual inductance Ly, 1.44 pu
Reference active power P,..r 1.0 pu Reference voltage V.., 1.0 pu




5.4.2 Fault Recovery Demonstration Without Current Limiting Block

To validate the detailed SM emulation VSG, the system is simulated and allowed to
reach a steady state. A three-phase to ground fault is applied at the midpoint of the
transmission line at 1.0s and the duration is 0.15s (9 cycles). Figure 5-13 (a) shows the
output active power P from the MMC. Figure 5-13 (b) is the RMS value of the MMC
terminal voltages Vg5, and the three-phase voltage of MMC terminal is given in Figure
5-14. Note that the voltage does not drop to zero at the PCC because the fault is relatively
remote. Figure 5-13 (c) is the magnitude of the output currents 1I,,44. Also, the virtual rotor
speed w is shown in Figure 5-13 (d). Figure 5-15 shows the upper arm current of phase a

and one submodule’s capacitor voltage (phase ‘a’ upper arm).
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Figure 5-13 Unstable Simulation Results with a Solid Three-Phase Fault
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Figure 5-15 Phase ‘a’ Arm Current and Submodule Voltage

From the simulation results, the MMC operates in the steady state with P = 1.0 pu
and Vizys = 1.0 pu. When the three-phase to ground fault is applied at 1.0 s, the output
power P drop to a low value as seen in Figure 5-13 (a). The terminal voltage (three-
voltage waveforms in Figure 5-14) experiences a reduction of approximately 40% from its
steady-state value. While the magnitude of the currents I,,,, increases to almost 5.0 pu
and the arm current also increases to a large value (around 6 kA), which would damage
the converter’s IGBT switches. Also, w keeps increasing during the fault period and
eventually the VSG loses synchronism. The capacitor voltage of submodule maintains at

1.5 kV in steady state and increases to 4.5 kV during the fault.
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After the fault is cleared at 1.15 s, the system did not recover to the former operating
point and becomes unstable. The frequency of the MMC deviates from the nominal
frequency too far, so the converter loses synchronism with the external ac system.

The simulation results indicate that the MMC with the detailed SM emulation VSG
has a bad performance of the fault ride-through capability in this particular test system. The
next examples show that the current limiting block and the virtual rotor speed reset

mechanism are necessary to improve the system's operation.

5.4.3 Fault Recovery Demonstration with Current Limiting Block and

Without Virtual w Reset Mechanism

A current magnitude limiting block used to protect the converter from any over-current
damage is indispensable in the MMC system. This block is purposed to regulate the
magnitude of output currents to a safe level, e.g., 1.2 pu in our example. Then, the direct
hard current limiting block is also tested to show its effectiveness.

Firstly, a 0.15s (9 cycles) three-phase-to-ground fault is applied at the mid-point of
the transmission line at 1.0 s to show that the current limiter does indeed work. Then, a
longer fault that lasts 0.30 s (18 cycles) is applied to show the necessity of the virtual w

reset mechanism.

5.4.3.1 VSG with Current Magnitude Limiter: Response to 9-Cycle Three Phase to
Ground Fault

The simulation results with the 0.15s (9 cycles) fault are shown in Figure 5-16 to
Figure 5-18. In this example, the current magnitude limiting block is active. However, the
virtual w reset mechanism is removed.

Figure 5-16 shows (a) the output active power P of the MMC and (b) the RMS
terminal voltage Vyzys. From the figure, the system can reach steady state operation with
P=P.r=10pu and Vgys =V, = 1.0 pu. Unlike the former case without the
current limiting block (see Figure 5-13), the MMC can recover to the same operating point
after the three-phase fault. It is proven that the current magnitude limiting block improves
the MMC system stability.
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Figure 5-17 (a) is the magnitude of the output currents I,,, and (b) shows the
zoomed-in plot of the instantaneous three-phase currents. According to the simulation
results, the magnitude of valve currents is essentially limited below I, =
1.2 pu (or 1.5 kA) during the fault situation. This also indicates that the proposed
hysteresis current controller using acceleration slope works effectively in steady state and

fault condition with the controlled output current always tracking the references.
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Figure 5-16 Waveforms of Output Active Power P and RMS value of terminal voltage Viys

(VSG with Current Magnitude Limiter; 0.15 s Fault Period)
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Figure 5-17 Current Magnitude (VSG with Current Magnitude Limiter; 0.15 s Fault Period)
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Figure 5-18 shows the virtual rotor speed w of the VSG, which transiently oscillates
between 0.965 pu and 1.03 pu but quickly settles down to the steady state speed of
1.0 pu, indicating that in addition to limiting the current, the current limiter also improves

the stability, when compared to the system without current limiting plotted in Figure 5-13.
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Figure 5-18 Virtual Rotor Speed (VSG with Current Magnitude Limiter; 0.15 s Fault Period)

5.4.3.2 VSG with Current Magnitude Limiter: Response to Longer Duration Three
Phase to Ground Fault

The simulation results with the 0.3 s (18 cycles) fault are shown in Figure 5-19..

(a) Output active power P
— . T

Fault Applied—»

=) i
20 | 7
-
1 I
4 i [ I : i H
0 0.5 1 115 2 25 3 3.5 4
i E Time (second)
i (b)iCurrent magnitude Imag
. : ; ; -
12
1F 1
P 1
= I
Q. |
05 ;
1
1
0 1 : : 1 I 1 1 1
0 0.5 1 115 2 2.5 3 3.5 4
1 | Time (second)
1 1
i (¢)Virtual rotor speed w
1.1 .
1 1
- [
2.1.05 !
1

| «— Fault Cleared

0 0.5 1 1.5 2 2.5 3 35 4
Time (second)

Figure 5-19 Simulation Results with 0.3 s Three Phase to Ground Fault (VSG with Current
Magnitude Limiter and Without w Reset Mechanism)
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It can be observed that the system becomes unstable after the fault is cleared. The
virtual rotor speed becomes sufficiently large as seen in Figure 5-19 (c) so that the MMC
loses synchronism with the external ac system. The next section will show that this

instability can be avoided with the introduction of the virtual « reset mechanism.

5.4.3.3 VSG with Direct Hard Current Limiter: Response to 9-Cycle and 18-Cycle
Three Phase to Ground Faults

One of the advantages of the current magnitude limiting approach discussed in section
5.3.2 has the advantage that the injected current waveforms are sinusoidal. On the other
hand, the direct hard limiting approach introduced in section 5.3.1 simply hard limits the
current to the designated peak value, so that the waveform is no longer sinusoidal when the
current reaches its limit. Also, the direct hard limiter is very simple to implement and
avoids additional computations required for computing phase and magnitude as in Figure
5-10.

This section investigates the VSG’s response when the current is hard limited with the
fault situations discussed before, i.e., the 9-cycle and 18-cycle three-phase to ground faults.
The simulation results are shown in Figure 5-20.

The behavior is similar to that with the current magnitude limiter, except that the
current waveforms are no longer sinusoidal. From the zoomed-in plot of the system
currents, the instantaneous values of the system currents are limited to 1.1 pu (1.4 kA).

The MMC system can reach a steady state successfully. Unlike the case without any
current limiters (see Figure 5-13), the MMC can recover to the same operating points after
a 0.15s fault with the help of the direct hard current limiter. It proves that the direct
current limiter also improves the stability and fault ride-through capability of the system,
although the current waveform is no longer sinusoidal once the limit kicks in.

However, if the fault duration is longer, e.g., 0.3 s, the system becomes unstable after
the fault is cleared as shown in Figure 5-20 (b), where the MMC loses synchronism with
the external ac system, just as it did with the current magnitude limiting option.
Nevertheless, further simulation in the next section indicates that this instability can be

avoided with the introduction of the virtual w reset mechanism.
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Figure 5-20 Fault Response of VSG with Direct Hard Current Limiter and without w Reset
Mechanism. (a) 0.15 s Three-Phase to Ground Fault, (b) 0.3 s Three-Phase to Ground Fault

5.4.4 Fault Recovery Demonstration with Current Limiting and Virtual

w Reset Mechanism

From Figure 5-19 and Figure 5-20, the VSG with either the magnitude limiter or the
direct hard current limiter showed the loss of synchronism for long-duration faults. To
rectify this, an additional control mechanism that we refer to as the “virtual rotor speed
reset” have to be introduced and was elaborated in section 5.3.3. As was earlier shown, a
0.30 s (18 cycles) three-phase to ground fault is applied at the midpoint of the transmission

line at 1.0 s. The simulation results are in Figure 5-21.
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Current Magnitude Limiter. (b) with Direct Hard Current Limiter

Note that in Figure 5-21, (a) shows the waveforms from the VSG with the current
magnitude limiter, and (b) indicates the waveforms from the VSG with the direct hard
current limiter. From the power and voltage waveforms, both systems can maintain stable
operation and recover to steady state operation with P = P..r = 1.0 pu and Vgys =

Vrer = 1.0 pu after the three-phase fault.

Then as seen in the three-phase current waveforms (i,;,.), the current magnitude
limiter (figure on the left side) indeed limits the magnitude of valve currents below 1.5 kA
while keeping the sinusoidal shape. On the other hand, although the current waveform is
no longer sinusoidal once the current gets limited, the direct hard current limiter (figure on

the right side) also regulates the instantaneous currents under 1.4 kA during the operation.
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Finally focusing on the virtual rotor speed «w of MMC, unlike the case in Figure 5-19,
both VSG options can maintain synchronism with the external ac system with the help of
the virtual w reset mechanism.

Table 5-6 summarizes the stability of the simulation cases with different controllers
discussed above. The waveforms for the cases in parentheses are omitted for brevity, but
the conclusions regarding stability are as listed.

Table 5-6 Stability Summary

Controller VSG with VSG with
Type VSG with VSG with Current Direct Hard
Pure VSG Current Direct Hard Magnitude Current
Magnitude Current Limiter and w | Limiter and w
Fault o o
Type Limiter Limiter Reset_ Reset_
Mechanism Mechanism
0.15s Three-
Phase-to Unstable Stable Stable (Stable) (Stable)
Ground Fault
0.30 s Three-
Phase-to (Unstable) Unstable Unstable Stable Stable
Ground Fault

In conclusion, adding a current limiting block to the VSG can improve the stability
and fault ride-through capability of the MMC. Additionally, the performance can be further
improved if the virtual rotor speed reset mechanism is active. Doing this helps the MMC
to ride through more severe faults. In the VSG, we can reset the virtual rotor speed which
is not the case with a real SG since the SG has no ability to reset the rotor speed. Its rotor
speed keeps increasing during the fault (due to a mismatch between prime-mover input
power and the output power). Thus, it is understandable that it has better fault ride-through

capability than an actual SG would have.

5.5 Chapter Conclusion

With the proposed hysteresis current controller using acceleration slope introduced in
Chapter 3, the current source interfaced virtual synchronous generator (VSG) strategy is

achieved in this chapter, which is the detailed synchronous machine (SM) emulation VSG.
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The principal contributions in this chapter are as follows:

1. The VSG based on detailed SM emulation was introduced.

a) This VSG control considers a highly detailed machine representation that
includes the d-axis and g-axis damper winding.

b) Also, this type of representation inherently imparts a damping torque for
speed deviations from synchronous speed.

2. Any VSG implementation must include current limitations to protect the valves
from overcurrent damage. Two different current limiting methods were introduced.

a) Ifacurrent controlled VSG is used for implementing, the current limitation
is straightforward. It can be achieved directly by hard limiting the phase
current reference to the hysteresis controller or by limiting only the
magnitude of the sinusoidal current. The dynamics of current limiting are
much faster than what is possible with a traditional voltage source
interfaced implementation which uses decoupled dq axis controller to
implement a current order.

b) Furthermore, adding a virtual rotor speed reset mechanism to the VSG
locks the virtual rotor speed w to its nominal value when an unexpected
situation such as a fault is detected and improves the ability of the VSG to
survive a loss of synchronism with the external ac system.

3. The detailed SM emulation VSG with the current limiting block was tested in
Electromagnetic Transients (EMT) simulation (PSCAD/EMTDC) to validate its
effectiveness.

a) The example used an MMC system that connects to an ac system through
a transmission line.

b) The simulation results show that without the current limiting block, this
specific MMC system can lose synchronism. The system becomes unstable
aftera 150 ms three-phase-to-ground fault.

¢) Adding a current limiting function (either hard limiting or magnitude
limiting) improves the stability behavior for short-duration faults.

d) Introducing an w reset function can further improve the stability

significantly. The MMC keeps synchronism with the external system and
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can recover to a steady state after a long-duration fault. This proves the

MMC with the added functions has a good fault ride-through capability.
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6 Small Signal Analysis of Detailed SM Emulation VSG

The work in this Chapter has been published in the Electric Power System Research journal (EPSR) in Oct
2023 as “Chen Jiang, Ajinkya D. Sinkar, Aniruddha M. Gole, ‘Small signal analysis of a grid-forming
modular multilevel converter with a novel virtual synchronous generator control’, Electric Power Systems

Research, Volume 223, 2023 .

This chapter investigates the performance of VSGs with different levels of detail in
the SG’s representation (e.g., different number of damper windings, etc.). It also develops
small signal models of these representations and validates them using Electromagnetic
Transients (EMT) simulation. In addition, the VSG configurations are investigated when
connected to ac networks of different strengths - represented by short circuit ratios (SCR)
- ranging from weak (SCR < 2.0) to ultra-strong (SCR > 30). Root locus analysis is
carried out to investigate the stability and damping performance when the VSG
representation uses a different number of damper windings. It is shown that including
damper windings inside the VSG results in a well-damped transient response. Also, as the
VSG parameters need not be constrained to the values of a physical machine, the use of

artificially optimized parameters is investigated to provide better performance.

6.1 Small Signal Model of Detailed SM emulation VSG

The small signal model of the detailed VSG with one damper winding each in the d-
and g-axes is first derived, then the other VSG options with a different number of damper
windings can be easily obtained by removing/adding the corresponding differential
equations of the damper windings.

Note, the subscript of the matrices in this section indicates the number of the d- and g-
axis windings. For example, the incremental state variables vector of the VSG option in
Figure 6-1 is designated as Axs,. The subscript ‘3.2’ is because this VSG has three

windings in the d-axis consisting of the magnetizing branch (L,,4), field inductance (Lgq)

and damper winding inductance (L;4), and two windings in the g-axis (L,q, L14)-
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Figure 6-1 Equivalent Circuits of ‘3.2” VSG
6.1.1 Small Signal Model of SM Emulation VSG (3.2’ VSG)

Developed here is a small signal model for a detailed implementation of the VSG
which has 3 parallel windings in the d-axis (including a magnetizing branch, a field
winding, and a damper winding) and two parallel windings in the g-axis (including a
magnetizing branch and a damper winding), i.e., a ‘3.2’ representation. The mathematical
derivation can be achieved by dividing the problem into four different parts, viz. i) the
electrical windings, ii) the excitation system, iii) the external system, and iv) the
mechanical component model. Then the completed small signal model can be obtained by
combining these parts.

6.1.1.1 Small Signal Model of Electrical Windings

According to the relationships between fluxes and current shown in section 5.2.1, the
small signal model of these linear equations is straightforward as shown in (6-1) to (6-5),
and its matrix format is in (6-6) and (6-7).

APy = (Lg + Ling)Aig + LingAiyg + LingQisg (6-1)

A1y = Linglhig + (Lig + Lis + Lyna)Divg + (Lis + Lina)Aisq (6-2)
AYrg = LingQig + (Lgs + Lyng)Divg + (Lrg + Lis + Lina )Aigq (6-3)
Ay = (Lo + Ling)Aig + LigAiy, (6-4)

AY1g = LingQig + (Lig + Lgg + Ling)Aizg (6-5)
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AYy Aiy
Aig Aiyq
A3y = Mra | = L3 Al3; = L3, Alfq (6-6)
Ay, Aig
Al[}lq Ailq
Here,
La + Lmd Lmd Lmd 0 0
/ Lina Lya + Lgs + Lina Lis + Ling 0 0
L3 = Lina Lis + Limg Leg + Lig + Ling 0 0 (6-7)
0 0 0 Lo+ Ling Limg
0 0 0 Lmg  Lig+Lgg+Lmg
From which it follows that:
Al3, = L33 A3,y (6-8)

Also based on Figure 6-1, the relationship between the winding fluxes and voltages
can be linearized giving their small signal counterparts as shown in (6-9) to (6-13). Note
that all the variables are in per-unit except ‘time (second)’, therefore, giving rise to the
scaling factor 1/w,, where w, isthe nominal rotor speed (equal to 120w inthe 60 Hz

system). The superscript ‘0’ denotes the steady state value around which the equations are

linearized.
P o0
R = —Ryghisg (6-10)
— 8 = ABpy — Ryabligg (6-11)
windi‘fq = Avy — Rolig + 0°Apy + PIAw (6-12)
win%";” = —RygAi, (6-13)

In the linearized differential equations above, the state variables vector Axs, includes
the incremental flux linkages (A4, AY14, AYrq, Ay, AYy,) and the incremental field
voltage (AEf,). Although the incremental current variables (Aig, Aiyq, Aifq, Aig, Alyg)

are not state variables, they can be converted to the corresponding fluxes based on (6-8).
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However, Av, and Av, are not state variables but will be substituted later with state

variables by using the equations of the interconnected external system.

6.1.1.2 Small Signal Model of Excitation System

An IEEE-typed AC4A exciter model shown in Figure 5-5 is used to represent the
excitation system in this example [68]. The small signal model of the excitation system is

shown in Figure 6-2, where K, = K, -fﬂ. Two state variables AXp, and AXg, are

md

introduced to represent the internal states of the first-order lag blocks as shown in Figure
6-2.

In the dq reference frame, the voltage magnitude V is equal to /v§ + vz. Hence, its

incremental value AV can be represented in (6-14), where V; is the steady state voltage

magnitude.

0 0 0 0

AV = —24 Ay, +——L Ay, = LAy, + LAy (6-14)
2 2 q Vi Vi q

JE) +@d? NCHRICHE
AV."e'f I_
1 AXEZ x /_ 1 AXE'I Kr
— — 1+ sT, A AE
AV T sT, A~ 1+ sT5 IR EETA RS

1
Figure 6-2 Small Signal Model of Excitation System

Using Figure 6-2, the small signal differential equations of the excitation system are
in (6-15) to (6-17). The units of the time constants (T,, Ty, T,) are in ‘second’.

ddXg, _ 1 v va_ -
% =1 AXg, + v, Avg + v Av, (6-15)
dAXg; _ 1 1 1
T - EAVTef - EAXEI - EAXEZ (6'16)
dbEpq _ 1 Ka(q _Tc KaTc _ KaTc )
= — By + A ( TB) BXpy + TAE AV, oy — A AX (6-17)

The state variables AXp,, AXg, form two additional state variables of the state vector
x3,. However, Av, and Av, are not state variables that still need to be eliminated in the
equations.
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6.1.1.3 Small Signal Model of External Connection

This section derives the small signal model of a simple external system. Obviously,
this could be highly detailed depending on the size and complexity of the system, but here
we assume that the converter is connected to an ac system through an inductive line with
impedance jX, asshown in Figure 6-3. Usually, the resistance of the network Rj is quite
smaller than the inductance X, therefore, Rqis ignored in this case.

The relationship between Av,, Av, and the state variables can be derived for this
arrangement. Note that the positive direction of the current [ is defined as flowing into
the converter. Also. V; is the converter’s terminal voltage and Ez£0 is the system’s ac
voltage phasor and is assumed to be constant.

|

o] | |
| <+ |
4'\)1:}%_/\/\/\,_/\»»«\_{ |
o—] 1Ry =0 X |
|

|

Converter

Figure 6-3 Equivalent External Power System

Based on Figure 6-3, (6-18) can be obtained:
Ve =Vgp +jV; = Eg — jXsI = (Eg +j0) — jXs(Ig +j1;) (6-18)

The phasor equations of the external system above are expressed in real-imaginary (R1)
coordinates which rotate at a constant fundamental speed (120 rad/s in this 60 Hz
system). This needs to be transformed into the dq reference frame (rotating at w rad/s)
to be combined with the other VSG equations. Therefore, (6-18) is transferred into the dq

coordinate as shown in Figure 6-4.

1207 rad/s

]
: _JszI \
' R-axis
w
d-axis<\

I-axis

_JszI

Figure 6-4 Phasor Relationship
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In Figure 6-4, the g-axis lags the d-axis by 90°, and the I-axis leads the R-axis by 90°.
The instantaneous angle between the R-axis and d-axis is defined as §. Note this angle is
not the virtual rotor angle 8 mentioned above. Then A§ in per-unit, as given by (6-19)
becomes one of the state variables.

1 dAS — }

Also, the external system voltage E in dq reference frame can be obtained from the
figure as shown in (6-20) and (6-21) below.

Egy = Eg - cosd (6-20)

EBq = _EB - Sln5 (6'21)

Thus, (6-18) can be rewritten in the dqg coordinate in (6-22) to (6-24).

Vq _jvq = (EBd _jEBq) _sz(id _jiq) (6'22)

Here,
Vg = Egq — Xsiqg = Egcosd — X, (6-23)
Vg = Epq + Xgiq = —Epsing + Xig (6-24)

The incremental values of the d- and g-axis components of the terminal voltage
(va, vq) are given by (6-25) and (6-26). These equations can be used to replace the voltages

in (6-9), (6-12), and (6-15).

Avg = —Epsind® - A§ — XA, (6-25)
Avy = —Egcos6® - AS + X Aiy (6-26)

6.1.1.4 Small Signal Model of Mechanical System

It is assumed that a simple inertia damping model as given by (5-20) is used for the
mechanical system. This could be extended to include more complex governor and turbine
representations, however, that is beyond the scope of the present work.

According to (5-23), the small signal expression of the electrical torque is in (6-27).
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AT, = iJAY 4 + PIAi, — i3AY, — PoAiy (6-27)

Then combining (5-20), (5-22), and (6-27), the incremental rotor speed Aw can be

written as in (6-28). As AT, in is approximately equal to AP, in the per-unit system,

itis replaced by AP,.f. Also, the unit of time ¢ and the inertia constant H is ‘second’.

¥q

dAw _ APref
- 2H

Dw gy — S py Y p g Bdpy
dt 2H 2H 2 74 q " p-Td

a Aig (6-28)
Based on (5-21), the small signal representation A8 of the rotor angle 6 isin (6-29).

As only Aw appears in the remaining state variable equations (not A@), there is no need

to include this equation in the overall state space model. A8 can be obtained directly once

Aw 1is calculated.

win% = Aw (6-29)

6.1.1.5 Complete Small Signal Model of ¢3.2> SM Emulation VSG

Combining the small signal differential equations ((6-9)-(6-13), (6-15)-(6-17), (6-19)
and (6-28)) from electrical system, excitation system, external connection system, and
mechanical model, the complete small signal model of this’3.2” VSG option (short for VSG
which has three parallel windings in the d-axis and two parallel windings in g-axis) can be
listed as follow in (6-30) to (6-39).

The reader is reminded that the superscript ‘0’ on any variable indicates its steady-

state value where the system is linearized. Also, V; isequal to [(vJ)?2 + (v9)? , K, is

short for K, fﬁ and & is the angle between the d-axis and R-axis.
md
L.48%d _ _x Ai, — Epsind®AS — R,Aig — w®Ap, — POA 6-30
w, at  “s8lg T EpSi abig — w MYy — Py (6-30)
1 dAy .
w_n_dtld = _RldAlld (6'31)
1 dAY .
™~ dtf L = AErq — Reghisg (6-32)
1 dAYg _ ; 0 ; 0 0
— = XsAig — Egcos6°Abd — R Al + w Ay + YgAw (6-33)

wyn dt
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1 ddag

@n dt = _quAllq (6'34)
b0 _ APrep  Dw o Yo py Va4 08y 4 Yy (6-35)
dt ~ 2H 2P T o Ya o Pta T oy Y on Pld
1 dAS
a)_nF = —Aw (6'36)
d8Era _ 1 K1 _Tc KaTc _ KaTc _
= — A+ ( TB) DXgy + FAE AV o — TEEAX (6-37)
dAXg; 1 1 1
—= = 15 AVrer = - AXpy — - DX, (6-38)
X, _ 1 8w VAL 4 P cim &0 4y A
% -1 AXg, + Ter( X)Ai, + Ter( Egsin§°)AS + =" XAig +

0
29 (—Eg cos §°)AS (6-39)
TV

The matrix form of this ‘3.2 VSG small signal model is in (6-40).

dAx .
—dt32 = M32Ax32 + N32Al32 + B32Au (6'40)
Here,
M3, =
0 0 0 —-ww, 0 —YPlw, —Egsiné®w, 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 Wn, 0 0
ww, 0 0 0 0 Ylw, —Egcoss®w, 0 0 0
0 0 0 0 0 0 0 0 0 0
_iog o i g _lw 0 0 0 0
2H 2H 2H
0 0 0 0 0 —wy 0 0 0 0
_1 Ky T _KiTe
0 0 0 0 0 0 0 T (1 TB) o
1 1
0 0 0 0 0 0 0 0 I T
0 0 0 0 0 0 —Epvsind®—-Egvcoss® 0 0 1
TV, T,
(6-41)
T
Ax3; = (Mg Ap1g MPrg MY, APy, Aw AS AE;; AXpy AXpy) (6-42)
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Aizy = (dig dirg Aipg Aig Diyg0 00 0 0) (6-43)

Au = (APrey  AVpep)” (6-44)
N32_
—R,w, 0 0 —X,w, 0 000 0 0
0  —Ryw, 0 0 0 000 0 0
0 0 —Ryqwn 0 0 000 0 0
X,w, 0 0 —Ryw, 0 000 0 0
0 0 0 0 Riqw, 0 0 0 0 0
¥q 0 0 _va O 00000
2H 2H
0 0 0 0 0 0000 0
0 0 0 0 0 0000 0
0 0 0 0 0 0000 0
0
4y 0 0 — 2y 0 0 00 00
TV Vi
(6-45)
1 T
0 00O0O0 —=—0 0 0 0
2H
B32_ ’
1
00000 0 0 Xalc 0
TaTg TB
(6-46)

The currents Aiz, in (6-40) can be replaced by the state variables Ax3, based on the
relationship between current and fluxes as shown in (6-8). Note that the entries ‘0’ in (6-47)

are 5x 5 zero matrices, and L3, is given in (6-7).

Ly; 0\ )
2 ) Axg (6-47)

From the above equations, the classical state variable form of the ‘3.2 SM emulation

Aizy = (L3y) 'Axs; = (

VSG small signal model is obtained as given in (6-48) below:

dAx3y
dat

= A32Ax32 + B32Au (6'48)

Az; = [M3; + N3, (L3;) 71 (6-49)
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6.1.1.6 Model Validation Using EMT Simulation

The proposed small signal (SS) model of the 3.2” VSG controller is validated by
matching its transient response with a fully detailed model in an EMT simulation program
(PSCAD/EMTDC). The system layout is in Figure 6-5 below and its parameters are in
Table 6-1 to Table 6-3.

The SS model is linearized at the operating point where the output power of the MMC
(P¢) is 1.0 pu. A step change in the active power reference (AP, = —0.1 pu) is applied

in the EMT simulation as well as in the SS models.

MMC .
Voae  lanc SCR=4.5
o— ]
|~
_| Y Y Y AC (l
I X
oO——
Switching
Signals Viet abc
3ef N cc.abc ¢« Arm Currents
Firing NLC —24 ccsc
Block
L oy Vepe PV
i Hysteresis | j i o E
abe Current ref ahe VSG  le—fd| Excitation
Vs.abe =] Controller System
MMC Controllers
Figure 6-5 Test System Layout
Table 6-1 System Parameters
Parameter Value Parameter Value
DC side voltage V. +150 kV System frequency 60Hz
Converter rated power 2710 MVA Converter rated voltage 180kV (L-L, RMS)
System Short Circuit Ratio 4.5 MMC level 11
Table 6-2 Parameters of Excitation System
Parameter Value Parameter Value
Lead time constant T, 1.0s Leg time constant Ty 100 s
Regulator integral gain K, 200.0 Regular time constant T, 0.015s
Voltage filter constant T, 0.02s
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Table 6-3 Parameters of ‘3.2° VSG

Parameter Value Parameter Value
Inertia constant H 3.42s Leakage inductance L, 0.015 pu
Damping constant D,, 5.0 d-axis mutual inductance L., 2.0 pu
Stator resistance R, 0.0043 pu field winding inductance Lgq 0.119 pu
d-axis damper resistance R; 4 0.01823 pu d-axis damper inductance L4 0.1097 pu
g-axis damper resistance R, 0.0104 pu g-axis damper inductance L, 0.395 pu
field winding resistance Rgq 0.0008947pu g-axis mutual inductance L, 1.44pu

Figure 6-6 shows the transients of the virtual rotor speed obtained from the SS model

wgs and EMT simulation wgyr of the 3.2° VSG option.

‘—EMT Simulation (w

emt) — — —Small Signal Model (wg)

1.001

Virtual Rotor Speed w

1.0005

u)

=
0.9995
0.999

0.9985
0

T

1

T

1 1 1

2

Difference (w

3 4 5 6
EMT " “ss)
T

(pu)

Figure 6-6 Comparison of the SS Model and EMT Simulation (3.2 VSG)

Time (s)

From the figure, the traces are essentially overlapping and the maximum absolute error

of these two curves is 5.052 x 107> pu (as shown in Figure 6-6 (b)) which corresponds

to 0.0051 % of the nominal value of wgr. Thus, the accuracy of the small signal model

derived earlier is confirmed.
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The plot of speed w has an oscillatory component close to 1.91 Hz and an
attenuation constant close to 0.78 s. The curves show that the proposed control method is
stable at the operating point and the speed w recovers to 1.0 pu. This means the MMC

synchronizes with the external ac system after the small disturbance.
6.1.2 Small Signal Models with Other Numbers of Windings

As mentioned previously in Section 5.2.1, different VSGs can be generated if a
different number of dg-axes windings are used in the model. Developed for completeness,
the models for the 2.1’ VSG option (i.e., it has two windings in the d-axis and one in the
g-axis) are presented below, as well as the <3.3° VSG option. Detailed equations are given
in the Appendix I.

6.1.2.1 Small Signal Model of ‘2.1’ VSG

An even simpler representation of the SM emulation VSG is to remove all damper
windings, giving a ‘2.1’ VSG representation as shown in Figure 6-7. The parameters are

given in Table 6-4.

. R, f)rl//S L, L, =0 . R, _CUrl//f L,
+o Iy +
Rfd N
| Py
_ DErd | fd _
B (a) d-axis equivalent circuit (b)_q-axis equivalent circuit

Figure 6-7 D- and Q-axis Equivalent Circuits of 2.1° VSG

Table 6-4 Main ‘2.1” VSG Control Parameters

Parameter Value Parameter Value
Inertia constant H 3.42s Leakage inductance L, 0.015 pu
Damping constant D,, 5.0 d-axis mutual inductance L,,4 2.0 pu
Stator resistance R, 0.0043 pu field winding inductance Lg, 0.119 pu
field winding resistance Rgq 0.0008947pu g-axis mutual inductance Ly, 1.44pu
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This VSG option only has the magnetizing branch and field winding in the d-axis and
the magnetizing branch in the g-axis. Thus, this 2.1” VSG control is more simplified than
the ‘3.2 options above. However, it still retains some details of the machine’s electric
circuit in comparison to the Swing Equation-based representation discussed in Chapter 2.

Again, as was done in Section 6.1.2, the small signal model of this ‘2.1” VSG option
as shown in (6-50) can be easily obtained by removing all the differential equations

pertaining to the damper windings from the ‘3.3’VSG model.

dAxzq
dat

= AZle21 + leAu (6'50)

The SS equations and matrix elements are summarized in the Appendix |.

Here, the eigenvalues of the ‘A;,’ (parameters in Section 6.1.1.6) and ‘A,;’ matrix
(parameters in Table 6-4) as well as their corresponding oscillation frequencies and
damping ratios are calculated in Table 6-5 below.

The results show that all the eigenvalues of the system have a negative real part. This
fact indicates the stability of the system. Even with the simplification, the dominant
oscillatory modes (i.e., those with non-zero imaginary parts), A;,, A34, A5¢ still remain
in the system. But the damping ratio is reduced, as is to be expected by the elimination of

the damper windings.

Table 6-5 Eigenvalues of <3.2” and ‘2.1 SM Emulation VSG

‘3.2 SM Emulation VSG ‘2.1 SM Emulation VSG
Mode . Oscillation Damping : Oscillation Damping
Eigenvalue . Eigenvalue .
frequency ratio, ¢ frequency ratio, ¢
—25.35 —7.67
A2 1 j996.44 158.59 Hz 0.025 4 7670.73 106.75 Hz 0.011
—1.32 —0.96
Asa 1 12,01 191 Hz 0.109 4 11.36 1.81 Hz 0.085
—0.58 —0.60
Ase 1076 0.12 Hz 0.605 +0.80 0.13 Hz 0.605
Ay —66.96 - 1.0 —69.69 - 1.0
Ag —52.17 - 1.0 —45.70 - 1.0
Ao —33.36 - 1.0 - - -
Mo —6.52 - 1.0 - - -
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6.1.2.2 Small Signal Model of ‘3.3’ VSG

The small signal model of the most detailed SM emulation VSG (3.3 VSG in Chapter
5) is given in this section as a reference. However, since the ‘3.2’ and ‘2.1” VSG options
are sufficient to demonstrate the influence of the damper windings, this ‘3.3’ model is not
used for eigenvalue analysis in this chapter.

Figure 6-8 shows the equivalent circuits of the ‘3.3’ VSG, which is identical to Figure
5-3 introduced earlier. It is repeated here for the reader’s convenience. From the figure,
this VSG option has three parallel windings in the d-axis consisting of the magnetizing
branch (L,,s), field inductance (Lsq) and damper winding inductance (L4 ), and
correspondingly three parallel windings in the g-axis (Ly,q, L14, L24). The subscript 33’ is

used in this section.

R, &V, L, L, =0 R, @Vq La qu ~0
+ O)= . Yy + —w—(OF—~r Y
Ty i g + g g 29
Vd pl//d %Lmd 3 le Lfd_ Vq pl//q ngq § qu LZq
1 Ryl 1 )i +
_ Pyy PRy "y Py _ Pyy4 Ry £Ryq PY >,
_ Efa| _ _
- (a) d-axis equivalent circuit (b) g-axis equivalent circuit

Figure 6-8 D- and g-axis Equivalent Circuits of ‘3.3’ VSG

Because of the similar structure with the ‘3.2 VSG option in the former section, the
small signal model of this ‘3.3° VSG option can be easily obtained by adding the
differential equation corresponding to one of the g-axis damper windings (L,,) from the

‘3.2’VSG model, which is shown in (6-51).

dAx33
dt

The SS equations and matrices are summarized in the Appendix 1.

= A33Ax33 + B33Au (6'51)
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6.2 Impact of System Strength on Stability and Transient

Behaviour of SM Emulation VSG

Root locus analysis is conducted in this section to investigate how the SCR affects
the stability and transient behaviour of the proposed VSGs. In the forthcoming examples,
an operating point of unity output power, i.e., P, = 1.0 pu, is used as the operating point
in linearizing the SS models presented in the previous section.

The eigenvalues of the matrix A5, as given in (6-49) correspond to the ‘3.2 VSG’s
small signal model with damper windings and eigenvalues of A,; given in (A-10) are
those for the more simplified representation with no damper windings. Matrices A5, and
A,, are functions of the ac system reactance X, which is inversely proportional to the
SCR. The root loci of matrices A3, and A,; for varying SCR can be plotted in the
complex plane by varying X, from which the damping and the stability information can
be garnered. In this section, only the most critical eigenvalues close to the imaginary axis
are plotted in the root loci. The test system is the same as in Figure 6-5.

Figure 6-9 (a) and (b) respectively show the plot of the critical eigenvalues of A5, (X)
and A,; (O), as the SCR varies from SCR = 1.2 for a weak system to SCR = 100
for an ultra-stiff system. Other non-varying parameters are given in Table 6-1 to Table 6-4.
As the eigenvalues have negative real parts, both VSG options exhibit stable operation over

the entire SCR range.

a b
20 Mﬂ;: 20 (b)
><><><X N %@\/
10 O x 107 scr=1210100° ©
SCR =1.2 to 100 x (No Damper Windings) O
(With Damper  x x I o) o O <
0 Windings) x & 0 O e © >
X O
-10 o5 A0} o ©
MXXXX M
-20 -20 ¥«
-4 -3 -2 -1 0 -2 -1.5 -1 -0.5 0

Figure 6-9 Eigenvalue Loci with SCR Ranging From 1.2 to 100.0. (a) ‘3.2’ VSG (b) ‘2.1’VSG.
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In comparison, the conventional voltage source interfaced VSG with an embedded
current controller (mentioned in Section 2.2.1) connected to the same ac network (Figure
6-5) may become unstable with a high SCR ac system [69] [28]. Figure 6-10 shows the
root loci of the A matrix of this type of VSG under varying SCR. The underlying SS
equations for this case are taken from [28], and listed in the Appendix II.

From Figure 6-10, the eigenvalues move to the right-hand side of the imaginary-axis
when the SCR is larger than 3.9 in this case, which indicates the system becomes
unstable if SCR > 3.9. This instability is attributable to the delays inherent in the
proportional-integral (P1) controllers of the embedded current controller. In contrast, the
proposed SM emulation VSG uses a hysteresis current controller to generate the current

which is extremely rapid with minimal delay.
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2l SCR=12to010
(Conventional <3 ——
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N \
i
- -4 2
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Figure 6-10 Eigenvalue Loci of Conventional VSG with SCR Ranging From 1.2 to 10.0

Additionally, from Figure 6-9, an increase in the SCR for the SM emulation VSG
leads to a shift of the oscillatory eigenvalues to the left, which indicates an improvement
in the damping of oscillations. Also, there is an increase in the oscillation frequency (f;,)
with a larger SCR.

EMT simulation validates the above eigenvalue analysis results. Figure 6-11 shows
the responses of ‘3.2° SM emulation VSG following a step change in active power
reference from 1.0 pu to 0.9 pu. The lowest SCR value is seen to have the smallest
damping ratio and the smallest oscillation frequency compared to the others.

The oscillation frequencies (f,;) and damping ratios (¢) calculated from the SS model

and measured from the EMT simulation are listed in Table 6-6 below. The values given
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from the EMT simulation generally follow the trend in the SS model (maximum difference

of 9.87 % in the oscillation frequency and 7.14 % in the damping ratio).

[——SCcR=12 ——sCR=24 SCR=5.0 ——SCR = 20.0]

- (a) Output active power P under different SCR system

0.95

(pu)

0.9

0.85

0.5

1.5 2 2.5
Time (second)

3.5

Figure 6-11 Step Responses of ‘3.2 SM Emulation VSG with Different SCR Ac Systems

Table 6-6 Oscillation Frequency and Damping Ratio of ‘3.2’ VSG with Different SCR

SCR value Mode Oscillation frequency, f, Damping ratio, ¢
SS Model 0.81 Hz 0.056
SCR=1.2
EMT 0.89 Hz 0.060
SS Model 1.49 Hz 0.090
SCR =24
EMT 1.48 Hz 0.096
SS Model 1.98 Hz 0.113
SCR =5.0
EMT 1.99 Hz 0.110
SS Model 2.65 Hz 0.155
SCR =20.0
EMT 2.60 Hz 0.155

Similar conclusions can also be drawn from the transient waveforms of the ‘2.1 SM

emulation VSG with no damper windings, which is omitted here for brevity.
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6.3 Impact of Damper Winding Parameters on Stability and

Transient Behaviour of SM Emulation VSG

Note that, unlike the real SG, the available winding parameters of the proposed VSG
are not restricted to the range of a physical machine, and it is free to arbitrarily assign any
parameter value that we may wish to. With this in mind, root locus analysis is conducted
on the small signal model for the operating point of P, = 1.0 pu to analyze how the
damper windings parameters (Riq, Liq, Riq, L14) affect the stability and transient
behaviour of the proposed VSG.

The eigenvalues of the more detailed VSG A;, are given in (6-49) and the simpler
version A,; are given in (A-10) of the Appendix I. They can be plotted in the complex
plane as a function of the varying damper winding parameter (e.g., Ry4, L14, €tC.) t0
generate a root locus plot from which the damping and stability information can be
acquired. The eigenvalues of A;, and A,; are denoted by ‘X’ and ‘O’ respectively.
Note that as the ‘2.1 VSG has no damper winding, the eigenvalues of A,;remain
stationary. The test system is same Figure 6-5, and the non-varying parameters are given
in Table 6-1 to Table 6-4. Only the most critical eigenvalues close to the imaginary axis
are plotted in the root loci.

6.3.1 Root Locus with Varying D-axis Damper Resistance Rq4

Figure 6-12 shows the plot of the eigenvalues of A;, (X)and A,;(O) as the d-axis
damper resistance R;; changes from 0.0 pu to 1.0 pu. As mentioned earlier, the
eigenvalues of plotted for comparison do not move due to there being no damper winding.

From Figure 6-12, the eigenvalues of A,; and A;, are all in the left-hand plane,
which indicates stable operation over the entire range of R, ;. Also, the eigenvalues of As,
(X) move asymptotically towards the eigenvalues of A,; (O) as R;4 increases. It is to
be expected as having no damper winding is tantamount to having a damper winding with

Rig = .
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Figure 6-12 Eigenvalue Loci of 3.2’ (X) and ‘2.1’VSG (O) with Increasing R4

One of the oscillatory eigenvalues is zoomed in and is shown on the right-hand frame
in Figure 6-12. The oscillation frequency of the ‘3.2” VSG with different R;; changes in
a small range between 1.87 Hz to 2.04 Hz. Moreover, the 2.1° VSG with no damper
windings has the least damping ratio of 0.085 for the dominant oscillatory mode. While
with the damper winding, the real part of the oscillatory eigenvalues first increases with
increasing R,4, attains a maximum for R;; = 0.008 pu and then decreases. Thus, in
this example, the largest damping ratio of 0.116 occurs for R;4; = 0.008 pu. Hence,
including the damper windings in the VSG does improve the damping ratio from 0.085
to 0.116 so that the transient response settles down faster.

The above conclusions can be validated using a time domain simulation. Figure 6-13
shows step responses with AP,.., = —0.1 pu for three cases: i) ‘2.1’ VSG with no damper
winding, ii) ‘3.2> VSG with R;4; = 0.008 pu, and iii) ‘3.2” VSG with R,4; = 0.1823 pu.

As expected, the damping ratio of the oscillatory mode is the largest for R,; =
0.008 pu (¢ = 0.120) while it is the least (¢ = 0.086) for the controller without any
damper windings. Also, comparing the oscillation frequency we find that f,,, = 1.92 Hz
for Ri4 = 0.008 pu, f,3 = 1.84 Hz for R,y = 0.1823 pu and f,; = 1.80 Hz for the
no damping case, i.e., fn1 < faz < fnz. Hence, the EMT simulation results indeed match

the conclusion of the eigenvalue analysis.
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Figure 6-13 Step Responses of VSG with Different R4

Table 6-7 shows the oscillation frequencies (f,,) and damping ratios (&) calculated from
the SS model and measured from the EMT simulation. There is good agreement with the
values obtained from the SS analysis and EMT simulation (maximum difference of 2.5 %

in the oscillation frequency and 3.4 % in damping ratio).

Table 6-7 Oscillation Frequency and Damping Ratio of VSG with Different R;,4

R4 value Mode Oscillation frequency, f;, Damping ratio, ¢

SS Model 1.97 Hz 0.116

R,q = 0.008 pu
EMT 1.92 Hz 0.120
SS Model 1.88 Hz 0.089

R4 = 0.1823 pu
EMT 1.84 Hz 0.092
Without damper SS Model 1.81 Hz 0.085
windings EMT 1.80 Hz 0.086

6.3.2 Root Locus with Varying D-axis Damper Inductance Lq,4

Figure 6-14 shows the plot of the eigenvalues of A5, (X), as the d-axis damper

inductance L,; changes from 0.0 pu to 10.0 pu. One of the dominant poles is zoomed
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in and shown on the right. The eigenvalues of A,; (O) are also plotted and remain

stationary as the formulation of A,; does not include L, .
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Figure 6-14 Eigenvalue Loci of 3.2’ (X) and ‘2.1’VSG (O) with Increasing L4

From Figure 6-14, the following conclusions can be obtained:

1.

5.

Observation of the dominant poles shows that the operation is stable over the
entire range of L,4.

The dominant poles of ‘3.2’ VSG first move closer to the imaginary axis and
then turn back away from the imaginary axis. Therefore, the worst operation
situation of the system stability happens at the furthest right of the root locus,
which L;, isaround 2.5 pu in this example.

The eigenvalues of A;, (X) move asymptotically towards the eigenvalues of
A,; (O) as L,4 increases, which is to be expected as having no damper
winding is tantamount to having a damper winding with L,; = oo.

From the oscillatory poles, the ‘2.1° VSG without damper windings has the
least damping ratio () which is 0.085. For ‘3.2° VSG with damper windings,
a smaller L,; gives better damping, for example, ¢ = 0.113 for L,; =
0.01 pu. Hence, the inclusion of the damper windings improves the damping
ratio from 0.085 to 0.113.

The oscillation frequency is unchanged at around 1.90 Hz with varying L,4.

Figure 6-15 shows the step responses with AP.., = —0.1pu for three cases to

validate the above root locus analysis, viz. i) ‘2.1” VSG with no damper winding, ii) ‘3.2’
VSG with L;; = 0.01 pu, and iii) ‘3.2° VSG with L;; = 1.097 pu.
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Figure 6-15 Step Responses of VSG with Different L4

Table 6-8 shows the oscillation frequencies (f;,) and damping ratios (¢) calculated from
the SS model and measured from the EMT simulation. The results obtained from the SS
analysis and EMT simulation match well, with a maximum difference occurring for the

Liq = 0.01 pu case, of 1.1 % in the oscillation frequency and 4.4 % in the damping
ratio.

Table 6-8 Oscillation Frequency and Damping Ratio of VSG with Different L, 4

L4 value Mode Oscillation frequency, f, Damping ratio, &

SS Model 1.90 Hz 0.113

Lig = 0.01pu
EMT 1.88 Hz 0.118
SS Model 190 Hz 0.087

Lz = 1.097 pu
EMT 1.88 Hz 0.090
Without damper SS Model 1.81 Hz 0.085
windings EMT 1.80 Hz 0.086
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6.3.3 Root Locus with Varying Q-axis Damper Winding Parameters
(R1q and Lq,)

The root loci (Figure 6-16) obtained by varying the g-axis damper resistance and
inductance (Ry, and L;,) are qualitatively similar to those with varying R4 and L.
Similar to the case with R4, the real part of the oscillatory eigenvalues first increases with
increasing R,,, attains a maximum damping ratio of ¢ = 0.121 for R;, = 0.028 pu
and then decreases. Additionally, a smaller L,, gives better damping, for example, ¢ =
0.143 for L;4 = 0.01 pu. Hence, including the g-axis damper windings in the VSG also
improves the damping ratio.

Table 6-9 shows the oscillation frequencies (f;,) and damping ratios (¢) calculated from
the SS model and measured from the EMT simulation (waveforms are not shown), which
show good agreement (maximum difference of 2.1 % in the oscillation frequency and

2.8 % in the damping ratio).
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Figure 6-16 Eigenvalue Loci of 3.2° (X) and ‘2.1’VSG (O) (a) with Increasing R, and (b)

with Increasing Lqq4
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Table 6-9 Oscillation Frequency and Damping Ratio of VSG with Different Ry, and Ly,

Rig,L1q value Mode Oscillation frequency, f, Damping ratio, &

Without damper SS Model 1.81 Hz 0.085
windings EMT 1.80 Hz 0.086
SS Model 1.87 Hz 0.121

Ry, = 0.028 pu
EMT 1.84 Hz 0.123
SS Model 1.84 Hz 0.109

Ry, = 1.04pu
EMT 1.81 Hz 0.112
SS Model 1.94 Hz 0.143

Lig =0.01pu
EMT 190 Hz 0.145
SS Model 1.81 Hz 0.106

Liqg =3.95 pu
EMT 1.82 Hz 0.109

6.4 Improving Damping Ratio using Parameter Optimization

As mentioned before, the available parameters of the proposed VSG are not restricted
to the range of a physical machine, and one is free to arbitrarily assign any parameter value
that one may wish to. Therefore, it is possible to improve the performance of the VSG by
optimizing its parameters using an optimization algorithm, e.g., particle swarm
optimization (PSO) [70], genetic algorithm (GA) [71], and so on. This chapter will show
how the damping performance can be drastically improved by using such optimized
parameters. The popular Genetic Algorithm (GA) is selected in this thesis because it is
effective and highly customizable, allowing for the incorporation of different constraints
and objectives [72]. Additionally, unlike some other optimization methods which may get
stuck in a local optimum (i.e., the best possible solutions), GA can converge to the global
optimum of a problem [73].

Note that this thesis does not aim to explore different optimization methods, but rather,
the intention is to use optimization to achieve an objective. Hence, because GA worked

very well, no comparative studies with other optimization methods were deemed necessary.
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6.4.1 Background of Genetic Algorithm

In this section, the optimization of the VSG parameters is accomplished by using a
Genetic Algorithm (GA) as shown in Figure 6-17 [71]. GA is a heuristic bio-inspired
optimization technique, which is developed based on the concept of evolution from Charles
Darwin. The main idea is to emulate the evolution of individuals in a population, under a
certain environment, aiming to improve their performance over the generations.

The performance is evaluated by using an objective or fitness function f(x) of the

parameter x to be selected for optimized behaviour. In this way, the individuals with
higher fitness will have a higher probability of reproduction (crossover) and transmit part
of their genetic code to their offspring. In this sense, the offspring will have a random
proportion of the genetic code of each one of the progenitors. However, in nature it is also
possible to have random mutations, caused naturally, by a disease, or any external factor,
generating modifications in any gene.

Improve
Py ={S1, ..., Sy}T exploration Size=N

Initial ) AL YD O ) Crossover and )
Progenitors ni\gllrj?inoic;m Mutation IRl

Progenitors
Size=2.1N

No
Offspring

New Natural Fitness
— —

Progenitors Selection Evaluation

Size=N

Figure 6-17 Flowchart of the Genetic Algorithm

During the lifetime of each individual, a high fitness level improves the probability of
reproduction, and also its survival capacity in a certain environment. In this way, the
conditions of the environment can naturally eliminate any of the individuals in the
population. This process of selection and elimination of individuals is called natural

selection. In nature, an individual can't survive in all generations (e.g., forever). However,
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in GAs this is possible to achieve, depending on the natural selection operator used. This
brings the advantage of maintaining the best solutions, but also decreases the diversity of
the population, making it difficult to have individuals that find different ways to solve the
problem. Maintaining diversity is especially important if the environment is dynamic, i.e.,
if it is changing from time to time.

In GAs, the individuals are represented as chromosomes. Classically, they are
represented in a binary form. However, they can also be represented by integer, real, or
permutation variables. In the specific case of this thesis, the individuals/solutions are

represented by 12 real VSG parameters. The set S of all possible solutions can be
described as S € {H,Dy, Ra, Rra, R1a, Rigr Las Lmas Lra, L1ay Ling, L1g}- The entries H,
D,,, etc., are defined in Table 6-10 below.

The performance of the solution is evaluated through the objective/fitness function. It

is well known that eigenvalues of A matrix of the small signal model represent the
characteristic of the system at a specific operating point. Also, with a larger damping ratio,
the system has a better performance with a shorter settling time. Thus, the GA optimization
can be performed to select parameters of ‘3.2’ VSG using an objective function as given

in (6-52) below to obtain the largest damping ratios.

On

ot (6-52)

n€{1,2,3,..,10}
In (6-52), 1, = 0, + jw, represents the nt" eigenvalues of the A;, matrix under

max f; = min

the specific operating point (P, = 1.0 pu), so that the calculated damping ratio is

On

o2 +w?

The GA searches over the parameter space to find the parameters that maximize the

.The aim of the objective function is to maximize the smallest damping ratio.

objective function. However, any eigenvalues that move into the right-hand plane are given
penalized. This forces the solution to consider only stable eigenvalues as potential
candidates. Another constraint is that the VSG parameters be positive to maintain the
character of an SG. Mathematically, this penalization is represented in (6-53) [74]. In
(6-53), c isthe constraint, C is the set of constraints, Cv, is the value of a constraint ¢

and Cl, is the limit of the constraint c.
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(“;C") if Cv, > Cl,

p= Cle
=~ Lecec |Cv.| x 100 ifCl, =0
0 otherwise

(6-53)

The GA operators used to solve this problem are described below:

1) Crossover: It is assumed that a pair of progenitors will produce two offspring. The
value of each gene in each offspring follows (6-54). In this section, the probability of
crossover selected for the problem is 90 %.

{Oli = apy; + (1 — a)py (6-54)

0 = apy; + (1 — a)py;

In (6-54), a is a random number between 0 and 1, p is the progenitor, o is the
offspring, and i is the decision variable.

2) Mutation: It is described by (6-54). There, x is the original variable, x’ is the
variable after mutation, m() is the mutation function, N(0,1) is a random number
between 0 and 1, and d = 0.1. In this section, the probability of mutation selected for
the problemis 15 %.

x'=m(x)=x+dxN(0,1) (6-54)

3) Natural selection: It is performed by a modified tournament. To explain this

modified tournament process more clearly, a specific example is shown in Figure 6-18.

Ranking the solutions based on the I
number of victory from largest to smallest

I
I
: Ranking Total Victories
| thffﬂ 10 ) Individual 5 2 Selected top 50% |
| individuals Individual 4 2 to next generation |
| Individual 1 1. |
| -\ |
| Individual 8 0o\ |
e e S
| I
Individual 1
Tourname}r\

Other 2 random individuals | Results Total Victories

Individual 1 ﬁ’ Individual 5 Win
Individual 6 Loss

Figure 6-18 Natural Selection Based on Tournament.
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In this example, the total number of individuals (N) is 10, and each individual
competes with two other random individuals (k = 2). For example, the tournament process
of individual 1 is shown in Region Il, where individuals 5 and 6 are randomly chosen to
join the competitions. This tournament process is repeated for all 10 individuals. In each
tournament, the quantity of victories of each individual is quantified and then ranked based
on these victories' numbers from largest to smallest, which is shown in Region I. Then, the
individuals with the best ranking (top 50 %) will survive.

In this section, a total group of 20 % of the individuals (k = 20 % X N) in the
population is selected to join the tournaments, and the top 50 % of individuals are

selected for the next generation.
6.4.2 Optimization of Rated Operating Point at Unity Output Power

In this section, GA optimization is carried out to select parameters of ‘3.2” VSG using
an objective function as given in (6-52) above to obtain the largest damping ratios while
operating at the nominal operating point of P, = 1.0 pu. Table 6-10 shows the parameters
of the 3.2° VSG after optimization as well as the percentage by which they are different
from the original values (typical for a real SG). The optimization results show that in order
to maximize the damping ratio of the ‘3.2 VSG, the values of ‘virtual’ resistance
parameters change dramatically compared with other parameters by factors ranging from
226 % to 5023 %.

With these optimized parameters, Figure 6-19 (a) shows the step responses with
AP..r = —0.1pu of the SS model as well as the EMT simulation. Figure 6-19 (b) is the
case with the original parameters, which is the same as Figure 6-6. Also, the eigenvalues
of the SS model with optimized parameters and their damping ratios as well as oscillation
frequencies are given in Table 6-11.

The transient response of (a) has significantly better performance compared with the
results in (b). With the optimization, the damping ratio increases almost seven-fold from
0.109 (in Table 6-5) to 0.707 (in Table 6-11). Also, the settling time (t; = 0.657 s) of
Figure 6-19 (a) is much shorter than that of t, = 1.699 s in Figure 6-19 (b). Note that

although the optimization was conducted using the small signal model, the waveforms from
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EMT simulation and SS model essentially overlap as can be seen in Figure 6-19, showing

an excellent agreement.

Table 6-10 Optimized Parameters of ‘3.2’ VSG for Specific Operating Point of P, = 1.0 pu

Parameter Original Value | Optimized Value | Changing Percentage
Inertia constant H 342 s 3.0597 s -10.54 %
Damping constant D,, 5.0 5.2988 5.98 %
Stator resistance R, 0.0043 pu 0.04439 pu 932.33 %
d-axis damper resistance R4 0.01823 pu 0.05944 pu 226.06 %
field winding resistance Rgq 0.0008947pu 0.00693 pu 672.53 %
g-axis damper resistance R, 0.0104 pu 0.53288 pu 5023.80 %
Leakage inductance L, 0.015 pu 0.01545 pu 3.00 %
d-axis mutual inductance L4 2.0 pu 2.70179 pu 35.09 %
field winding inductance L4 0.119 pu 0.02788 pu -76.57 %
d-axis damper inductance L4 0.1097 pu 0.07640 pu -30.36 %
g-axis mutual inductance Ly, 1.44 pu 1.99778 pu 38.73%
g-axis damper inductance L, 0.395 pu 0.05247 pu -86.72 %
|[——EMT Simulation - - - Small Signal Model|
1.001 (a) w (Optimized) 1,001 (b) w (Origipal)
1.0005 | ] 1.0005 |
B T
T 0.9995 ¢ 1 T 0.9995
0.999 | ] 0.999
R 2 s a4 s 4 2 s 4 s
Time (s) Time (s)

Figure 6-19 Virtual Rotor Speed w with (a) Optimized Parameters (b) Original Parameters

It can be concluded that removing the physical constraints on the VSG parameters
allows one to discover the parameters that give significantly superior performance. These
can be obtained by a process of non-linear optimization. However, the optimization was
carried out for a specific operating point, so the robustness of this method needs to be

studied to investigate whether the tuning parameters are still suitable for other operating
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points. This issue is addressed in the next section by modifying the objective function to

consider multiple operating points of the MMC.

Table 6-11 Eigenvalues of ‘3.2” VSG with Parameters Optimized at P, = 1 pu (Rated Power)

Mode Eigenvalue Oscillation frequency Damping ratio, ¢
Az —1405.5 + j1253.7 199.54 Hz 0.746
X34 —14.94 + j8.48 1.34 Hz 0.869
As6 —8.26 + j8.26 1.31 Hz 0.707
A, —946.9 - 1.0
Ag —244.4 - 1.0
Ao —80.34 - 1.0
Ao -1.07 - 1.0

6.4.3 Optimization of Multiple Operating Points

To consider a robust optimization which is valid over the projected operating range,
multiple operating points must be considered [75]. The objective function of the

optimization is modified using the weighted sum approach as given in (6-55) below.

p

Om.n

,,O'rzn,n'i'wrzn,n

\ nef1,23,..,10} (6-55)
1 1 1

Km € {; 3 5}

L P, € {0.5, 0.7, 1.0}

max f = Yooyoq Ky - Min

In (6-55), the index m represents each operating pointand A,,, = 0, + jWpmy IS
the n'* eigenvalues of the small signal model for operating point m. Typical operating
points considered in the example are P, = 0.5 pu, P, = 0.7 pu and P; = 1.0 pu. By
using the sum of the normalized objectives multiplied by a weight vector, the multiple
objectives can be transformed into a single one.

With this new objective function, the GA method generates a more robust set of
parameters that give an overall optimized response over a range of operating points,

although the operation at the individual operating points may be sub-optimal. Table 6-12
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shows the parameters of the ‘3.2’ VSG after the robust optimization which considers
multiple operating points. With these new optimized parameters in Table 6-12, Figure 6-20
(a) show the step responses with AP, = —0.1 pu of the SS model as well as the EMT
simulation for two different operating cases P, = 1.0pu and P, = 0.1pu. For
comparison, Figure 6-20 (b) is the step responses of VSG with the old parameters given in

Table 6-10, which are optimized for only one operating point (P, = 1.0 pu).

Table 6-12 Parameters of ‘3.2” VSG with Robust Optimization Including Multiple Operating

Points
Parameter Optimized Value Parameter Optimized Value

Inertia constant H 3.3775 s Leakage inductance L, 0.00948 pu
Damping constant D, 5.0998 d-axis mutual inductance L,,4 1.98853 pu
Stator resistance R, 0.10502 pu field winding inductance Lg, 0.02473 pu
d-axis damper resistance R, 4 0.03396 pu d-axis damper inductance L4 0.11581 pu
field winding resistance Rgq 0.00785 pu g-axis mutual inductance L, 1.45503 pu
g-axis damper resistance R, 0.02917 pu g-axis damper inductance L, 0.29485 pu

‘— = =Small Signal Model EMT Simulation‘

———————————————1|———————————————|

(a.1) Pt =1.0pu to 0.9 pu (b.1) P,=1.0pu to 0.9 pu

I I |
I I |
I I |
I H_ |
2 I |
I3 0.999 I3 0.999 | |
| £~0.532 ¥ £~0.707 I
I I
| 0998 0.998 |
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I
|
|
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[
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oy B

Figure 6-20 Response of Virtual Rotor Speed w (a) With Parameters Optimized for Multiple

Operating Points (b) With Parameters Optimized for Rated Condition Only.
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From Figure 6-20 (a), when applying the VSG parameters after the robust optimization
with the modified objective function that takes into account several operating points, both
responses of the virtual rotor speed (w) at P, = 1.0 pu as well as at P, = 0.1 pu are
well damped with ¢ = 0.532 and & = 0.416 respectively. However, the waveforms of
w with the parameters optimized only for a single operating point at rated power show
different performances. From Figure 6-20 (b), although it is evident that the w response
is well damped for P, = 1.0 pu, with a damping ratio of & = 0.707, it becomes
oscillatory for P, = 0.1 pu with a poorer damping ratio of & = 0.139. This demonstrates
the need for overall optimization across the envisaged operating point range.

It should be noticed, however, that robust optimization tries to ensure well-damped
behaviour at several operating points. Hence, the response for a particular operating point
may be sub-optimal. For example, the optimal performance for P, = 1.0 pu gives & =
0.7, but drops to & = 0.532 when we sacrifice some performance in order to provide

universally good damping within the expected operating range.

6.5 Chapter Conclusion

This chapter focuses on the eigenvalue analysis of the detailed SM emulation VSG. It
shows how the damping and oscillatory behavior is affected by the level of detail of the
model, and also allows one to judge whether the simplest 2.1 model is adequate or are
higher order models are advisable.

1) The small signal modelling of detailed SM emulation VSG was developed for:

e The ‘2.1” model with a stator and a field winding on the d-axis and a stator
winding on the g-axis (no damper windings).

e The ‘3.2’ model with a stator, a field, and one damper windings on the d-axis
as well as a stator winding and one damper winding on the g-axis.

2) The 3.2°and 2.1’ VSG options were tested for stability and oscillatory behaviour

with different SCRs for the connecting ac grid over ranging from weak (SCR <
2) to ultra-stiff (SCR > 30). The analysis was conducted using root locus analysis

which was validated using EMT simulation.
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The conventional voltage source interfaced VSG with an embedded current
limiter can experience instability when operating into a strong ac system. The
proposed detailed SM emulation VSG overcomes this drawback and works
stably in both weak and strong ac systems.

Additionally, an increase in the SCR for the SM emulation VSG indicates an
improvement in the damping of oscillations. Also, there is an increase in the

oscillation frequency (f,,) with a larger SCR.

3) Eigenvalue analysis was conducted on both ‘3.2” and ‘2.1° VSG to investigate the

4)

effect of inclusion/exclusion of the damper windings.

Including the damper windings in the VSG implementation increases the
modelling complexity. Conversely, the simplified VSG without any damper
winding is easier to implement and tune as it has a smaller number of
parameters.

For a given ac system, the d- and g-axis damper winding impedances in the
model can be optimized to provide maximum damping, and then transient
performance can be improved.

Even with the simplification, the dominant oscillatory modes remain in the
system, which is sufficient for the mimic of the dynamic response of an actual
SG.

The VSG has more freedom for the selected parameter values which a real SG

does not. Removing the physical restriction on the chosen parameters of the VSG

allows one to optimize them for significantly improved performance. This chapter

demonstrated that using a non-linear optimization algorithm (GA) to select the

parameters of ‘3.2” VSG indeed significantly improves the damping.

With the optimization for a unity output power specifically, the maximum
damping ratio of the example system is 0.707, which has a major increase
compared with the previous case (¢ = 0.109).

The virtual winding resistances are most sensitive in controlling damping. The
values of the optimized parameters were significantly different, some by as

much as 50 times larger than those of a real SG.
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It was noticed that when the VSG parameters were optimized only for the rated
operating point, the performance became poor at other operating points. This
was corrected by conducting a ‘robust’ optimization, where the objective
function was modified to be the weighted sum of the objective function of

individual operating points.
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7 Comparison of SE-based VSG and Detailed SM

Emulation VSG

The material in this chapter 7 is published by the author as reference [76]: C. Jiang, A. D. Sinkar and A. M.
Gole, "Comparative study of Swing Equation-based and full emulation-based Virtual Synchronous
Generators," 11th International Conference on Power Electronics, Machines, and Drives (PEMD 2022),
2022, pp. 578-582. Adhering to IET copyright policy, it is being reproduced here for her own thesis with the
above acknowledgment (https://pemd.theiet.org/media/1741/pemd-2022-full-paper-template.docx).

7.1 Introduction

In Chapter 2, the Swing Equation-based VSG is introduced and in Chapter 5, the
detailed synchronous machine emulation VVSG is discussed. Both models use the swing
equation dynamics for speed and rotor mechanical angle calculations but differ in the
representation of the electrical part. The SE-based VSG uses a simplified representation of
a voltage source behind an impedance, while the detailed SM emulation VSG uses a
detailed transient model of a synchronous machine.

In this chapter, the performances of i) the SE-based VSG, ii) detailed SM emulation
VSG and iii) a real SG are compared and contrasted using Electromagnetic Transients
(EMT) simulation. Using a simple test system, their behavior is compared when subjected
to step changes in power order and faults. It is shown that the two approaches have nearly
equivalent performance if the damping is properly represented in the SE-based approach.
Also, it is shown that the current limit is more readily incorporable in the detailed SM

emulation approach than in the SE-based approach.

7.2 Similarity with an Actual Synchronous Generator

In the past decades, the conventional power system was dominated by synchronous
generators (SG); thus, all the system-level planning and controlling schemes were
developed based on the characteristics of SG. If the VSC is controlled in the manner of an

SG, it seems, at first glance, reasonable to treat the converter with VSG controller as a
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conventional SG from the control level of the grid side. Therefore, the existing control
scheme is still suitable for VSG-typed converters. However, it should be noted that a real
SG can supply significantly more fault current than a VSG, which uses a power electronic
converter and hence must incorporate a current limiting function. Transient fault behavior
of the SG and VSG would generally differ if the maximum current limit is encountered.
This section uses EMT simulation to compare the performance of SE-based and
detailed SM emulation VVSG. In order to check whether the converter with these two VSG
options indeed behave like a real synchronous generator, the performance is also compared

with a case with a real SG.
7.2.1 System Description

The system layout is in Figure 7-1 and the main system parameters are in Table 7-1.

SE based VSG
100km

P
_T__ 'Q, Bl | Transmission line
i — J_ (m} | @— i
1_— 30 Mvar
AC Filt
Detailed SM e
emulation VSG PO = 100km
I i Bl | Transmission line
i — _T_ (u} | @— i
P
30 Mvar
AC Filter
Real SG PO T 100km
-5 Bl | Transmission line
SG T O i @— I
30 Mvar
AC Filter

Figure 7-1 Test System Layout

Three different representations are considered in this case:
1) VSC with Swing Equation-based VSG
2) VSC with Detailed Synchronous Machine Emulation VSG

3) Actual synchronous generator (for comparison)
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The parameters of the SE-based VSG and detailed SM emulation VVSG are given in

Table 7-2 and Table 7-3, respectively. The parameters of actual SG are the same as detailed

SM emulation VSG.

Table 7-1 System Parameters

Parameter Value Parameter Value
Dc side voltage V., +100kV Transformer MVA 250MV A
Dc side shunt capacitance 2 X 1000uF Transformer voltage 95/220 kV
Converter rated power 210MVA Transformer resistance 0.024 pu
Converter rated voltage 95kV (L-L) Transformer leakage inductance 0.18pu
Converter inductance 0.1H Transmission line length 100 km
Converter filter resistance 100Q System frequency 60Hz
Converter filter capacitance 10.0uF
Table 7-2 Parameters of SE-based VSG
Parameter Value Parameter Value Parameter Value
H 342 s K 10 s Prer 1.0 pu
D, 20.0 D, 0.0 Vier 1.0pu
Table 7-3 Parameters of Detailed SM Emulation VSG
Parameter Value Parameter Value Parameter Value
H 342 s D, 0.0 T 10 s
L, 0.15 pu Lina 1.50 pu K, 200.0 pu
Lig 0.1097 pu Leg 0.119 pu Vimax 10 pu
Limg 1.44 pu Liq 0.395 pu Vemax 5.64 pu
Lyg 0.0669 pu R, 0.0043 pu K. 0.0 pu
Ry 0.01823 pu Req 0.000895pu Tg 10.0 s
Riq 0.0104 pu Ry, 0.0167 pu T, 0.015 s
Vees 1.0 pu Vivin -10 pu T. 0.02s
Pres 1.0 pu Vamin -4.53 pu

Two scenarios are investigated, and the results are shown in the next section:

1) A step-change in the power reference.

2) A three-phase to ground fault at the transmission line midpoint.
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7.2.2 System Operation with Power Reference Increase

In this simulation, a step change in power from 0.5 pu to 1.0 pu is appliedat 1s
in both models. The waveforms of frequency and phase angle § between the VSG and the
remote source for the two VSG options are as in Figure 7-2. The results with an actual SG

are also superimposed for comparison.

Frequency (pu) Frequency (pu)

1.01 1.01
——SE based VSG Detailed SM emulation VSG
: = = = Real SG model
1.005 1.005
1 1
0.995 0.995
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (second) Time (second)
(a) (b)
J (degree d (degree
- (degree) - (degree)
= = = Real SG model
15 15
10 10
Detailed SM emulation VSG
5 5 - - - Real SG model
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (second) Time (second)
(c) (d)

Figure 7-2 Frequency and Voltage Angle Waveforms with the Power Increase

From Figure 7-2 (a) and (b), the frequency in either option oscillates following the
power order increase and recovers to its nominal value to keep synchronism with the grid.
Both VSG schemes have essentially identical rates of change of frequency (RoCoF) when
compared with the real SG. Therefore, the inertia support is similar. This is reasonable
because the inertia constants used in all three cases: i) the real SG, ii) the SE-based VSG,
and iii) the detailed SM emulation VSG are the same. Here, the dc side was idealized as a
voltage source. The results may differ for the real system, where the remote converter may
be connected to a weak ac system so that it has a limitation on the ability to transfer energy
rapidly.
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As expected, the detailed SM emulation VSG and a real SG show essentially identical
results. As explained in Chapter 2, the SE-based VSG ignores the higher-order behaviour
of areal SG. Therefore, it manifests a slightly different oscillation frequency and damping
behaviour.

Similarly, in Figure 7-2 (c) and (d), with both VSG options, when the power increases,
the voltage angle & oscillates and settles at a larger value corresponding to the increased

power level.
7.2.3 System Operation with A Three-phase To Ground Fault

A 150 ms duration three-phase-to-ground fault is applied at the midpoint of the
transmission lineat t = 1s. The frequency waveforms and voltage angle § for the two

different VSGs are shown in Figure 7-3 (superimposed on the results from the real SG).

Frequency (pu) Frequency (pu)
O, 4 ——SE based VSG a2
= = ~Real SG model
i Tv—
0.98 Detailed SM emulation VSG
= = =Real SG model
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (second) Time (second)
(a) (b)
J (degree) J (degree)
:‘I SE based VSG ———Detailed SM emulation VSG
50 i - = =Real SG model 50 J = = ~Real SG model
0
-50
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (second) Time (second)

(c) (d)

Figure 7-3 Frequency and Voltage Angle Waveforms with A Fault

From Figure 7-3, the frequency of both VSGs recovers to its nominal value after the
fault is cleared, demonstrating that both VSG options have adequate fault ride-through

capability. The angle & also shows similar behaviour. Here there is no change in
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transmitted power on recovery and so & returns to its pre-fault value when oscillations
cease. The responses of the converter with detailed SM emulation VSG have a better
fidelity with the real SG as compared to the SE-based VSG.

7.3 Over-current Protection

As discussed in Section 2.1 the direct control variable of SE-based VSG is the
converter’s terminal voltage. Therefore, there is no inherent over-current protection, the
current can only be indirectly restricted via the terminal voltage.

The switchable current limiting control in Section 2.2 (Figure 2-6) is an effective
method to prevent over-current damage during the fault. However, the shortage of this
current limiting method is that this method relies on the sensitivity of the fault detection
block. Also, since the PI controller is used in the current limiting block, the current may
overshoot the reference transiently or have a slow response depending on the controller's
gains. As shown in Figure 2-14 in Chapter 2, a short-time spike can be observed in the
current magnitude at 0.5 s, which indicates that at the beginning of the fault, the current
magnitude cannot be properly limited and is higher than the maximum limitation.

This disadvantage mentioned above can be avoided when a detailed SM emulation
VSG is used. According to Chapter 5, the direct control variables of the detailed SM
emulation VSG are the system currents. As a hysteresis type controller is used, which has
negligible controller delay in achieving the ordered currents, the dynamic response is
greatly simplified. Thus, over-current protection can be applied to the control easily by

limiting the current orders as discussed in section 5.3.

7.4 Chapter Conclusion

In conclusion, the following facts can be deduced:

1) To accurately include mechanical damping effects, the SE-based approach
should have two terms related to damping torque. The first term is to represent
amortisseur winding effects, where damping is proportional to the difference
between synchronous speed and actual speed, and the other term is only
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2)

3)

4)

proportional to windage damping. On the other hand, the detailed SM
emulation VSG has damper windings included in the model, so the swing
equation only includes the windage effects.

The simulation study shows that the dynamic response of the detailed SM
emulation VSG (such as the rate of frequency change under various transients)
is identical to that of a real SG. Nevertheless, the dynamic performance of the
SE-based VSG is very similar to that of the real SG.

In the past decades, the conventional power system is dominated by the SGs,
thus, in the legacy power network, all the system-level planning and control
schemes have been developed based on the characteristics of SG. Because of
the high similarity with SG, it is reasonable to treat the converter with detailed
SM emulation VSG as an SG from the grid side. Besides, all the past
experience about SG can still be applied to this VSG method without a large
modification.

Limiting the current is straightforward in the detailed SM Emulation VSG. On
the other hand, the current limiting feature in the SE-based VSG requires some

additional tuning efforts.
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8 Concluding Remarks and Future Work

8.1 Summary of the Thesis Research

The key contributions of this thesis research are summarized below:

1. This thesis proposes a new method of implementing a virtual synchronous generator

(VSG) using an improved current source interface. To demonstrate advantages of the

approach, a comparison with existing or recently emerging approaches such as Swing

Equation (SE) based VSG is also developed. Therefore, the first part of the thesis focuses

on the investigation of the SE-based VSG and its application.

The SE-based VSG method is inspired by the mechanical equations of
synchronous generators. The converter can mimic the behaviors of the SG
model with this control; therefore, limited inertia and damping support can be
provided to the system. Since the damper windings are all ignored in the SE-
based VSG, their effect can be approximated by modifying the damping in the
swing equation mechanical dynamics. Thus, the damping coefficient needs to
be well-tuned.

Since the control variables of SE-based VSG are voltage signals, it is difficult
to have inherent current limits as are needed to prevent overcurrent damage to
the VSG’s semiconductor switches. A current limiting method referred to as
‘switchable current limiting control’ is applied to the SE-based VSG. This
current limiting block highly relies on the effectiveness of the fault detection
block and the converter also may face overshoot phenomenon due to the slow

response of the PI controller used inside.

2. Application of the SE-based VSG: Demonstration of how SE-based VSGs are

efficient in ensuring parallel operation of two VSC-HVdc links.

For environmental considerations, the HVdc links are increasingly being
recommended for providing power to offshore oil/gas drilling platforms

instead of traditional gas generators on platforms. The VSG method is shown
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to be a suitable choice for this application since the load sharing can be done
automatically without extra communication links.

A slower secondary frequency regulation loop is needed in the SE-based VSG
to eliminate the steady state error of w when the converter is connected to the
passive loads.

The SE-based VSG is compared with the Master/Slave controller in different
operation situations in the EMT simulation program, such as load balancing,
start-up of offshore induction motors, transferring and tripping of loads in case

of failure of one of the links, and fault recovery and ride-through.

3. A novel acceleration slope-based hysteresis current control designed for MMC is

developed: In order to develop a current source interfaced VSG, one of the hurdles which

needs to be overcome is to develop a method to control the MMC act as a current source

with a very fast response.

The candidate considers this to be a major contribution of the thesis.

In order to control the converter as a high-bandwidth and high-precision
current source, a novel acceleration slope-based hysteresis current controller is
developed. Unlike the well-known traditional hysteresis controller used with
2-level VSCs, this algorithm is designed for use with MMCs. It makes use of
the multiple voltage steps available with the MMC and accelerates or
decelerates the rate of change of current depending on whether it deviates
significantly from the target current.

The successful operation of the proposed hysteresis current controller is
validated in offline testing using Electromagnetic Transients simulation
(PSCAD/EMTDC program).

An algorithm to compute the power loss is used for the acceleration slope-
based hysteresis current controller. The dependence of the loss on the number
of MMC levels is investigated. For comparison, the power loss analysis for a
current source implemented on a 2-level VSC using the traditional hysteresis

controller is also conducted.
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Results show that the MMC with the proposed current control method has
significantly less power loss than a two-level VSC with the traditional
hysteresis method.

Additionally, as the number of submodules per arm is made larger, the power
loss of the MMC decreases and eventually saturates. When the MMC has 10
or more levels, the power loss with the proposed method is essentially the same
as that of an MMC controlled as a voltage source, which is the commonly used

configuration for MMCs in HVdc transmission applications.

4. Application of the proposed acceleration slope-based hysteresis current controller:

Demonstration of the active power filter.

With the hysteresis current control method, the usage of the MMC can be
extended into more application areas that need high-speed and accurate current
control ability.

One of the popular applications is the active power filter (APF), which
identifies the undesirable components of the load current and injects a
canceling component into the grid to offset these components.

An MMC-based active power filter is investigated as an application example
of the proposed hysteresis current controller. The EMT simulation is used to
develop the concept and select feasible controller parameters, after which the
controller is physically constructed and tested in a hardware-in-loop
environment with the electrical network part implemented on a real-time
simulator.

Both the EMT simulation and HIL experiment prove that the MMC-based APF
can indeed inject currents into the system to cancel the unbalanced and

harmonics component of the system currents to improve the power quality.

5. Implementation of a VSG strateqy using the proposed acceleration slope-based

hysteresis current controller: Using the proposed hysteresis current controller, the VSC is

interfaced as a rapidly controllable current source and faithfully operated as the VSG with

the characteristic of a real SG (albeit with limited overcurrent capability as compared to

the real SG). The approach also allows one to represent the VSG with the differential
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equations of an actual SG with as much detail as desired, such as a number of d- and g-axis

windings, etc.

A detailed SM emulation VSG is constructed that has the same detailed
structure as areal SG. All the windings of the SG are built inside this controller,
the parameters selection can use the SG as a reference which has been well
studied.

The control variables of detailed SM emulation VSG are current signals;
therefore, it is easy to have inherent restrictions to the current references. The
current limiting blocks and virtual rotor speed reset mechanism are applied to
the detailed SM emulation VSG. The current restriction could strictly limit the
converter current under a pre-set value during the whole operation. Also, the
inclusion of these extra controllers improves the fault ride-through capability
of the VSG.

6. Comparison of VSGs with different number of damper windings using small signal

analysis: Small signal analysis is used to investigate the performance of the SM emulation

VSGs (current source interfaced VSGs) with different levels of detail in the SG’s

representation (e.g., different number of damper windings, etc.), as well as under different

ac systems with varying SCR. The conclusions of the eigenvalues analysis are all validated

by the EMT simulations.

Small signal models are developed for the various current source interfaced
VSG options. Stability information can then be garnered by computing the
eigenvalues of the SS models.

These analytical SS models are successfully validated using Electromagnetic
Transients (EMT) simulations.

Using the SS models, the root locus analysis shows that with or without the
damper windings, the current source interfaced VSG remains stable not only
in weak systems (SCR < 2) but also in ultra-stiff systems (SCR > 30), which
was identified as a challenge for earlier voltage source interfaced VSG
implementations.

Also, eigenvalue analysis is conducted on current source interfaced VSGs to

investigate the effect of inclusion/exclusion of the damper windings. Results
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show that for a given ac system, the inclusion of d- and g-axis damper winding

impedances in the VSG can marginally improve the transient performance.

7. Optimization of VSG parameters for superior damping performance: Since the VSG

IS not restricted to use realistic values for the machine parameters as in a real SG, the

parameters could be optimized to obtain the largest damping ratio.

A Genetic Algorithms (GA) optimization procedure is applied to optimize the
parameters of the SM emulation VSG.
Results show that the transient performance, e.g., the damping ratio can be

improved significantly by a factor of 7 or more.

8. Comparison of the performance of SE-based VSG, the proposed novel SM

emulation VSG with that of a real SG:

The SE-based VSG and detailed SM emulation VSG are compared with
respect to their impacts on damping, closeness to the operation of a real
synchronous generator, and limiting of over-current.

The simulation study shows that with suitable parameters, the dynamic
responses of both VSG options are similar to that of the real SG.

Limiting the current is straightforward in the SM emulation VSG, unlike in
the case of the SE-based VSG which requires additional effort.

Since the damper windings are not represented in the SE-base VSG, a damping
term proportional to the slip frequency is added to the mechanical part to
crudely represent the damping effects of the damping windings in a real SG.
However, such an approach is not necessary for the SM emulation VSG, since

all the damping windings are included in the model.

8.2 Publications Resulting from the Thesis

The following papers and patents are the results of the research in this thesis:

Conference Papers:

C. Jiang, A. D. Sinkar, M. K. Das, A. M. Gole, and V. Pathirana, "A comparative
study of master-slave control and virtual synchronous machine control for parallel

VSC-HVDC links feeding passive loads on offshore platforms,” 15th IET
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International Conference on AC and DC Power Transmission (ACDC 2019),
Coventry, UK, 2019, pp. 1-6.

Jia Lu, Chen Jiang, Haoyan Xue, Akihiro Ametani and Aniruddha Gole, "Study on
Numerical Fourier/ Laplace Transformation and Inversion," IEE Japan HV
Conference, Tsushima-Island, Japan, 2020, pp. 1-6.

C. Jiang, A. D. Sinkar and A. M. Gole, "Comparative study of Swing Equation-based
and full emulation-based Virtual Synchronous Generators,” 11th International
Conference on Power Electronics, Machines, and Drives (PEMD 2022), 2022, pp.
578-582

Journal Paper:

C. Jiang, A. M. Gole, and Y. Zhang " Novel Hysteresis Current Control for Modular
Multilevel Converters Using Acceleration Slope," Under preparation for IEEE
Transactions on Power Delivery.

Chen Jiang, Ajinkya D. Sinkar, Aniruddha M. Gole, “Small signal analysis of a
grid-forming modular multilevel converter with a novel virtual synchronous
generator control ”, Electric Power Systems Research, Volume 223, 2023.

C.Jiang, Jhair S. Acosta and Aniruddha M. Gole, “Robust Parameter Optimization
of a Novel Grid-Forming Modular Multilevel Converter Using Genetic Algorithm ”,
under preparation for The Power Systems Computation Conference 2024 (Electric

Power Systems Research).

Ongoing US Patent Application:

C. Jiang, A. M. Gole, " Novel Hysteresis Current Control with a Modular Multilevel
Converter Using an Acceleration Slope," US Provisional Patent Application No.
63/502,189, May 2023.

8.3 Future Work

There still exist several valuable topics for further research, which are shortly

summarized in this section.

8.3.1 Adaptive Control Algorithm for SM Emulation VSG

Without the physical limitations, the parameters that are fixed for SG can now be

manipulated in the VSG algorithm. Even some dynamic optimization algorithms can be
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embedded inside the VSG control model. The goal is to gain even better performance than
SG.

For example, the varying inertia constant (H) can be added to the detailed SM
emulation VSG control. The typical power-angle curve of synchronous generators is in
Figure 8-1 [17].

» <
» =

» 0
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Figure 8-1 Power Angle Curve

The input power is changed from P, to P;,;. There are four segments (a —» b, b —
c,c = b,b — a) in Figure 8-1. During each segment, the sign of Z—i’ together with the sign

of Aw defines acceleration or deceleration. The inertia constant H can be changed
according to these acceleration or deceleration processes. A large value of H can be used
during acceleration phases to reduce the acceleration and a small value of H is chosen

during deceleration phases to boost the deceleration.

8.3.2 Investigation of High Renewable Penetrated Network with
Multiple VSGs and Other VSCs

It is proposed to investigate the behavior of SM emulation VSG in a system with a
high penetration of inverter-based generation. The IEEE 21-bus system as shown in Figure
8-2 [77] could be used as a starting point for such a study.

From the figure, the distributed generations are connected to the utility source using
an inverter interface. The proposed SM emulation VSG can be applied to these VSC
inverters. Also, some other control strategies can be used. In this case, firstly, the

advantages and disadvantages of the VSG can be investigated under this high-penetration
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Then, the corporation ability of VSG and other control

Utility Source
1000 MVA
XIR=222

of inverter-based generation.

methods can be discussed.
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Figure 8-2 IEEE 21-bus System

Another interesting study is replacing the SG model with a distributed power to study

the system stability of the pure inverter-based generation power system.
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Appendix I

The small signal model of the ‘2.1” and ‘3.3’ SM emulation VSG options (current
source interfaced VSGs) are derived in this appendix. Similar to section 6.1.1.6, the

accuracy of the SS models of these VSG options can also be validated (not shown).

Al.1 Small Signal Model of ‘2.1 SM Emulation VSG

The equations related to the A4, Aiyg, AYiq, Aiyg, Ay, and Ai,, are removed
from the ‘3.2° VSG option. Therefore, the small signal equations of the ‘2.1” SM emulation
VSG are from (A-1) to (A-8). Please remember that any variables with a superscript ‘0’

means its steady-state value where the system is linearized. Also, V; is equal to

/(v )2+ (v))? , K, isequal to Ko = and & is the angle between the d-axis and R-

axis.
wln d?;fd —XsAig — Epsiné®Aé — RyAig — w° A, — P Aw (A-1)
1 dAy :
w_n dtfd = AEfd — RfdAlfd (A-Z)
deilfq = XsAiq — Epcos§°AS — RyAig + 0°Mpy +P3hAw (A3)
n
dAw _ APref Dy, ig ig ¥g
o _ 2o D gy — 2, — Yy 4 4y, + 2 (A-4)
wy dt
dAEfd _ 1 K, K TC K TC
Tt = = BB + 1A (1= 1) Mgy + TAE AV, — T A, (A-6)
dAx 1 1 1
Tar = g MVrer ~ 7 M — 1 M (A
dAX g,

— =——AXE2+ ( XS)Alq+—( EBSLnSO)A6+—X Aig +

0
29 (—Eg cos §°)AS (A-8)
TV
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The classical state variable form of this ‘2.1 VSG small signal model is in (A-9),

which is the same as (6-50), and ‘T’ is the transpose of the matrix.

dAC;Zl = AZleZI + BZlAu
Here,
Azy = [Myq + N1 (L)™'
My, =
0 0 —-0w, —YPlw, —Egsindw, 0 0
0 0 0 0 0 w, 0
wlw, 0 0 YIw, —Egcossw, 0 0
i9 i9 D
_‘'q ld —w 0 0 0
2H 2H 2H
0 0 0 —w, 0 0 0
o 0 0 0 0 Mgk
o 0 0 0 0 0 —i
0 0 0 0 —Epv3sin§®—EgvJcoss® 0 0
TV
~Ryw, O ~Xw, 0 0 0 0 O
0 —Rgw, O 00000
X, 0 —Ryuw, 0 0 0 0 O
wh 0 Ya 000 0 0
N 2H 2H
21 0 0 0 00000 O
0 0 0 0O 000 O
0 0 0 0O 000 O
0 0
"y 0 ~Zx. 0 0 0 0 0
T,V T,V

T
Axzy = (Mg Mprg Mpy Dw AS AE;y AXpy AXpy)

Aiyy = (Aig Aigg Aig 000 0 0)
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(A-9)

(A-10)

(A-11)

(A-12)

(A-13)

(A-14)



Au = (APrep  AVrep)T (A-15)

000—=0 0 00 \
2H
BSZ - KT 1
000 0 0 AL —0
TaTg TB
(A-16)
Also, the entries ‘0’ in (A-17) are 5 X 5 zero matrices.
Lo + Lig Lina 0
Lyy=| Lma Leg + Lig + Lina 0 (A-17)
0 0 Ly + Ling
! _ L21 0 -
Ly = ( 2 o) (A-18)

Al.2 Small Signal Model of ‘3.3° SM Emulation VSG

The equations related to the Ay,, and Ai,, can be added to the ‘3.2’ VSG model.

Therefore, the small signal equations of the ‘3.3 SM emulation VSG are from (A-19) to
(A-29). Please remember that any variable with a superscript ‘0’ means its steady-state

value where the system is linearized. Also, V; isequal to /(vg)z + ()% , K, isequal

to K, . R7d and § isthe angle between the d-axis and R-axis.
d

Lm
L2 _ _x Nig — Egsind®AS — RyAig — Mg — YOAw (A-19)
o dt sBlg B alta q a
1 dA .
w—n—;lzld = —Ry4Ai1q (A-20)
1 dAy ,
w_n dtfd — AEfd _ RfdAlfd (A'Zl)
deilfq = XAig — Egcos§°A8 — RyAi, + w’AYy + PgAw (A-22)
1 dAY .
w—nqu = _quAllq (A-23)
1 dAyY .
onar = ~Raqbizg (A-24)
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Aoy _ BPrep Do gy S p, Vi pg, 4 1 py, 4 Y, (A-25)

e = —hw (A-26)

Lot = - LB+ 52 (1 - L) Ak, + A, — Sy, (A20)

% = iAvref - iAxEl - iAsz (A-28)
%———AXE2+ ( Xs)Alq-l-—( EBsm6°)A6+ XAld+

0
29 (—Eg cos §°)AS (A-29)
TV

The classical state variable form of this ‘3.3” VSG small signal model is in (A-30),

which is the same as (6-51). T is the transpose of the matrix.

dAdJ;S3 = A33Ax33 + B33Au (A'30)
Here,
A3 = [M33 + N33(L33)7"] (A-31)

T
Axsz = (g Mp1g MPrg APy APyy Mpyy Aw AS AEry AXpy AXg,)  (A-32)

M3; =
0 0 0 -ww, 0 0 —Ylw,  —Egsind®w, 0 0 0
0] 0 O 0 0 0 0 0 0 0 0
0] 0 O 0 0 0 0 0 Wy, 0 0
wlw, 0 0 0 0 0 vYlw, —Egcosdwy, 0 0 0
0] 0 O 0 0 0 0 0 0 0 0
0 0 0 0 0 o0 0 0 0 0 0
i§ ia _Dw
—sn 0 0 o0 0 o0 H 0 0 0 0
0] 0 O 0 0 0 —wy, 0 0 0 0
O 00 0 00 0 0 —L g Ty Kk
A Ta Tg TuTg
1 1
0 0 O 0 0 0 0 0 0 5 T
0 0 0 0 0 0 0 —Epvgsind®—Epvdcoss® 0 0 1
TV, T,
(A-33)
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—Rywp 0 0 —Xyw, 0 0 00000
0 —Ryqwy, 0 0 0 0 00000
0 0 —Rpqw, 0 0 0 00000
Xsw, 0 0 —Rywy 0 0 00000
0 0 0 0 —Rywn 0 00000
0 0 0 0 —Ryw, 0 0 0 0 O
g 0 0 _¥q 0 0O 00000
2H 2H
0 0 0 0 0 00000
0 0 0 0 0 0 00000
0 0 0 0 0 0 000O0TO
v9 v,
X 0 0 — 4 X, 0 0 000O0TO
TV TV
(A-34)
Au = (APref AVref)T (A'35)
T
Aizz = (Aig Aiyg Aigq Aig Aiyg Aizg 000 0 0) (A-36)
1 T
0000O0O0O=20 0 0 O
2H
B33 = KT 1
000O0O0O0TUOTU O=2L—0
TaTg TB
(A-37)
Also, the entries ‘0’ in (A-38) are 5 X 5 zero matrices.
Lg + Limg Lina Lina 0 0 0
Lina Lig+ Lys + Ling Lis + Ling 0 0 0
Lmd ka + Lmd Lfd + ka + Lmd 0 0 0
L3z = 0 0 0 Lo+ Lipg Lmg Ling
0 0 0 Lmg  Lig+Lgg+Lmg  Lgg+Lmg
0 0 0 Limg Log+Lmg  Lag+Laq+ Lmg
(A-38)
L 0
L= (73 ) (A-39)
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Appendix 11

A2 Small Signal Model of Conventional VSG with Embedded

Current Controller

The small signal (SS) equations of the conventional voltage source interfaced VSG
with the embedded current controller are developed based on [28] and are listed below for
readers’ convenience.

The structures of this VSG are in Figure A-1, and the equivalent external system is
shown in Figure A-2. The corresponding state variables are all shown in these figures.
Further descriptions can be found in [28].

,

b e Vref @ 2 ! K pac 2 Vd ref
0
Js+D > D,
® Q - tgf +Vt§f Kiae w X,
P (a) VSG (b) Ac Voltage Reference Generator
Vv
v, —{t/ @+ s

Vd ref

th_.|1/(1+ sT)

(c) Embedded Current Controller

Figure A-1 Block Diagram of Control System. (a) VSG. (b) Ac Voltage Reference Generator. (c)

Embedded Current Controller
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—_———— e e e e ——

V, 28,

S
(Vcd ’ V;q) : | RS LS
External System

Figure A-2 Equivalent External System

Based on Figure A-1 and Figure A-2, the SS equations of the VSG with the embedded
current controller are listed below. Note that w,, is the nominal rotor speed, which is equal
to 120 in the 60 Hz system, and the superscript ‘0’ denotes the steady-state value
around which the equations are linearized.

dAthf _

T = AV + AV (A-40)
T = AV, + AV (A-41)
T2 = —Alyy + Al (A-42)

T2 = — ALy + Al (A-43)

L = Ay — [;ti—d(}’]Athf - %AVM ; (A-44)
22 = MWarer — AVeay (A-45)
e\ (A-46)

ZE = Agyey — Mgy (A-47)

T8 = Algyer — Mgy (A-48)

dAw
J— =-DAw + Ingthf + Vt‘zifmdf + Ingthf + Vt‘z,fAqu —APor  (A-49)

2% — Aw (A-50)
dt

L dalg
wyn dt

= AV,q — LI2Aw — w®LAI, — AV, (A-51)
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L dAl
o — = AV + LIJAw + w°LAl; — AV, (A-52)
Lg dal
o dtd AVsq — RsAlg — LI Aw — w°LAly — AV,q (A-53)
Ls 24 = AVyy — RyAl; + Ll3Aw + w°LgAly — AV, (A-54)
wy dt s=4q std s&4id tq
0f
0= Kl-achl + Kpac <AVTef | |Athf | ?H Athf) — AVdTef (A'55)
t t
0 = —KjpaAx, — vad(AVdref - Athf) - AIdref (A-56)
0 = —KipgAxs + KpygAVigr — Mlyres (A-57)

0 = AVygp — LIS Aw — w°LAIgs — KijgAxy — Kpig(Algres — Aap) — AVeq

(A-58)
0 = AVigs + LIJAw + 0°LALyy — KijqAxs — Kpig(Algrer — Dlgs) — AVyq
(A-59)
0 =V, sin(6° — 6°) A — AV, (A-60)
0 =V, cos(6° — 0°) A6 — AV, (A-61)

Then the Differential-Algebraic Equation (DAE) formulation of the above equations
is given below,

E=Z = AAX + BAu (A-62)

[AVigs AVigq Algs Alys Ax; Ax, Axz Ax, Axs Aw A6 Aly Al

AX =
Ath Ath AVdref Aldref AIqref AVcd Ach AVsd AVsq]T

(A-63)
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T
Au = [APo; AV (A-64)

Generally, E issingular and non-invertible because the (A-62) has algebraic variables.
Therefore, the eigenvalues are calculated using matrix pencil (4, E). This will yield 13
finite eigenvalues which correspond to the modes of the linearized system and 9 infinite
eigenvalues that comes with the network algebraic equations. These infinite eigenvalues
do not impact the system dynamics; thus, they can be ignored. The remaining finite
eigenvalues can be used for stability analysis.
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