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ABSTRACT

DYNAMIC FREQUENCY CONTROL IN DIESEL-HYBRID AUTONOMOUS
POWER SYSTEMS USING VIRTUAL SYNCHRONOUS MACHINES

Miguel A. Torres L., Ph.D.
Concordia University, 2013.

In diesel-hybrid autonomous power systems, a reduced number of diesel
generators supply the power to the load and control the frequency of the sys-
tem in isolation from the utility grid. In these type of systems, frequency vari-
ations of consequence are more likely to occur than in large interconnected power
grids, since they feature a relatively small generation capacity and rapid changes
in power demand. If generators are not able to maintain frequency within pre-
scribed operational limits during a transient, the assistance of other components is
required in order to avoid major disruptions in the power system. In this thesis the
use of a virtual synchronous machine (VSM) to support dynamic frequency con-
trol in a diesel-hybrid autonomous power system was investigated. The proposed
VSM consisted in the control of the grid-interface converter of an energy storage
system in order to emulate the inertial response and the damping power of a syn-
chronous generator. Furthermore, the damping function of the proposed VSM
used an estimated value of the stabilization frequency of the grid, which allowed
it to provide proper damping power when the system operated in frequency droop
mode. Theoretical and experimental results showed a satisfactory performance of
the proposed VSM, which effectively reduced the frequency nadir in 34 %, on av-

erage, for different values of the droop factor of the grid-forming genset. Finally,
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self-tuning algorithms were designed to find optimal parameters for the VSM in
order to minimize the amplitude and rate of change of the frequency variations,
and the power flow through the energy storage. Simulations results showed that
the self-tuning VSM achieved a performance similar to the constant parameters

VSM, while reducing the power flow through the energy storage in up to 58 %.
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Tsyne ¢ synchronization and frequency calculation sampling time.
Tewr : control sampling time.
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gust component.

turbulence component.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

In conventional power systems electrical energy is primarily generated by
means of rotating machinery and supplied in the form of ac voltage, where the fre-
quency of the ac voltage is associated to the rotational speed of generators. Any
imbalance between load and generation originates a change in the kinetic energy
of rotating generators and therefore a change in frequency. The characteristics
of such frequency variations will depend mainly on the type of disturbance af-
fecting the power system, the performance of the frequency control system, and
physical properties of generators [1, 2]. For instance, large interconnected power
grids can be considered as stiff systems where a large power disturbance must
occur before the frequency will deviate to any significant level. This is not nec-
essarily the case for small power systems that are isolated from the utility grid.
In these autonomous power systems (APS), frequency variations of consequence
are more likely to occur since they feature a relatively small generation capacity,
rapid changes in power demand, and low inertia [3]. If generators are not able to
maintain frequency within prescribed operational limits during a transient, the as-
sistance of other components is required in order to avoid major disruptions in the
power system. In this thesis the use of an energy storage system (ESS) to support

dynamic frequency control is investigated.
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1.2 BACKGROUND
A review of topics related to the frequency control in a diesel-hybrid au-

tonomous power systems is presented in this section. The following aspects are

covered:

i) The basic structure of a diesel-hybrid APS.

ii) Frequency control and stability in a diesel-hybrid APS.
iii) The basic structure of the energy storage system.

1.2.1 Basic Structure of a Diesel-Hybrid APS

A diesel-hybrid autonomous power system can be simply defined as a
small power system that generates electric power from diesel fuel and renewable
energies (REs) in remote places where the utility grid is not feasible, with diesel
generators being the primary source of energy due to its reliability and control-
lability. The characteristic of isolation from the utility, implies that the energy
produced is confined to its structure, i.e., it is distributed, dissipated, transformed
and stored within the system and there is no exchange of energy with other elec-
trical systems. Regarding the size of the system, since no standard definition of a
small APS has been found in the literature, the following will be used in the frame-
work of this thesis: “...[A system] in the size range from 10 kW to about 200 kW
of diesel power. Such a system will probably have only 1 or 2 diesel electric sets
and...1 or 2 [wind generators]” [4]. From this definition, the reduced number
of diesel generators implies that each unit supplies a substantial part of the total

demand.



CHAPTER 1. INTRODUCTION

o

\l PpaGi . l pwa \ll PEss

l PLoad

I 1
@ e LOadS e @
1 2

n

Figure 1.1: Block diagram of the autonomous power system.

Figure 1.1 depicts the block diagram of an APS that contains typical com-
ponents of interest: a diesel generators (DG1), a wind generator (WG), an energy
storage system (ESS), and several loads (Load1,2...n). A general description of each

component is provided.

i) Load:
a) It is an abstraction of the electrical energy consumed by the end-
users and/or processes.
b) The total active power consumed by the load, pjg.4, should be
satisfied at all time.
ii) Diesel Generator (DG):
a) It is a rotating electrical generator, usually a synchronous genera-
tor, driven by a diesel engine.
b) The use of the synchronous generator results in a strong coupling
between the frequency of the output ac voltage and the rotating
speed of the diesel engine [5].
c) Its main function is to supply power to the loads, ppg;, and
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to maintain its output voltage at a constant amplitude and fre-
quency.
iii) Wind Generator (WG):

a) It is a rotating electrical generator driven by a wind turbine.

b) Depending on the topology, the electrical generator can be di-
rectly connected to the ac bus or indirectly connected by means
of a static power converter.

c) Depending on the topology, there is a certain degree of control
over its output active power, pwg-.

iv) Energy Storage System (ESS):
a) It is a storage medium connected to the ac bus by means of static

power converters.

b) It can absorb (charging mode) or supply (discharging mode) ac-
tive power.
c) Its output active power, pgss, is considered a controlled variable.

1.2.2 Frequency Control and Stability

Frequency control schemes can be regarded as continuous and discontin-
uous controls as indicated in [2]. Discontinuous controls are not active all the time
and they operate to support generators and protect the power system from a pos-
sible condition of instability. On the other hand, continuous controls, such as the
ones describe next, are active all the time operating directly over the generator

to control the frequency. An example of continuous control is primary frequency

_4-
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o

control, which is defined in [6] as: “...an automatic adjustment of power by the
local control and inertial response of the generators and loads within 30 seconds
[after a disturbance]”. A secondary control, if needed, would be in charge of ad-
justing the references on each generator to bring the system frequency to a desired
value [1]. While primary control can be independently achieved by each generator,
the secondary control would require a communication channel to coordinate the
new references for each unit.

In a small APS primary frequency control is performed by the speed gov-
ernors of diesel generators. Fig. 1.2 depicts the block diagram of a basic speed
control which, in general terms, works as follows: an increase in the electrical
load disturbs the equilibrium between the generated and consumed power and
the diesel engine starts to decelerate while supplying electric energy, the change
in the speed of the diesel engine is sensed by the governor, then the control error
is processed and the corresponding control signal is sent to the fuel injection sys-
tem, which modifies the fuel flow to the engine in order to increase the speed and

reduce the error. The governor usually operates in two modes, isochronous and

droop, which are described next.

Diesel Generator ac bus
: Speed Controller Actuator Prime Mover Rotating Electrical Cenerator
: Speed G Fuel Diesel Coupling Synchronous
: overnor Lo . :
‘ Reference | Injection Engine Shaft Generator _
Output Voltage :
Measured Speed §

Figure 1.2: Diesel generator speed control.
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A. Isochronous Control

Isochronous control refers to the ability of the prime mover to return to
the original reference speed after a load change (Fig. 1.3(b)). Therefore, an APS
with at least one generator in isochronous control will operate at fixed steady-state
frequency as long as the isochronous generator is capable of supplying the power
demanded by the load. Fig. 1.3(a) shows the static relationship between power and
frequency for a single generator in isochronous control mode.

One disadvantage of this strategy is that two or more parallel generators
in isochronous mode require auxiliary control loops to coordinate load sharing,

otherwise they tend to a condition of instability [7].

B. Permanent Droop Control

Permanent droop control refers to the ability of the prime mover to re-
turn to a different speed after a load change. When the load increases, the gener-
ator will stabilize to a speed lower than the original as shown in Fig. 1.3(d). Con-
versely, when the load decreases, the generator will stabilize to a higher speed.
Therefore, an APS with a single generator in permanent droop control will experi-
ence different operating frequencies as the load varies. Fig. 1.3(c) shows the static
relationship between power and frequency for a single generator in droop mode.

In a system of multiple generators, permanent droop control allows stable
operation by naturally sharing the load among them. Each generator supplies
power according to its own droop function and the resulting frequency will be

such that the combined load of all generators matches the total demand. Fig. 1.3(e)
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Figure 1.3: Frequency control strategies for prime movers in APSs.

This figure shows, for each case, the AP-f static curve (on the left) and a simulated
waveform (on the right) to illustrate the frequency variation after a step-like load
increase at t = 1s. (a)-(b) Isochronous control. (c)-(d) Droop control. (e)-(f) Droop control
for parallel generators.

shows the static relationships between power and frequency for two generators in
droop control mode, with AP, + AP, being the total power demand and f; the

resulting system frequency.

C. Frequency Stability
In an APS that operates with primary frequency control, the frequency in

steady-state is mainly determined by the mode in which the governor operates, i.e.
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isochronous or droop control. Given a condition of steady frequency, the concept
of frequency stability can be defined as “the ability of a power system to main-
tain steady frequency following a severe system upset resulting in a significant
imbalance between generation and load” [8]. Besides, it can be noted that, in order
to keep the system stable, the frequency variations during the transient condition
should be maintained within prescribed operational limits, otherwise they might
trigger protection/emergency relays that typically disconnect (unscheduled) por-
tions of the load or generators, resulting in a worse power imbalance [9, 10]. Fre-
quency stability is a problem of more concern in small APSs due to structural
differences with large interconnected power systems and it usually represents an
obstacle to integrate or increase the penetration of REs.

The transient behavior of the APS is determined by the characteristics
of the system. For instance, assuming that the response of the speed control of
Fig. 1.2 is not instantaneous, the speed deviation right after the power disturbance
will be dominated by the inertial response of the genset. To illustrate this effect
consider Fig. 1.4(a) where, starting from steady-state, the generated power equals
the electrical load and the generator rotates at constant speed. Then, a sudden in-
crease in the electrical load disturbs the power balance of the genset by demanding
more power that what is being generated. Due to the delay At in the control loop
the rotating masses of the genset naturally respond to this lack of generation by re-
leasing kinetic energy, resulting in a decrease in the genset speed, where the initial
rate of change is limited only by the inertia. It can be noted that a higher inertia

(J/ > J) helps to reduce the rate of change of frequency, however, the overall re-
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Figure 1.4: Frequency variation in a diesel generator.

(a) Inertial response. (b) Frequency transient.

sponse of the genset might be affected if only the inertia is changed and the rest of
the system characteristics (e.g. controller parameters) remain the same. Fig. 1.4(b)
shows that the frequency transient due to a step-like load increase becomes more
oscillatory when only the inertia is increased.

If diesel generators are not able to maintain frequency within prescribed
operational limits during the transient, the assistance of other components is re-
quired in order to avoid major disruptions in the power system. In this regard, load
management strategies can be used to add or remove load from the system [11-
14], helping to maintain the balance between power consumption and production
at the cost of decreasing the power quality and reliability for system users. Also
wind generators can be used (controlled) to support primary frequency control in
the short and/or long-term [6, 15-17]. For instance, in the case of variable speed

wind generators, short-term power compensation is typically performed by using
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the rotating parts of the generator as energy storage. This approach is naturally
limited by the amount of kinetic energy that can be stored or released from the
rotating parts of the generator [18], however, additional capacity can be achieved
by adding other type of energy storage to the system [19]. On the other hand,
long-term compensation strategies are typically performed by operating the wind
generator in a suboptimal condition (relative to the actual wind speed) that pro-
duces the necessary reserve for power compensation [20]. In this thesis only the

use of an ESS to support dynamic frequency control is investigated.

1.2.3 The Energy Storage System
The ESS of interest consists of a dc storage medium—the energy storage—
connected to the grid by means of a static power converter—the grid side converter.

A block diagram of the topology is shown in Fig. 1.5.

A. Energy Storage

The energy storage represents the appropriate medium to store and sup-
ply dc electrical energy according to the requirements of the application. Elec-
trochemical batteries are one of the most common storage medium used in grid
applications, with high energy density being its most notable characteristic [21].
Supercapacitors (SC), on the other hand, exhibit lower energy density than bat-
teries, but present fast dynamics in supplying and absorbing large and frequent
bursts of power [22, 23]. Since both technologies have complementary features in

terms of energy and power capacities, hybrid energy storage has been proposed as
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Figure 1.5: Energy storage system with hybrid storage.

a better solution for grid applications [24-29]. Fig. 1.5 shows two different con-

figurations of hybrid storage: cascaded and parallel. The cascaded connection

implies that the dc bus voltage must be controlled by the converter C1, while C2

is controlled to supply the low frequency components of the current demanded

by the dc-ac converter, lowering the stress on the batteries. A disadvantage is that

converter C1 has to support all the current flow and, if it fails, then C2 cannot

be used. On the other hand, in the parallel connection both converters can work

independently and their state-of-charge can be used to adjust their compensation

efforts accordingly.
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B. Grid Side Converter

Voltage source converters (VSC) are one of the most widely used topolo-
gies in applications that require an interface to the grid such as adjustable speed
drives, uninterruptible power supplies and flexible ac transmission systems [30—
32]. The basic three-phase topology, shown in Fig. 1.5, consists of an array of six
force-commutated switches, with a first order inductive filter on the ac side to
minimize line current harmonics. On the dc side, it requires constant dc voltage
and the mean value of the dc current determines if the converter operates as an
inverter, where the active power flows from dc to ac side, or as a rectifier, where
the active power flows from ac to dc side.

Voltage source converters present two characteristics which are suitable
for the ESS: first, a VSC needs a dc voltage source type element, which is naturally
provided by a battery, SC or battery-SC storage as well; second, a VSC can pro-
vide fast and accurate bidirectional line current control [33], which is needed for
short-term active power compensation in dynamic frequency control support. It is
important to note that the amplitude of the ac voltages of the VSC depends on the
voltage level of the dc bus. Therefore, if the dc voltage is not adequate, the VSC
might need a step-up transformer at the ac side to match the grid voltage level

(34, 35].

-12-
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1.3 LITERATURE REVIEW
The literature review is divided in two parts. First, a review of common
techniques that use the ESS to support frequency control is presented, then the

recent literature related to the virtual synchronous machine strategy is reviewed.

1.3.1 Frequency Control Using the ESS

A strategy that indirectly deals with dynamic frequency control is the
smoothing of the output power of intermittent sources [36]. This technique en-
tails generating a suitable reference for the ESS so that its output power cancels
the high frequency components contained in the output power of the intermit-
tent source. As a result, the fast variations of the grid frequency induced by the
intermittent source are attenuated. One disadvantage of this technique is that it
requires the measuring of the output power of the intermittent source, which re-
stricts the location of the ESS or establishes the need for a communication link to
transmit the measurements.

An approach that allows the autonomous control of distributed ESSs is
the frequency droop control [37]. This strategy, inherited from the operation of
conventional generators, relies on local measurements to control the output power
of the ESS with no need for a communication link. However, for a proper appli-
cation to ESSs, the “original” droop function needs to be modified to account for
the charging of the storage (reverse power flow) and its limited energy capacity
[38]. In its simplest form (permanent frequency droop) this technique is intended

to support only frequency regulation, thus it does not cope with the problem of
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dynamic frequency control. To address the latter a more sophisticated frequency
droop control is needed, as the one presented in [39] which has an additional droop

term that exists only during the transient (temporary frequency droop).

1.3.2 Virtual Synchronous Machine

A virtual synchronous machine (VSM) is a control strategy that was pro-
posed to cope with stability issues in power systems with large fraction of dis-
tributed generators connected to the grid through power converters [40-46]. The
main idea behind a VSM is to control the grid side converter of a distributed gener-
ator or ESS to emulate a synchronous generator (SG) or a desired characteristic of
it. The complexity of the mathematical model used for the emulation will depend
on the application [47]. Of particular interest in this thesis is the emulation of
characteristics of the synchronous generator that affect the frequency of the sys-
tem only during the transient, these are the inertial response and the damping
power.

The emulation of inertial response typically entails the control of power
that is inversely proportional to the first time-derivative of the grid frequency
[17, 48]. Therefore, when the frequency of the grid starts to decrease (a nega-
tive derivative), the power converter which is in charge of emulating the inertial
response starts to inject power to the grid until the frequency reaches its minimum
(when the first derivative is zero), then the frequency starts to increase (a positive
derivative) and the converter starts to absorb power. This process will continue un-

til steady-state is achieved. The gain that multiplies the derivative term is known
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as the virtual inertia. It is a parameter of the VSM and it is usually considered
to be constant. The main effect of adding virtual inertia to the system is that the
rate of change of the frequency decreases. However, assuming that all the system
parameters remain unchanged, a side effect of adding constant virtual inertia is
that the frequency will oscillate for a longer time before settling.

Considering that the first oscillation of the frequency is the most critical
one in terms of keeping the system stable, it might be a better approach to have a
variable virtual inertia that acts only during the first oscillations following a power
disturbance. In this regard, alternative approaches to emulate inertial response
that partially solve this problem have been presented in [6, 49], where a power
converter injects a predefined amount of constant power during a short period of
time to decrease the first frequency drop and its initial rate of change. Despite
the effectiveness of these techniques, they do not explore the use of a variable
virtual inertia that can change its value during operation, which is one of the main
advantages of VSMs over conventional generators [47].

Another function that helps to stabilize frequency is the injection of
damping power, which is typically calculated from the difference between a ref-
erence frequency and the actual frequency of the system. Any deviation from the
reference frequency produces a power that attempts to bring back the grid fre-
quency to the reference, attenuating the amplitude of the oscillations [17, 50]. The
gain that multiplies the difference is known as the damping coefficient. In the
case of VSMs, the damping coefficient is considered to be constant. Also, one of

the main assumptions in the calculation of the damping power is that the refer-
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ence frequency, which should be the nominal frequency of the grid, is known.
This assumption usually holds true in the case of stiff power systems or APSs that
operate in isochronous mode, where a fixed value of frequency can be expected
(e.g. 60Hz). However, this might not be the case of APSs that operate in droop
mode, where the frequency of the grid changes with the load level.

In summary, as far as this literature review is concerned, no studies were
found on VSMs with the ability of changing parameters during operation, nor on
VSMs operating in small power systems that operate with variable frequency. This

thesis aims to fill in these gaps in the research related to VSMs.

1.4  SCOPE OF THE THESIS

The main objective of this thesis is to develop a control strategy based on
a virtual synchronous machine to support dynamic frequency control in a diesel-
hybrid autonomous power system. In particular, this thesis makes the following
contributions:

Definition of operating regions: Studies on adding virtual inertia and
damping power to a diesel-hybrid APS [51, 52] suggested that, to limit the rate
of change and the maximum deviation of the frequency, a combination of virtual
inertia and damping power might be a better approach than only emulation of
inertia. However, it was not clear how to determine the values for these parameters
in order to modify the genset frequency transient response in a certain way. As a
solution, graphical representations (called the operating regions) that relate the

values of additional inertia and damping power with key parameters of the genset
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transient response were proposed.

Development of a diesel generator emulator: An inverter-based diesel
generator emulator suitable for fast dynamic transient studies has been imple-
mented [53, 54]. The main purpose of this emulator is the study of frequency
variations in a laboratory setting where the operation of a real genset is unfeasi-
ble. Experimental results showed that the emulator achieves a satisfactory perfor-
mance in the transient response as well as in the steady-state response.

Development of a frequency estimator: An estimator for the stabiliza-
tion frequency of the grid was designed in order to perform the damping function
of the VSM when the diesel-hybrid APS operates in frequency droop mode. Simu-
lation and experimental results showed a good performance of the estimator [55].

Development of a self-tuning VSM: The self-tuning VSM (ST-VSM) mod-
ifies its parameters according to a real-time optimization that aims to minimize the
power flow through the ESS. The effects of the inertial response of the ST-VSM on
the frequency transient in a diesel-hybrid APS were investigated in [56, 57]. Then

this result was also extended to the damping power function.

1.5 OUTLINE

The thesis is organized as follows. In Chapter 2 the mathematical models
of the main components of the diesel generator are developed and simulations
are conducted to verify the performance of the model according to the standard
ISO 8528-5:2005.

Then, in Chapter 3, the model of the elastic coupling shaft is simplified
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to a first order system, which represents the dominant dynamic of the shaft, and a
study to investigate the effects of the addition of inertia and damping coefficient
on the transient response is performed. From this analysis, a graphical represen-
tation of the relation between the additional inertia and damping coefficient and
key parameters of the transient response (peak deviation, peak time and initial
rate of change) is obtained. This graphical representation is called the operating
region.

In Chapter 4, an inverter-based genset emulator is implemented. A
discrete-time representation of the dynamic model developed in Chapter 2 is pro-
grammed in a DSP and its output voltages are used as references to control the
magnitude and frequency of the output voltages of an inverter. Simulations and
experimental results are presented to verify the transient and static response of
the emulator.

Chapter 5 presents the virtual synchronous machine strategy. A decou-
pled power control of the grid side converter is developed with a special design
for the d-axis current control loop, which has to follow the rapid changes of the
reference provided by the VSM. Issues regarding the synchronization of the con-
verter with the grid, the frequency measurement and the implementation of the
VSM are discussed. Simulation and experimental results are presented.

The self-tuning VSM is presented in Chapter 6. The proposed strategy
continuously performs the on-line minimization of a cost function that provides
optimal values for the virtual inertia and damping coefficient of the VSM. The cost

functions were defined using a predictive model strategy and the search spaces of

-18-



CHAPTER 1. INTRODUCTION

the optimization problems were defined using the concept of the operating regions
defined in Chapter 3. The performance of the ST-VSM was evaluated by simula-

tions for step-like load changes and wind power generation.
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MODEL OF THE DIESEL GENERATOR

2.1 INTRODUCTION

In a diesel-hybrid APS, the diesel generator is one of the main compo-
nents because it represents the primary source of energy and establishes the ac
voltage in the system. As discussed before in the introductory Chapter, a diesel
generator typically consists of a diesel engine coupled by a mechanical shaft to
a synchronous generator, the speed governor and the automatic voltage regulator
(Fig. 2.1). Under normal operation, the frequency of the output voltage mainly de-
pends on the dynamics associated to the rotational speed of the mechanical shaft,
which are much slower compared to the dynamics associated to the voltage con-
trol loop. In this Chapter, a model for the diesel generator is developed. Details
of the mathematical model and parameters used in simulations can be found in

Appendix A.
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v | dq
Wen ref G Uy Fuel Injection & Tm Coupling |“ge | Synchronous I;:S>
> (overnor Diesel Engine Shaft Generator
| A
wen A 4
Vtref

— AVR

Figure 2.1: Diesel generator model.
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2.2 THE MODEL

2.2.1 Diesel Engine and Fuel Injection System

Several models for the diesel engine can be found in the literature [5,
58-62] and the majority of them have in common three main elements: the fuel
injection system, a delay time representing the elapsed time from the fuel injection
until torque is developed at the engine shaft [59], and the inertia of the internal
rotating parts of the engine and flywheel. The effects of the inertia will be included
in the model of the coupling shaft, therefore, the differential equation of the model

and its corresponding transfer function are:

dr,,
te? :—Tm+keuw(t—td) (21)
Tm(s)  kee™'d*

u,(s)  tes+1

he(s) = (2.2)

where u,, is the control signal from the speed governor and t,, is the mechani-
cal torque developed by the engine. The parameters are f, the time constant of
the fuel injection system, k. the gain of the engine, and t4 is the delay time. If
the control signal, u,,, varies within the range [0, 1], then the engine gain, k., will
be the maximum torque developed by the engine. The values of the parameters,
summarized in Table A.1, were obtained from the datasheet [63] of a commercially
available 33kW diesel engine and from a 10kW diesel engine used in the experi-

mental setup in [64].
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2.2.2 Coupling Shaft
The coupling shaft of the genset is modeled as two rotational masses cou-
pled by a linear flexible shaft. The diagram of the model is depicted in Fig. 2.2

and the equations are:

dw
]end—ten = —kfensWen + kfswge —Tss T Tm (2-33)
dwge
]gew = KfsWen — kfgeswge T Tss — Te (2.3b)
dr
d:s = KgsWen — ksswge (2.3¢)

where the state variables are w,,, the rotational speed of the prime mover, Wge, TO-
tational speed of the electrical generator, and 7, the torque transmitted through
the spring element. The inputs are 7,,, the mechanical torque supplied by the
engine, and 7., the electromagnetic torque due to electric load. The parameters
are Jen, Jge the moments of inertia; ke, kgge the frictional losses coefficients of

the engine and electrical generator; k¢ and kg the torsional damping and stiff-

o) |
] . . w
: : &e
k : kss : ) k
fen — N — ﬂ fge
T )] : : ) =
=L
L : kfs ]ge
Jo |
Engine : Shaft : Generator

Figure 2.2: Diagram of the coupling shaft.
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ness coefficients of the shaft. To simplify the notation, the following parameters
were defined kfens = Kfen + kgs and Kgges = kgge + ki The parameters of model (2.3)
were obtained from datasheets [63, 65, 66] and they are summarized in Table A.1,
Table A.2 and Table A.3. For a later analysis of the transient response, system (2.3)
is written in the state-space form (A.2) and the transfer function we,(s)/Tm(s) (A.4)

is obtained.

2.2.3 Electrical Generator

The synchronous generator (SG) is represented by model 2.1 of the
IEEE Std. 1110-2002 for the modeling of synchronous generators [67]. This model
was chosen because of two reasons: first, as mentioned in [67], data supplied by
manufacturers is usually based on its structure and, second, it is the model used
by the simulation software used in this thesis. Since this is a well-documented
model, only the most important equations are presented. For a detailed deriva-
tion of equations and analysis refer to [5, 67]. Fig. 2.3 shows the electrical circuits
associated to model 2.1, which consist of two windings in the rotor d-axis—the
field and damper windings—and a single damper winding in the rotor q-axis. The
corresponding dynamic equations are typically formulated in terms of the flux

linkages on each winding as follows:

dipd q d
T NppWges — (Rg + Ry) ig (2.4a)
dug .
—(;bts = —TppWgeths — (Ry + Ry) i (2.4b)
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Figure 2.3: Electrical circuits of the dq model of the synchronous machine.

(a) d-axis circuit. (b) g-axis circuit.

di) :

E = _Rflf + Vf (24C)
gy pdid

Ay _Laa

F = —Rklk (246)

where g and g represent the flux linkages in the stator windings, 1,[)1‘3 and 1,[)1(3 the
flux linkages in the rotor damper windings, and 1, the flux linkages in the rotor
field winding. On the other hand, if and i;l represent the stator currents, il‘(1 and iE
the damper currents, and i; the field current. The relations between the currents

and the flux linkages are given in (A.5). The inputs of the model are the generator
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speed wge, which is given by the model of the coupling shaft; and the field voltage

ge’

v, which is given by the AVR. The outputs of the model are defined as:

3 . .
To = Enpp( Szg— ;lzsd) (2.5a)

3 [
vt:\/;Rl id? 4i3° (2.5b)

where 7, is the the electromechanical torque, which is an input for the model of
the coupling shaft; and v, is the rms value of the terminal voltage of the SG, which
is controlled by the AVR.

The parameters of the model are n,,, the number of pole pairs of the rotor,

pp’
R, the stator resistance, R, the field resistance, Rﬂ and RE, the damper resistances,
Lg] and L?n, the mutual inductances, LSI and Lgl, the stator leakage inductances, Lﬁl
and LEI, the damper leakage inductances, L, the field leakage inductance, and R,
the load resistance. The values for the parameters, presented in Table A.3, were
obtained from the datasheet [65] of a commercially available 38 kVA synchronous

generator. The linear model of the SG, which will be used later, was derived from

the nonlinear model (2.4) with outputs (2.5) and is presented in Section A.3.

2.2.4 Automatic Voltage Regulator (AVR)

The model for the AVR is built based on information from the
IEEE Std. 421.5 [68] and the datasheet [65] of the SG modeled in the previous sec-
tion. The model consists of a single-phase thyristor rectifie—modeled as a first

order system [69]—controlled by a proportional-integral (PI) controller. A block
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diagram of the AVR is shown in Fig. 2.4, and the corresponding equations are:

% = kiv (vtref_vt+uv_yv) (2.621)

Vo = 2y + kpy (Verer — V) (2.6b)
dvf

trecE = —V¢ + kpectty (2.6¢)

where the variables are v, the measured terminal voltage from the SG model, vy ¢
the terminal voltage reference, z, the integrator state, y, the non-saturated out-
put of the controller, u, the saturated output of the controller, and v, the output
voltage of the rectifier which is the input voltage for the SG field winding. The
parameters are k;, the proportional control gain, k;, the integral control gain, f..
and k... the time constant and gain of the rectifier. The anti-windup function is
accomplished by compensating the input to the integrator with the difference be-

tween the saturated and the non-saturated outputs of the PI controller [70].

k, | %
S
—_—
Vtref Vv
— kp,,
' ~—

Figure 2.4: Block diagram of the automatic voltage regulator.
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2.2.5 Speed Governor
The speed governor [71] has the structure of a PI controller with the droop
function implemented by the feedback of the controller output. A block diagram

of the governor is shown in Fig. 2.5, and the corresponding equations are:

dz,
W = kia)(wenref_wen_kdrua)+ua)_ya)) (2-73)
Vo = Zu)+kpw(wenref_wen_kdruw) (2'7b)

where the variables are w,,f the speed reference, z, the integrator state, y,, the
non-saturated output of the controller, and u, the saturated output of the con-
troller. The parameters are kp, the proportional control gain, ki, the integral
control gain, and kg4, the speed droop gain. The speed droop gain is defined as
kar = mgrQen, where my, is the static droop slope, and (), is the prime mover
nominal speed. The output saturation range [0, 1] is necessary to account for the
operating stroke of the actuator [72]. As in the case of the AVR, the speed governor

is also provided with the anti-windup function.

Wenref

—b@—b

wen [

Figure 2.5: Block diagram of the speed governor.

Yo 1 Uy
Kow SN
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l
L
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2.3 SIMULATIONS

The AVR and speed governor were tuned by trial-and-error, with the
genset operating in isochronous mode, to comply with the transient performance
of the class G3 of the standard ISO 8528-5:2005 [73]. Controller parameters used
in the simulation are presented in Table A.4 and Table A.5. Two tests of the stan-
dard were simulated to verify the transient performance of the genset. The first
simulation was a 100 % load rejection test. The genset was operated in isochronous
mode and it started in a full-load condition of 33kW, which is the genset contin-
uous output power (F.,). Fig. 2.6 shows the simulation results, where Fig. 2.6(a)
shows the rms value of the terminal voltage and Fig. 2.6(b) the rotational speeds
of the shaft model.

The second simulation was a load acceptance test that entailed a sudden
load increase. The datasheet [63] of the diesel engine specifies that it can accept
a load increase of up to 100% of its continuous output power in a single stage,
then the value of 90% was selected for this simulation. The genset was operated
in isochronous mode and it started in a no-load condition. Fig. 2.7 shows the sim-
ulation results, where Fig. 2.7(a) shows the rms value of the terminal voltage and
Fig. 2.7(b) the rotational speeds of the shaft model.

Table 2.1 presents the transient parameters obtained from the two previ-
ous simulations and the corresponding specifications of the standard. The max-
imum deviations are measured with respect to the initial value of the variable,

and the recovery time corresponds to the elapsed time from the moment the dis-
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Figure 2.6: Load rejection test under isochronous operation.

Waveforms for a 100 % load decrease at t = 1s. (a) rms value of the output terminal
voltage. (b) Shaft rotational speeds, with a detailed view of the prime mover speed, wep,,
and generator speed, wge.

turbance occurs until the variable enters and remains in the settling band (+1 %
for the voltage and +0.25% for the frequency). The results show that, under the
conditions of the simulated tests, the model performs according to the standard.
However, it must be noted that the standard consists of a large number of specifi-

cations, from which the ones presented in Table 2.1 were chosen according to the
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Figure 2.7: Load acceptance test under isochronous operation.

Waveforms for a 90 % load increase at t = 1 s. (a) rms value of the output terminal
voltage. (b) Shaft rotational speeds, with a detailed view of the prime mover speed, wep,,
and generator speed, wge.

purpose of the model, which is to investigate frequency stability in diesel-hybrid
APSs.

Finally, a third simulation is performed to verify the transient perfor-
mance of the model for three different values of speed droop: 0%, 3% and 5 %.

The simulation consists of a load increase of 50% of the Pcp, starting from a no-
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Table 2.1: Comparison between simulation results and
class G3 ISO 8528-5:2005.

Frequency” Voltage'

Specification
ISO Std. Simulation ISO Std. Simulation

Maximum deviations due

< (0) . o) < o) . (0)
to 100 % load decrease = 10% 6.5% =20% 6.5%
Recovery time after
< 2.2 <4 1.

100 % load decrease <3s S =28 3s
Maximum devir«:ltions due <7% 5.6% <15% 3.6%
to sudden load increase

Recovery time after <35 195 < 4s 08s

sudden load increase

*Steady state tolerance band < +0.25%
TSteady state tolerance band < +1%

load condition. Fig. 2.8 shows the simulation results.

Fig. 2.8(a) shows the waveforms of the rms value of the terminal voltage,
where it is observed that the performance of the AVR changes as the droop in-
creases. The maximum deviation is not significantly affected, but the recovery
time is almost doubled for a droop of 5% in comparison to the isochronous mode.
However, it remains lower than the limit of the standard, because the original re-
covery time—for isochronous mode—was designed with a relatively low value.

Fig. 2.8(b) shows the waveforms of the rotational speed of the diesel en-
gine, where it is observed that the maximum deviations increase as the value of
the droop increases. Nevertheless, they still comply with class G3 specifications,
because the standard relaxes the limit according to the value of the droop factor.

On the other hand, the recovery time is not significantly affected.
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Figure 2.8: Load acceptance test under droop operation.

Waveforms for a 50 % load increase at t = 1 s and three different values of speed droop
mg,. (a) rms value of the output terminal voltage. (b) Prime mover rotational speed.
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2.4  DISCUSSION AND CONCLUSIONS

The modelling and simulation of a diesel generator have been presented
in this Chapter. The model consists of five subsystems representing: the fuel in-
jection and diesel engine, the coupling shaft, the electrical generator, the speed
governor, and the automatic voltage regulator. The parameters of the model were
obtained from datasheets of commercially available components, and the parame-
ters of the speed governor and AVR were selected by trial and error so the transient
performance of the model complies with class G3 of the standard ISO 8528-5:2005
for isochronous operation.

Simulations were conducted to evaluate the transient performance of the
model for speed droop operation. Considering a step-like load increase from no-
load to 50% of the continuous output power of the genset and speed droops of
3% and 5%, results showed that the overall transient response is deteriorated as
the droop increases, however the maximum deviations and recovery times remain

within the limits of the standard, for which the controllers were tuned.
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CHAPTER 3

ANALYSIS OF THE GENSET
FREQUENCY TRANSIENT RESPONSE

3.1 INTRODUCTION

As it was mentioned in the introductory Chapter, the main objective of
this thesis is to develop a control strategy that uses an energy storage system
to emulate inertial response and inject damping power to support dynamic fre-
quency control in a diesel-hybrid APS. Ideally, such a control strategy—a virtual
synchronous machine—would produce the same results as if the inertia and damp-
ing torque of the diesel generator were changed [51]. Therefore, before designing
such a control strategy, it might be useful to have a better understanding of how
these parameters affect the frequency transient response of a diesel generator. The
latter is investigated in this Chapter.

In order to characterize the frequency transient response due to a step-
like power disturbance, as shown in Fig. 3.1, the following quantities are defined:
i) Peak frequency deviation, Af,: the maximum frequency deviation, rela-

tive to its initial value, following a power disturbance. When referred as

the peak frequency (measured in absolute terms) is represented by f,.

ii) Peak time, t,: the elapsed time from the moment the disturbance is ap-
plied until the peak frequency occurs.

iii) Initial rate of change, rocs: a measure of how fast the system reacts to the
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Frequency (pu)
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Time, t (s)

Figure 3.1: Transient response characterization.

disturbance and is calculated as roc; = Af,/tp.

3.2  REDUCED-ORDER MODEL OF THE COUPLING SHAFT

The third-order model of the coupling shaft (2.3) is a good representation
of the phenomena associated to the elasticity of the shaft, however it produces high
frequency oscillations in the speed variables that complicate the task of finding f,,
tp and rocy. Therefore, for purpose of finding these parameters of the transient
response, a reduced-order model is employed. The two-mass model of Fig. 2.2 can
be simplified to an equivalent single-mass model by assuming a perfectly rigid
coupling shaft where there is no dynamic interaction between the engine and the
generator (wep = Wge, Y1). Then, model (2.3) is reduced to the following first-order

model:

]eqT = _kfeqweq+Tm_Te (3.1)
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and its corresponding transfer function:

_weqls) 1
10(9) = () T Teas + Kiug (3.2)

where wq is the equivalent rotational speed of the diesel engine-electrical gener-
ator set, Joq = Jen + Jge is the equivalent moment of inertia and kgeq = kfen + kgge the

equivalent frictional losses coefficient.

3.2.1 Comparison of Single-Mass and Two-Mass Models

From Table 3.1 it can be observed that the real part of the complex poles
of transfer function hgp11 = Wen(5)/Tm(s) (defined in (A.4)) is 65 times greater than
its real pole (Re(p,)/Re(p1) =~ 65). Therefore, we can consider hg,1; as a first-order
dominant system which behaves similar to h.q at low frequencies, with both mod-
els having the same gain in steady-state (1/kgeq). From Fig. 3.2 can be noted that for
frequencies over 50 rad/s both transfer functions differ in magnitude and phase,
however in that range of frequencies the attenuation is greater than —40dB. In

conclusion, transfer function h.y might be considered as a reduced-order repre-

Table 3.1: Poles and zeros of coupling shaft models.

Description Symbol Real Part (Re) Imaginary Part (Im)
heq real pole Peq -0.1154 0

hgn11 real pole P1 -0.12 0

hsh11 complex poles P23 -7.85 +139.6

hgn11 complex zeros Z12 -5.76 +119.38
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Figure 3.2: Bode plots of coupling shaft models.

Comparison between transfer functions of the two-mass model, k11, and the equivalent
single-mass model, hq. (a) Magnitude plot. (b) Phase plot.

sentation of hgyqq.

A simulation is performed to compare the genset transient response for
both models of the coupling shaft. From the results shown in Fig. 3.3, it is observed
that, as it was anticipated from the analysis in the frequency domain, the reduced-
order model is a good representation of the dominant dynamic of the elastic cou-

pling shaft. Also, the equivalent frequency waveform, w,q in Fig. 3.3(b), looks
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Figure 3.3: Genset transient response for two different coupling shaft models.

Waveforms for a 50 % load increase at t = 15, and considering coupling shaft models (2.3)
and (3.1). (a) rms value of the output terminal voltage. (b) Coupling shaft rotational

speeds.

more suitable for the calculation of the frequency peak. As a form of comparison

between the waveforms depicted in Fig. 3.3(b), consider that the peak frequency

calculated from wg, is 0.9685 pu, from we, is 0.9704 pu and from wq is 0.9713 pu.

Then, taking the average of the first two (@ = 0.9695) as an hypothetical but plau-

sible value of actual frequency, the error in the peak frequency calculated from w

ge

and we, would be ~ 0.1% and from we, it would be ~ 0.2%. This shows that the
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error in the peak frequency calculated from weq is relatively low and in the same

order of magnitude than the errors obtained with the higher-order model.

3.3 EFFECTS OF ADDITIONAL INERTIA AND DAMPING

The model used for the study of the effects of additional inertia and
damping is the one presented in Chapter 2, but replacing the model of the cou-
pling shaft by its first-order equivalent model (3.1). The transient frequency re-
sponse of this model, shown in Fig. 3.4, is obtained for different values of addi-
tional inertia, J,, and damping, D,. The additional inertia is added to the equiva-
lent inertia of the model, Jeqr and the additional damping is added in the form of
damping torque to the sum block at the input of the coupling shaft. Fig. 3.5 show
the simulation results of the genset response to a 50 % step-like load increase from
no-load initial condition, when it operates in isochronous mode (mg, = 0).

Fig. 3.5(a) depicts the output frequency for different values of additional
inertia J,, while the rest of the parameters remain constant. It is observed that the

higher the inertia the lower the initial rate of change of frequency is, which can be

wenref a)eq lRl
| qu
Wen ref . Uy, Fuel Inj. & Tm Synchronous ::S>

overnor Diesel Engine ]eq+]a 5+kfeq Generator
Coupling Shaft 4
1 _ v v,
eq !
Vtref

—>» AVR

Figure 3.4: Genset model with first-order coupling shaft and additional
inertia and damping.
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Figure 3.5: Effects of the inertia and damping on a frequency transient.

(a) Frequency transient for different values of additional inertia and zero additional
damping. (b) Frequency transient for different values of additional damping and zero
additional inertia.

seen right after the load change takes place (t = 1s). Also the peak frequency devi-
ation is reduced by increasing the inertia, however, the system response becomes
more oscillatory. On the other hand, Fig. 3.5(b) depicts the output frequency for
different values of additional damping coefficient D,, while the rest of the pa-
rameters remain constant. It is observed that increasing the additional damping

produces a reduction in the peak frequency deviation, but the system reaches the
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peak value more rapidly.

3.3.1 Operating Region

So far, the effects of additional inertia and damping on the frequency
transient response have been explored separately. The proposed concept of op-
erating region would provide a single graphical representation where it is possible
to appreciate the combined effect of varying both parameters on the frequency
transient response. In order to obtain the operating region, the previously defined
quantities: fp, t and roc fare plotted as functions of the additional inertia, J,, and
damping coefficient, D,. Furthermore, to account for the effect of the speed droop
control, the resulting surfaces are parametrized upon the droop factor, mgy,. The

surfaces related to the peak frequency are defined as:

ot ={(JuDas o U Da),,, ) <R : U D) € U} (3.3

the surfaces related to the peak time as:

o ={ {JarDartp U D), )< B 5 U D) € U} (3.4

and the surfaces related to the rate of change as:

o, = {(]a,Da, t0c; (o D, ) SR : D) e U} (3.5)
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where U is the subspace that defines all the possible combinations for parameters
(Ja,D,), and c is a constant that represents the value of the speed droop factor that
parametrizes the surfaces.

Fig. 3.6 presents the results for the peak frequency considering the sub-
space U =[0,5]x[0,50]. Fig. 3.6(a) shows three parametrizations of surface o,

namely: of; defined for my, = 0, o, defined for my, = 0.03, and o¢3 defined for
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Figure 3.6: Characterization of the peak frequency.

(a) Three parametrizations of surface o¢. (b) Contour map for o¢ (mg, = 0).
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mgy = 0.05. Fig. 3.6(b) shows the contour map of of;. The same results are pre-
sented for the peak time in Fig. 3.7 and for the rate of change in Fig. 3.8.

Now, the contour maps of Fig. 3.6(b), Fig. 3.7(b) and Fig. 3.8(b) are super-
imposed and presented in one graph shown in Fig. 3.9. Here it is possible to define
an operating region as a set of points in U where the frequency transient response

satisfies certain specifications in terms of peak value, peak time and initial rate of
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Figure 3.7: Characterization of the peak time.

(a) Three parametrizations of surface o;. (b) Contour map for oy (mg, = 0).
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change. Fig. 3.9 presents an example of an operating region A that shows what are
the range of values of additional inertia and damping that modify the transient
response of Fig. 3.3(b), so it is bounded to f, € [0.98,0.99], t, € [0.15, 0.3], and
rocs € [-0.06,-0.1]. As it will be shown later in Chapter 6, these operating regions
can be used to design a control strategy that support frequency control during the

transient.
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Figure 3.8: Characterization of the frequency rate of change.

(a) Three parametrizations of surface o,. (b) Contour map for o,; (14, = 0).
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Figure 3.9: Definition of an operating region.

3.4  DISCUSSION AND CONCLUSIONS

The frequency transient response of the genset was characterized in terms
of its peak frequency deviation, peak time and rate of change. Then, using a
reduced-order model for the coupling shaft, the effects of additional inertia and
damping on the frequency transient were investigated. Finally, the concept of op-
erating region was proposed as a way to identify a set of values (J,, D,) for which
the frequency transient satisfies certain specifications in terms of peak frequency
deviation, peak time and rate of change.

During the studies conducted in this Chapter, it was observed that most of
the benefits of adding inertia are obtained during the initial part of the frequency
deviation. After that happens, the additional inertia seems to deteriorate the tran-

sient response. In a similar way, it was observed that the additional damping helps
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to attenuate the frequency oscillations, but it increases the initial rate of change.
Since the above problem originates because the governor has been tuned
considering only the values of the original parameters, a solution could be the re-
tuning of the speed governor each time the additional inertia and damping are
changed. However, this approach would create dependence between the tuning
of the governor and the values of the additional inertia and damping. Another
solution could be the design of a robust control strategy for the governor capable
to handle variations in the parameters of the system. Although these are plausible
solutions to compensate for the addition of inertia and/or damping to the system,
they have to be implemented in the genset side. On the contrary, the operating
regions allow knowing a priori how the additional inertia and damping will affect
the transient response, and therefore it is possible to find a solution without mod-
ifying the governor. The application of the operating regions in the design of a

VSM will be shown in Chapter 6.
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CHAPTER 4

INVERTER-BASED DIESEL GENERATOR
EMULATOR

4.1  INTRODUCTION

The main motivation for developing the emulator is that most laboratory
facilities are not suitable for the operation of a real diesel generator because of the
noise and combustion gases, among other factors. In addition, the advantage of an
inverter-based emulator over a machine-based one is that the emulated machine
can have, to some extent, desired characteristics for a particular test and it can also
include characteristics of the mechanical load or prime mover [74]. In this case the
emulator represents a diesel generator, which basically consists of a synchronous
generator with voltage control driven by a diesel engine with speed control.

Previous research on the emulation of electrical machines with power
converters has been conducted in [74, 75] and more recently in [76, 77]. The main
purpose of these emulators was the testing of machine drive systems, where the
inverter currents are controlled using the output currents of the emulated ma-
chine as references. It is implicit here that the stator voltage is measured from
the grid and supplied to the machine model when solving the equations to obtain
the output currents. However, in this case, it is the diesel generator that provides
the voltage, and therefore, it is the stator voltage that has to be controlled instead

of the currents. For this reason, as it will be shown later, capacitors are included
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in the output of the inverter and the control strategy for the inverter is voltage

control with inner current control loops.

4.2  SYSTEM OVERVIEW

A block diagram of the emulator system is shown in Fig. 4.1. The voltage
source inverter (VSI) is a three-phase two-level topology with an LC output filter.
The dc power for the inverter is supplied by a three-phase full wave diode recti-
fier and the load is a variable resistor bank. The digital control system is based
on the Spectrum Digital development kit eZdsp-F2812 (DSP), where all the pro-
gramming is developed in C language. A local personal computer (PC) connected
to the DSP via a JTAG interface is needed for programming and local operation.
The main tasks of the DSP, in order of execution, are: measure the voltage and

currents from the power circuit, run the model of the genset, and use the output

Genset Emulator

Monitoring ‘| Programming dc Power
Remote PC Local PC Supply
ac Power

Digital Signal Voltage Source | :
<:>f Processor ::> Inverter E:> Load

Ethernet:

Gating

ﬁ 0-3y  Signals

[ Sensors ] <
Voltages and Currents

Figure 4.1: Block diagram of the genset emulator.
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voltage of the model to control the output voltage of the inverter. The DSP controls
the inverter through the gating signal, which are a set of six pulse-width modu-
lated signals in the range of [0,3] V. Since the inverter requires signals of 15V, a
voltage step-up circuit is required. The voltage and current sensors have both the
same structure: a Hall-effect transducer at the input and a gain and offset con-
ditioning stage at the output. The signal conditioning stage is necessary to adapt
the bipolar electrical variables (measured ac currents and voltages) to the unipolar
[0,3] V range of the analog inputs of the DSP.

As an additional feature, a communication routine has been programmed
in the DSP allowing the emulator to communicate with a remote monitoring PC
through an Ethernet interface. A MATLAB graphic user interface (GUI) is imple-
mented in the monitoring PC, which can be used to display measured variables
such as voltages and currents, and to set parameters, such as the droop factor. The
reprogramming of the DSP is not possible through the monitoring PC and it has to
be done via the local PC connected through the JTAG interface. A schematic of the
entire setup and the control strategy is shown in Fig. 4.2. Fig. 4.3 show pictures of
the emulator implemented in laboratory. The abc/dq transformations used in the
control are presented in Appendix C. The values of the power circuit parameters
are presented in Table B.1 and Table B.2; the design of some of its components is

also presented in Section B.2.1.
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Figure 4.3: Experimental setup of the genset emulator.

(a) System overview, 1: Programming and monitoring PC, 2: Scope, 3: Control system,
4: Inverter, 5: Variac, 6: Output filter, 7: Load. (b) Control system, 1: DSP board,
2: Voltage and current sensors, 3: PWM voltage step up, 4: Gating signals, 5: analog
outputs, 6: JTAG and Ethernet interfaces. (c) Power circuit, 1: Inverter, 2: Filter inductors,
3: Filter capacitors, 4: Load resistors bank.
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4.3 CONTROL OF THE VOLTAGE SOURCE INVERTER

A control strategy in the dq reference frame is designed for the inverter
so that its output voltages follow the references obtained from the genset model.
To follow the voltage references with a desired performance, the currents of the
inverter must also be controlled. The model of the converter used to design the

controllers is the following [78]:

did R, q 1 V4
_di :—fzf+wizg—zvg+fmd (413)
dlzl R .q .d 1 q  Vdc q
—dt :_ZIL_a)iZL —ZvC+Tm (41b>
dvd 1 1.
dvl 1 1

C . . d

where R,L and C are the parameters of the ac filter, v4. is the dc bus voltage, igoad

and iIC,load are the load currents, ig and ig are the inductor currents, vg and vg are

the capacitor voltages, and m? and md are the control inputs. Note that wj, the
fundamental frequency of the inverter output voltages, is imposed by the genset

model generator speed as w; = n where 1, is the number of pole pairs of

ppWge, pp

the electrical generator.
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4.3.1 Current Control
The proposed control law is based on the input-output linearization

method [79], which basically entails defining the modulation index as:

1 . .
md = —(sz—wing+vg+Lud) (4.2)
Vdc

so when it is replaced in (4.1a) all the non desired terms are eliminated, leading to

the following equation:

did
E =Uu (4:3)

where 14 becomes the new control input. Then, by defining the new input in the

Laplace domain as:
K,

ud = (id - if) -kl (4.4)

and replacing it in (4.3), the following second-order transfer function is obtained:

d d
it (s) k3
His) = G = o — (45)
I ef(8) 7+ kys+ky;

The same procedure is applied to design the controller for the q axis current (4.1b)

and both controllers are tuned with the same parameters.

-53-



CHAPTER 4. INVERTER-BASED DIESEL GENERATOR EMULATOR

4.3.2 Voltage Control

Given that the current loop will be designed to be sufficiently faster than
the voltage loop, in the design of the voltage controllers it is assumed that the
inductor current ig is equal to its reference igref‘ Then, applying the same control

technique used to design the current controllers, if rof S 15 defined as:

id =il —wCvd+Cgd (4.6)

d

and then replaced in (4.1c) under the assumption i resulting in the fol-

_ .d
= Lref
lowing equation:

d
dvc_ d

where g4 becomes the new control input. Then, by defining the new input in the

Laplace domain as:

kd
gd= (vf—vg)% —kgvvg (4.8)

and replacing it in (4.7), the following second-order transfer function is obtained:

dioy — ve(s) _ K,
hv (S) - d - d d
vs(s)  s2+kpys+ki,

(4.9)

The same procedure is applied to design the controller for the q axis volt-

age (4.1d) and both controllers are tuned with the same parameters.
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The design of the four controllers (dq currents and voltages) is done by
assigning values to the second-order standard parameters: damping ratio (C) and
natural frequency (w,). The relations between the controller gains and the stan-
dard parameters w, and C are given by (B.2) and (B.3). First, a damping ratio of
C = 0.8 is set for all the controllers. Then, the natural frequency for the current
loops is chosen to have a fast current response that is achievable by the setup.
Finally, the natural frequency for the voltage loops is chosen to have a response
five times slower than the current loops. The parameters of the control system are

summarized in Table B.3.

4.4  DIGITAL IMPLEMENTATION
The linear models of the genset components (A.1), (A.2), (A.6), (A.7), and

(A.8) are combined into a single model in the following state-space form:

dxg
E = Agxg + bgug (4103)
Yg = CoXg +dgiutg (4.10b)

where the state vector is defined as x, = [id

i i iﬁl il‘j Wen Wee Tss Tm Zo Vg z,]T, the

input as u, = Ry and the outputs as y, = [vd v wge]T. The matrices of the system
are defined in Section B.1. To solve system (4.10) in the DSP, the matrices and vec-
tors Ag, by, C; and dg are converted to their discrete-time equivalent considering

a sampling time of 100us, which is the execution time of the DSP control task.

The conversion is done in MATLAB with the function “c2d”. After the conversion,
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system (4.10) can be written in its discrete-time form as:

Xg(k +1) = Agx, (k) + by (k) (4.11a)

yg(k) = Coxg (k) + dgug (k) (4.11b)

where the symbol ’ denotes the discrete-time converted matrix or vector, and the
variable k represents the current sampling time.

Now, the genset model (4.11) can be directly programmed into the control
task of the DSP. Note that matrices and vectors of model (4.11) need to be calcu-
lated beforehand, which restricts the emulator to accept only predefined variations
of its parameters during operation. Therefore, in order to test the emulator for dif-
ferent values of speed droop, the elements of matrix A, that are affected by the
droop factor (rows 9 and 10) must be calculated for the desired values of kg4, in ad-
vance. Then, during the execution of the model, the program uses the appropriate
elements according to the actual value of droop. Note that the droop factor can be
changed by the user at any time during the operation of the emulator.

The input of model (4.11), which is defined as the resistance of the load,
it is not directly measured from the setup then its value is calculated as:

d
v

T .
1 gaa |

R (4.12)

dq d
where v-" and ij __, are the load voltages and currents.
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4.5 PERFORMANCE EVALUATION

Two types of tests were conducted to evaluate the performance of the
emulator at different values of speed droop: one test for the steady-state response
and another test for the transient response. In all the tests, channel one (Ch1) of
the scope recorded the analog output of the DSP that was assigned to the (internal
model) generator speed wg. and channel two (Ch2) of the scope was used to record

the output voltage of phase a, v{.

4.5.1 Steady-State Response

This test was performed to verify the steady-state frequency droop of the
emulator for three different values of droop: 0%, 3% and 5%. For each value
of droop the equivalent resistance was decreased—or the load was increased—in
seven steps from an equivalent resistance per phase of 50Q) to 22.7(). On each
step the variables of interest were recorded once the system reached steady-state.
Table B.2 summarizes the equivalent resistance and the corresponding combina-
tion of resistors from the bank for each step. The starting load of 50() was chosen
to start with a current greater than the minimum for which the output filter of the
inverter was designed.

Fig. 4.4(a) shows the data recorded from channel 1 for 0% droop, where
practically no variation in steady-state is observed. On the other hand, Fig. 4.4(b)
and Fig. 4.4(c) show the data recorded for 3 % and 5 % droop respectively, where
it is observed that a speed variation occurred due to the droop factors. The data

recorded from these tests is compared with the theoretical droop curves and the
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Figure 4.4: Steady-state response of the emulator for different values of droop.

Ch1: Generator speed. (a) 0% speed droop. (b) 3% speed droop. (c) 5% speed droop.

frequency readings from the scope in Fig. 4.5. From this figure it can be seen that
the droop characteristics of the internal model, as well as the frequency readings
from the scope, are very close to the theoretical droop curves. In fact, the average
error between the internal model and the theoretical droop curves is relatively low
and in the same order of magnitude than the error in the actual frequencies indi-

cated by the scope (~ 0.1%). All the calculated errors are summarized in Table B.4.
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Figure 4.5: Steady-state response of the emulator for different values of droop.

Experimental and theoretical static droop curves.

4.5.2 Transient Response

This test was performed to verify the transient response of the emulator
for three different values of droop: 0%, 3% and 5%. For each value of droop
the equivalent resistance was decreased—or the load was increased—from step 4
to step 6 by connecting R, in the three phases at the same time (see Table B.2).
This change in the resistance produced an equivalent 50 % load increase for the
internal model. In order to record the transient response, the scope was set to be
triggered by a negative slope of channel 1. Fig. 4.6 shows the data recorded from
these tests, where it can be seen the difference in the transient responses due to
the speed droop. Then, the above test was repeated, but this time a value close to
the nadir* was used to trigger the scope. By doing this, it was possible to know the

value of the actual frequency at the nadir of the waveforms presented in Fig. 4.6.

“Lowest value of the frequency during a transient [80].
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Figure 4.6: Transient response of the emulator for different values of droop.

Fig. 4.7(a) shows a screen capture of the scope for 0% droop, where the speed
nadir has a value of -2.124V and the scope indicates a minimum frequency of
48.6 Hz. Fig. 4.7(b) shows a screen capture of the scope for 3 % droop, where the
speed nadir has a value of -3.244 V and the scope indicates a minimum frequency
of 48.12 Hz. Fig. 4.7(c) shows a screen capture of the scope for 5% droop, where
the speed nadir has a value of -3.859V and the scope indicates a minimum fre-
quency of 47.85 Hz. To compare these results with the simulated ones presented
in Chapter 2, the values from channel 1, which are in Volts, were converted to pu
using the scale obtained from the steady-state tests (0.0125 pu/V). On the other
hand, the values of frequency obtained from the scope, which are in Hertz, were
converted dividing by the nominal frequency (50 Hz). From the calculated errors,
shown in Table B.5, it can be noted that the errors of the internal model are slightly
higher than the errors in the frequencies indicated by the scope. However the av-

erage of all the errors is close to 0.17 % which is relatively low and consistent with
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the average of the errors calculated in the steady-state tests.
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Figure 4.7: Measurement of the frequency nadir for different values of droop.

Ch1: Generator speed, Ch2: Phase voltage. (a) 0% speed droop. (b) 3% speed droop.
(c) 5% speed droop.
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4.6  DISCUSSION AND CONCLUSIONS

In this Chapter the implementation of an inverter-based diesel generator
emulator has been presented. The main purpose of this emulator is the study of
frequency variations in diesel-hybrid autonomous power systems in a laboratory
setting, where the operation of a real genset is unfeasible. The emulator consists
in a voltage-controlled inverter, where the voltage references are calculated from
the genset model which is executed in real-time in a DSP.

Experimental tests were performed to verify the steady-state and tran-
sient response of the emulator for three different values of speed droop: 0%, 3 %
and 5%. For the steady-state response, the measured frequencies deviated from
theoretical values with an average error of 0.124 %; for the transient response, the
measured frequency nadirs deviated from simulations with an average error of
0.139%. These results showed that the emulator achieved a satisfactory perfor-

mance in representing the output frequency of a diesel generator.
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VIRTUAL SYNCHRONOUS MACHINE

5.1 INTRODUCTION

A VSM entails the control of the grid-interface converter of a distributed
generator or ESS in order to emulate a synchronous generator or a desired charac-
teristic of it. Different realizations of the VSM can be developed depending on the
application. In this particular case, the VSM is implemented on the ESS and the
strategy proposed to support dynamic frequency control involves emulating the
inertial response and the damping power of a synchronous generator, which are
present only during a transient.

Fig. 5.1 illustrates the concept of the VSM used in this thesis. The grid
frequency is locally measured at the point where the ESS is connected and then,
based on the measured frequency, the output power of the VSM is calculated,
which turns out to be the reference for the output active power of the ESS. In
order to control the ESS as a VSM, it is necessary to have a decoupled control over

Virtual Synchronous Machine

14
| PESSref = PVSM

Inertial Response

I i Damping Power
I
I | ESS
I
I
I

\

—_— e - e = =

Grid
Figure 5.1: Block diagram of the VSM control.
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the active and reactive power of the grid side converter. Such a control strategy is

presented in the next section.

5.2 CONTROL OF THE GRID SIDE CONVERTER

As mentioned in the introductory Chapter, a voltage source converter
(VSC) is considered as the ESS interface to the grid, because it can provide fast
and accurate bidirectional power control, which is a desired property regarding
short-term active power compensation. Fig. 5.2 shows the schematic of the topo-
logy and a block diagram of the control strategy. The dq model of this topology is

the following:

did R 1 4
ESS . . d
¥ :—fzf+a)zgss—fvg+fmd (5.1a)
di}czlss _ Rgq .d l q Vdc g 51b
dt ——ZZESS—wZESS—ng +Tm ( . )

where R and L are the parameters of the ac filter, vq. is the dc bus voltage, iSSS and

d

q
G and Vg are the

igss are the inductor currents, m9 and m9 are the control inputs, v
grid voltages, and w is the fundamental frequency of the grid. In this model the

active and reactive powers calculated at the output of the inverter, pgss and ggsg

respectively, are defined as:

_.dq .dq _ d.d q.q9

PESs = Vg "1ggg = Vg Igss + Vglggs (5.2)
_dq _.dq _ d.q q.d

gess = Vg X1pgg = Vglpgg — Vglggg (5.3)
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Figure 5.2: Decoupled current control of a VSC.

If the inverter is perfectly synchronized* with the grid voltages, and a
balanced grid is assumed, then (according to (C.3)) it follows that vg = 0 and the

above equations are simplified to:

PESs = Veigss (5.4)

*A converter that is controlled in the dq reference frame it is said to be synchronized with the grid
when its dq reference frame rotates with the same frequency and in phase with one of the grid
voltages.
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qEss = v(giilcglss (5.5)

It is observed that the active and reactive powers can be indirectly con-
trolled by the dq currents. Because the dq model of the VSC presents nonlineari-
ties and coupling between the d and q axes, the control of the currents is divided
in two steps. First, the linearization and decoupling of the model is presented,

then, linear controllers are design for each current independently.

5.2.1 Input-Output Linearization
Basically, the input-output linearization method [79] allows the canceling
of the nonlinearities of the VSC model and the decoupling (at least in steady-state)

of the d and q axes. The modulation indexes, m9d and m9, are defined as:

1 . .
md = a (Rzgss - a)ngSS + vg + Lud) (5.6)
C
1 . d
md = o (Rzgss +wLiggg + vg - Luq) (5.7)
C

Then, by replacing the above defined modulation indexes in the VSC model (5.1)

the following linear equations for the dq currents are obtained:

digSS d
T (5.8)
di}czlss
=14
T (5.9)

where u9 and u9 are the new control inputs.
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5.2.2 q-axis Current Control

The purpose of controlling the g-axis current is to control the reactive
power flow through the ESS. The requirement is to regulate the reactive power
to a certain level, therefore a controller with zero error in steady-state for a step
reference is appropriate.

By defining the new control input #9 in the s-domain as:

ki
a2 (8 i) -k
uh = (s e~ iss) ~ Kpiitss (5.10)

and replacing it in (5.9), the following second order transfer function is obtained:

-q q
Ipss(s) kii (5.11)
igSSref(s) s2+ kgis + kg

The parameters of this transfer function are associated to the ones of a standard
second order transfer function as kg = w2 and kgi = 2Cwy, where w, is the natural
frequency of oscillation and C is the damping ratio. Parameters have been selected
in order to reach a step reference in less than a half grid cycle with an overshoot

of less than 5 %. Controller parameters are shown in Table D.1.

5.2.3 d-axis Current Control

The purpose of controlling the d-axis current is to control the active power
flow through the ESS, which in turn is dictated by the VSM control strategy, as

shown in Fig. 5.1. Because of the latter, the d-axis current will be required to follow
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a reference that might present fast variations during short periods of time. There-
fore, a controller that achieves zero error in steady-state for a ramp and quadratic

reference is proposed as a solution. The controller is defined in the s-domain as:

d

kS 1
d _ d .d d
e kpi+f+5_z}(lESSref—lEss) (5.12)

and replacing it in (5.8), the following transfer function is obtained:

. d .2 d
ngs(s) B kpis + kiis +1 (5 13)
igSSref(s) s3+ kgis2 + kf}s +1

Unlike the transfer function previously obtained for the g-axis current,
transfer function (5.13) does not correspond to a standard second order system,
thus its parameters cannot be designed by assigning a damping ratio and a natural
frequency to the system. Therefore, the values for the parameters of (5.13) were
found by manual tuning (starting with the values previously found for the g-axis
controller) until a satisfactory response to a step input was achieved. As it will be
shown in the next section, the d-axis current was able to reach a step reference in
less than a half grid cycle with an overshoot of less than 5%, and it was also able
to follow a ramp and quadratic references with sufficiently fast convergence rates.

The design of the controllers has been done using the dq model of the
VSC, which allows the use of the classical control theory, but it does not consider
the effects of the commutation of switches and associated harmonics. Therefore,

simulations with the dq model and PWM model of the converter are conducted
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to verify the performance of the decoupled power control. The simulation entails
different changes in the VSC current references while the VSC is connected to a
three-phase voltage source with constant and balanced voltage amplitudes and
constant frequency. Parameters of the controllers and power circuit used in simu-
lations can be found in Table D.1 and Table D.2 respectively. Simulated waveforms

are presented in Section D.1.2, which show that the desired behavior is achieved.

5.3  INERTIAL RESPONSE

The inertial response emulates the power that is naturally released or ab-
sorbed by a conventional rotating generator as the power demand varies and be-
fore its governor reacts. The main effects of the inertial response over the system
frequency are: limiting the rate of change and the maximum deviation following
a power disturbance. The power supplied due to the inertial response of the VSM

is defined as:

pvsm = —kviweqT (5.14)

where ky; represents the virtual inertia. To illustrate how the virtual inertia is
added to the system, consider the diagram of Fig. 5.3, where the loads are rep-
resented by a net power flow, p;,.4, and the genset supplies the electrical power

PDG1 = PLoad — PEss- Rewriting the equivalent shaft model of a single genset (3.1)
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l Ppai |l PEss
l PLoad
1 T 1
1 2 n

Figure 5.3: Autonomous power system with VSM.

in terms of power variables gives:

dwe -
q Pm —PLoad T PESS
]eq dr = _kfeqweq + o

(5.15)
a)eq

Then, assuming that the output power of the ESS is equal to its reference (5.14)

and replacing it in (5.15), the following equation is obtained:

(Jeq + ki) — 2 = Kieqteq + % (5.16)

from where it is clear that the coefficient k; represents a virtual inertia.

Now, considering that:
i) Electrical frequency is closely related to the rotational speed of the genset
ii) Electrical frequency can be measured at the point of connection of the ESS
then, it would be more practical to utilize the grid frequency, which is measured
in the synchronization routine presented in Section D.2, to calculate the inertial

power (5.14) instead of the rotational speed of the genset wy. Therefore, the iner-
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tial component can be calculated in terms of the grid frequency as:

d
pus = ~kik2f S (517)
where k; = 41/n;, is a constant that relates the electrical frequency with the ro-
tational speed of the genset, and 7, is the number of poles of the synchronous

generator.

5.3.1 Calculation of the Derivative
The first derivative of the grid frequency required for (5.17) can be calcu-
lated as the first-order difference:

df . flk)—f(k-1)
E(k)_ Tctr

(5.18)

where Ty, is the sampling time (the period of the timer assigned to the control rou-
tine) and k is the integer that represents the current sampling time. However, due
to the presence of noise, it is a common practice to implement a filtered derivative

[81] which can be calculated as:

ap - F0=rk-n e

a k= Tow + Tt

(5.19)

where T; is the time constant of the filter. A simulation is conducted to com-
pare both calculation methods. The test consists in a load increase of 5kW at

t = 1s while only one genset (DG1) is connected to the system and it operates in
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isochronous mode. The system starts in steady state with an initial load of 20 kW.
Fig. 5.4 shows simulation results for the calculated frequency derivatives. It can
be observed that the filtered derivative eliminates the oscillations that are present
in the non-filtered derivative (specially during the initial part of the transient),
however it adds a delay of approximately 50 ms to the calculation of the deriva-
tive, which is close to the time constant used for the filter (T; = 60ms). Then,
using the filtered derivative and with the VSM connected to the grid, the simu-
lation test is repeated (The values of ky; = 2 and kyq = 0 come from the analysis
of the transient response presented in Chapter 3). Fig. 5.5 shows the simulation
results, where it can be observed that the inertial response of the VSM reduced
the frequency nadir in approximately 35 % and increased the peak time (reduced
the initial rate of change) in approximately 70 %, in comparison to the original

response of the system (without VSM).
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Figure 5.4: Simulated waveforms of the frequency derivative.

Simulated waveforms for a sampling time of T, = 20ms and a filter time constant of
T; = 60ms.
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Figure 5.5: Simulation of the inertial response.

(a) Frequency waveforms. (b) ESS d-axis output current waveforms.
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5.3.2 Experimental Results

The schematic of the experimental setup is depicted in Fig. D.9. The
genset emulator presented in Chapter 4 is used to represent the diesel generator
DGI1 of Fig. 5.3 and the loads are represented by a bank of resistors.

In the first test, the calculation of the filtered derivative is evaluated (the
VSM is disconnected from the grid). The genset operates in isochronous mode
and a step-like load increased is produced with the bank of resistors, while DSP-2
is used to calculate the filtered derivative (5.19). Fig. 5.6 show the experimental
waveforms where it can be observed that the derivative calculated in DSP-2 has a
delay of approximately 120 ms with respect to the speed of the generator (which
is a signal of the genset model generated in DSP-1). This delay is acceptable con-

sidering that the sampling time of the derivative calculation routine is 20 ms and

LeCroy

Filtered derivative (.D.S.P.—2)I

| \ |

wge, rotational speed of
genset model (DSP-1) —|

W Frejuency measured with ZC circuit (DSP-2)

I S I |

2. 2s2@@Y B .2sz2o0v 0

Figure 5.6: Experimental waveforms of the frequency derivative.

Results obtained with a sampling time of T, = 20ms and a filter time constant of
T = 100 ms.
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the filter used has a time constant of 100 ms. It is also observed that, compared to
the simulation test, a larger time constant for the filter was required in the experi-
mental test.

A second test is performed to evaluate the emulation of virtual inertia.
The VSM is implemented with a second inverter which is controlled by DSP-2.
Since only the virtual inertia function is evaluated, the reference for the reactive
power is set to zero and the reference for the active power is given by (5.17) us-
ing the filtered derivative (5.19). The genset operates in isochronous mode and a
step-like load increased is produced with the bank of resistors. Fig. 5.7 show the
experimental waveforms where Fig. 5.7(a) shows the system frequency variation
without the VSM and Fig. 5.7(b) shows the frequency variation with the inertial
response of the VSM. It is observed that the inertial response of the VSM reduced
the frequency nadir in approximately 35 % and increased the peak time (reduced

the initial rate of change) in approximately 100 %.
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Figure 5.7: Experimental waveforms of the inertial response.

(a) Original response of the system without VSM. (b) Frequency deviation with inertial
response added by VSM.
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54  DAMPING POWER
The damping power is the power supplied by the virtual prime mover
that helps to attenuate oscillations and then reduce the stabilization time for a

predefined tolerance band. The damping power of the VSM is defined as:

pvsm = kyakZ f (f* = f) (5.20)

where k4 is the damping coefficient and f* is the stabilization frequency that the
system is supposed to reach in steady-state. Any deviation from the reference
frequency produces a power that attempts to bring back the grid frequency to
the reference, attenuating the amplitude of the oscillations [50]. One of the main
assumptions in the calculation of the damping power as defined in (5.20) is that
the reference frequency (f*) is known. In the case of a system that operates with
isochronous primary frequency control, f* should be the nominal frequency of the
system (e.g. 60 Hz) and, therefore, it is known a priori. However, this might not
be the case of a mini-grid that operates in droop mode, where the frequency of the
grid changes with the load level.

To illustrate this problem, a simulation is performed with the system of
Fig. 5.3 to compare the performance of the VSM (only damping function (5.20)
with kyq = 10) in two scenarios: when DGI1 operates in isochronous mode at a
nominal frequency of 60 Hz and when DG1 operates with 6 % frequency droop.
In both cases the genset starts in 60 Hz with no load and the load is increased by

5kW at t = 5s. Also, the nominal frequency of 60 Hz is used in both cases as the
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stabilization frequency to compute the damping power (5.20) (as discussed before,
it is assumed that the actual stabilization frequency during droop operation is not
available for the VSM because it is an internal variable of the genset governor).
Fig. 5.8(a) shows the frequency waveforms and Fig. 5.8(b) shows the output active
power of the ESS. It can be seen that in the case of isochronous operation the output
power of the ESS goes to zero as the grid frequency returns to 60 Hz after the
transient.

In the case of droop operation, due to the assumption f* = 60Hz a miscal-

culation of the damping term occurs, which produces an output power of 2.2 kW
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Figure 5.8: Simulation of the VSM without stabilization frequency estimator.

(a) Grid frequency. (b) ESS output active power.
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for the ESS in steady-state. This continuous output power is considered an unde-
sired behavior of the VSM, whose purpose is to assist frequency control only dur-
ing the transient. Therefore, in order to inject damping power under frequency
droop mode, the reference frequency (f”) in (5.20) should follow the stabilization
frequency of the grid instead of being a fixed value. In the next section, an estima-
tor of the stabilization frequency is proposed as a solution to provide the reference

frequency for the damping function of the VSM.

5.4.1 Open-Loop Estimator

The proposed estimator is defined as a proportional integral (PI) con-
troller with droop factor, based on the assumption (or prior knowledge) that
the genset governor has the same structure (as the speed governor presented in

Chapter 2). The block diagram of the estimator is depicted in Fig. 5.9, where f* is

PDGl Synchr.
"""""" >\(Fig. D.5
l PLoad
t=>5s fv I
- Loads - |Z f*
5kW
20 kW

h 4
bax!

w |

1

Figure 5.9: Open-loop estimator.
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the estimated stabilization frequency, ¢ is the estimated control error, and @y, kp,

k;, m, are parameters of the estimator. In order to keep the estimator simple, it has
been defined as an open-loop estimator, which means that its performance will
depends on how close its parameters are to the actual parameters of the governor.
For this reason, a sensitivity analysis is conducted to evaluate the performance of

the estimator for different values of its parameters.

5.4.2 Sensitivity Analysis

The sensitivity analysis is done by simulations and it entails disturbing
the system (as shown in Fig. 5.9) with a step-like load increase and plotting the
resulting estimated frequency control error (€) for different values of the estimator
parameters. The possible range of variation for each parameter is defined as [0.5,
1.5] pu of its ideal value (the genset actual parameter). The genset operates in
droop mode (6 %), it starts with a load of 20 kW and it is disturbed with a step-
like load increase of 5 kW at t = 5s. The VSM is not connected to the grid.

Fig. 5.10 shows the results of the sensitivity analysis. Fig. 5.10(a) shows
the waveforms associated to the variation of the proportional gain (IEP) while the
other parameters remain constant and equal to their ideal values. In the same
way, Fig. 5.10(b) and Fig. 5.10(c) show the waveforms associated to the variation of
the integral gain and the droop factor, respectively’. The frequency control error

(e), which is an internal variable of the genset governor, is also shown in these

"The results for the variation of parameter @, are not shown because it was found that its value
acted as an initial bias for &€ which was rapidly eliminated by the integrator, therefore affecting
only the start-up of the estimator.
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figures. In order to evaluate the impact of each parameter on the estimation,
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Figure 5.10: Sensitivity analysis of the estimator parameters on the estimated
control error.

(a) Influence of the proportional gain (Ep). (b) Influence of the integral gain (k;). (c)
Influence of the droop factor ().
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the mean absolute error is calculated taking the case when 12p = kpw» ki = k;,, and
m = mg, (which is the best performance that the estimator can achieve) as the
reference curve. From the results presented in Table 5.1, it can be observed that
the estimation errors are greater when the estimator parameters are below their
ideal values (0.5 pu) with a maximum error of 0.103 Hz which corresponds to a
0.17 % of the nominal frequency (60 Hz). The parameter with the highest impact
on increasing the estimation error is the droop factor (#1), whereas the parameter
with the lowest impact on increasing the estimation error is the integral gain (k;).
After evaluating the variation of each parameter independently, a case
where all the parameters presented deviations from their ideal values was consid-
ered. To do this, three coefficients were randomly generated* within the range of
interest [0.5, 1.5] pu and then used to define the parameters of the estimator as:
12p = 0.8kpe, ki = 1.3k;,, and 711 = 0.9my,. Fig. 5.11 shows the estimated control
error which has a mean absolute error of 0.024 Hz, corresponding to a 0.04 % of

the nominal frequency. The relatively low value of this error along with the ones

Table 5.1: Mean absolute errors* (Hz) in
estimations of Fig. 5.10.

Parameter \ puvalue 0.5 1.5

kp 0.058 0.035
k; 0.060 0.022
i 0.103 0.035

*Calculated as 1/N ij:l |x,, — x"¢f|, where xI*f is the ref-
erence value and N = 100 is the number of points of
the analysis.

#Using the MATLAB command “0.5 +rand(3,1)” the obtained coefficients were: 0.8, 1.3 and 0.9.
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Figure 5.11: Estimated control error for random variation in parameters.

presented in Table 5.1 demonstrate a satisfactory performance of the estimator.

5.4.3 Experimental Results

The schematic of the experimental setup is depicted in Fig. D.9. The
genset emulator presented in Chapter 4 is used to represent the diesel generator
DGI1 of Fig. 5.9 and the loads are represented by a bank of resistors. The VSM is
implemented with a second inverter which is controlled by DSP-2. The estima-
tor is also programmed in DSP-2 (see the discrete-time model (D.2) presented in
Section D.3). Since only the damping function is evaluated, the reference for the
reactive power is set to zero and the reference for the active power is given by
(5.20).

In the first test, the genset operates with a droop factor of 6 % and the
frequency estimator of the VSM is tuned with the same parameters of the genset.
The response of the system to a step-like load increase is first obtained with the
VSM disconnected from the grid. Then, the VSM is connected to the grid and the

load increase is repeated. Fig. 5.12 shows the frequency of the system f and the

-83-



CHAPTER 5. VIRTUAL SYNCHRONOUS MACHINE

o
SN
—

Frequency (Hz)
o
€]

2.
5
£
/‘/
<((

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s)

Figure 5.12: Load increase with genset operating with 6% frequency droop.

estimator signals & and f* for both cases.

A second test is performed to evaluate the performance of the estimator
when the droop factor of the genset is reduced to 3 % while the parameters of
the estimator remain unchanged (which was originally tuned considering a 6 %
droop in the genset). As in the previous test, a step-like load increase is produced
with the VSM connected and disconnected from the system. Fig. 5.13 shows the

frequency of the system f and the estimator signals é and f~ for both cases.
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S
€]
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Time (s)

Figure 5.13: Load increase with genset operating with 3% frequency droop.
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Finally, the droop factor of the genset is changed to 0 % while the param-
eters of the estimator remain unchanged in its original values. As in the previous
test, a step-like load increase is produced with the VSM connected and discon-
nected from the system. Fig. 5.14 shows the frequency of the system f and the

estimator signals & and f* for both cases.

Frequency (Hz)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s)

Figure 5.14: Load increase with genset operating in isochronous mode.

These experimental results support the simulation results obtained in the
sensitivity analysis, showing a satisfactory performance of the estimator when
the genset droop factor is reduced from 6 % to 3 % and even to 0% (isochronous
mode). In all three cases (Fig. 5.12, Fig. 5.13 and Fig. 5.14) the estimated control
error (¢) converged to zero in approximately 2 s and the VSM was able to effectively

reduce the frequency nadir in 34 %, on average.
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5.5 DI1SCUSSION AND CONCLUSIONS

In this Chapter the concept of a VSM, its theoretical analysis and practi-
cal implementation was presented, showing that a VSM can support dynamic fre-
quency control (enhance frequency stability) by adding virtual inertia and damp-
ing to the system.

First, a decoupled control strategy for the active and reactive powers of
the grid side converter of the ESS was introduced. This control strategy allows
independent control over the output powers, which is needed to implement the
proposed VSM. The performance of this strategy was evaluated by simulations
showing a satisfactory performance.

Then, the equations of the VSM were introduced. Its output power was
defined as the addition of two components: the inertial response and the damp-
ing power. These two components were presented and evaluated independently.
It was shown that the emulation of inertial response helps to attenuate the rate
of change of frequency by injecting a power flow (from the ESS) which is propor-
tional to the first derivative of the system frequency. For the calculation of the
inertial response a filtered derivative was proposed in order to reduce oscillations
due to noise in the measured frequency. A comparison between the filtered and
the non-filtered derivative was made by simulations and experimentally. Also,
simulations and experimental results of the effects of the inertial response on the
system frequency were presented.

Finally, it was shown that the damping power helps to attenuate the am-
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plitude of frequency oscillations during a transient. However, it was also shown
that a typical formulation of damping power does not work properly when the
system operates in droop mode because of the unknown stabilization frequency
of the grid. As a solution, an estimator for the stabilization frequency that works
in conjunction with the damping function of the VSM was proposed. Theoretical
and experimental results showed a satisfactory performance of the proposed VSM
with estimator in reducing the frequency nadir for different values of the droop
factor of the grid-forming genset.

By performing this dynamic frequency control, the VSM might help to
attenuate the frequency variations induced by intermittent (renewable) sources of
energy and, therefore, increase its penetration. However, one of the limitations of
the VSM is that its overall dynamic performance depends on how fast the interface
converter can react and follow the output power reference, and also how fast the
energy storage can deliver or absorb energy. Unfortunately, these and other aspects
that affect the performance of the VSM are not fully addressed in this thesis and

their investigation is suggested as a future work.
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SELF-TUNING VIRTUAL
SYNCHRONOUS MACHINE

6.1 INTRODUCTION

To the best knowledge of the author, studies published so far on virtual
synchronous generators have focused on techniques that consider constant param-
eters (CP-VSM) [40-47]. In this Chapter, however, a VSM whose parameters vary
during operation is proposed. The idea of variable parameters was motivated by
the fact that when frequency starts to deviate from steady-state, a larger inertia
would present a stronger opposition to the speed change of generators, limiting
the initial rate of change of frequency and its peak deviation. On the other hand,
when frequency starts to return to steady-state, a larger inertia would no longer
be required. Since the value of the damping coefficient also affects the frequency
transient response (as shown in Chapter 3), its variation during operation is also
investigated.

The proposed strategy is called a self-tuning VSM (ST-VSM) because it en-
tails the continuous and autonomous variation of the VSM parameters (damping
coefficient and the virtual inertia) by means of on-line optimizations that are con-
stantly performed during the operation of the VSM [82]. In the following Sections
the analysis of the performance of the ST-VSM is presented as three cases: first,

considering only the variation of the virtual inertia, second, considering only the
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variation of the damping coefficient, and third, considering the variation of both

parameters together. The following remarks are common to all three cases:

i)
ii)

ii)

iv)

Vi)

vii)

The case of a negative virtual inertia is not considered*.

The steady-state frequency estimator presented in Chapter 5 is used.

The goal of the on-line optimization is to attenuate the frequency devia-
tions and minimize the power flow through the ESS.

The optimization is solved by direct search and the algorithm to solve the
minimization problems was adapted from the one presented in [83] (refer
to this reference for a detailed explanation of the steps involved in the
solution).

The limits for the range of variation of the parameters, which is the search
vector or search space of the optimization problems, are defined using the
operating regions presented in Chapter 3. This allows one to evaluate the
potential effects of the ST-VSM on the transient response.

For implementation purposes, the search space has to be discretized in
order to limit the search (iterations of the algorithms) to a finite number
of elements. The points within the search space were defined using a
linear scale (equally spaced), however any other type of scale can be used.
The cost function used in the optimization problems were defined as the

addition of quadratic terms. Other functions such as the absolute value

“The virtual inertia can be made negative to reduce the total inertia of the system. For instance, this
condition can be used to speed-up the system when the frequency is returning back to its reference
value after a power disturbance. However, if the actual inertia (rotating machinery) of the power
system is uncertain, a negative virtual inertia might produce zero or negative total inertia, which
might lead the power system to instability.
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can also be used. However the quadratic form is chosen because it results
in a faster controller [84].
viii) The predictive models used to define some terms of the cost functions are

presented in Appendix E.

6.2 VARIATION OF VIRTUAL INERTIA
This algorithm solves in every sampling time the optimization problem
(6.2) searching for an optimal virtual inertia as long as the frequency deviates
from the stabilization value f*, and makes the virtual inertia equal to zero while
the frequency is approaching f*. The algorithm can be summarized as follows:
solve (6.2) if |é(k)| > € and é(k)g(k) <0

dr '~
kyi(k+1)= (6.1)

0 otherwise

where , ¢ is the estimated control error given by the open-loop estimator defined
in Chapter 5, € is a predefined tolerance band to discriminate the stabilization of
the frequency and the condition é(k)d f/dt(k) < 0 represents the situation when the
frequency is deviating from the stabilization value. The optimization problem to

be solved is formulated as follows:

df ?
minimize ¢ =y, (E(k + 1)) + 95 (kyi(k + 1))2

le

‘ (6.2)
subject to:  ky; € [Kffi‘m, K\Ifi‘ax]

71,2>0
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where df/dt(k+1) is the one sampling time ahead prediction of the rate of change
of frequency (E.4), 1 , are weight factors that determine the relative importance
of each term in the cost function ¢, and K‘I/Il-lin and K[®* are the limits of the search

space.

6.2.1 Performance Evaluation

A simulation is conducted to compare the performance of the inertial re-
sponse (with no damping power in order to isolate the effects of the inertia) be-
tween the ST-VSM and the CP-VSM. Fig. 6.1 depicts the schematic of the simulated
system. The test consists in a load increase of 5kW at t = 1s (from an initial load
of 20 kW) while only one genset (DG1) is connected to the system and it operates
in isochronous mode. The same test is conducted for the system without VSM,
with the CP-VSM, and two cases of ST-VSM (with different values of the weight
factor y,). Parameters used for the ST-VSM in the simulations are presented in
Table E.1. Fig. 6.2 shows the search vector for the ST-VSM within the operating

region of DGI. It can be seen that for the search vector ky; € [0, 2], the ST-VSM can

Pvsm Inertial Response kyi Optim. 71,2
@ RSl (5.17) I 6.2) [*
l PDG1 l PESs “f A 5 Af
......... » S?]nChr | Estimator
l Pload 'ug Fig. D.6 *| Fig. 5.9
F o Lo (T s
- Loads IZ
5kW
20kW

Figure 6.1: ST-VSM with variation of virtual inertia.
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modify the peak frequency deviation in the range of [0.42,0.54] Hz and the peak
time in the range of [0.2,0.35]s.

Fig. 6.3 shows the simulation results, where the curve labeled “No VSM”
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ey S 0.996
£ /% ST-VSM CP-YySM ‘
S 10 _ 0:995
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Figure 6.2: Search vector for the ST-VSM with variable inertia.
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Figure 6.3: Effects of the inertial response of the CP-VSM and ST-VSM on the

grid frequency.
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is the original response of DG1, “CP-VSM” is the response of DG1 plus the VSM
with constant inertia, and “ST-VSM, ,” are the responses of DG1 plus ST-VSM for
two different values of the weight factor y,. It is observed that the curves “ST-
VSM, ,” present a frequency nadir that lies between the other two curves (see also
Afp in Table 6.1). This is because the maximum value of inertia for the ST-VSM
has been set to 2, which is the virtual inertia of the CP-VSM. If the virtual inertia
of the ST-VSM is allowed to vary beyond the value used by CP-VSM, a greater
reduction of the frequency nadir is expected to happen. Finally, it is observed that
as the weight factor y, is decreased the frequency nadir also decreases, which can
be attributed to the fact that a reduction of y, reinforces the minimization of the
df/dt in (6.2).

Table 6.1: Performance comparison between the inertial response of the
CP-VSM and the ST-VSM.

Settling Delivered  Recovered

VSMType Af, (Hz) t5(s) o (s)  Energy (k]J) Energy (k])

No VSM 0.56 0.24 0.76 0 0
CP-VSM 0.37 0.36 2.26 0.47 0.44
ST-VSM; 0.45 0.33 0.91 0.27 0
ST-VSM, 0.4 0.41 1 0.4 0

On the other hand, Fig. 6.4 shows the simulation results for the variation
of the virtual inertia and the d-axis current of the ESS. It is observed that, because
the ST-VSM makes its virtual inertia equal to 0 right after the nadir happens, as
shown in Fig. 6.4(c) and Fig. 6.4(e), the frequency stabilizes, on average, 2.4 times

faster than the CP-VSM (see the settling time in Table 6.1) and delivering up to
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Figure 6.4: Comparison between the inertial response of the CP-VSM and
ST-VSM.

Waveforms associated to the frequency variation of Fig. 6.3. (a)-(b): variation of the
virtual inertia and the corresponding ESS output active current for the CP-VSM. (c)-(d):
same waveforms for the ST-VSM;. (e)-(f): same waveforms for the ST-VSM,.

42 % less energy (in the case of ST-VSM;). As a trade-off, the ST-VSM does not re-
cover energy as the CP-VSM does by reversing the current as shown in Fig. 6.4(b)

(see also delivered and recovered energy in Table 6.1). Nevertheless, the ST-VSM
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has the potential to be programmed to assist frequency control as shown here and
then recharge its energy storage at a later time once the system has stabilized. A
solution of this type, might be able to accomplish both tasks without compromis-

ing the performance of the ST-VSM.

6.3 VARIATION OF DAMPING COEFFICIENT

In this case, the optimization algorithm searches for a damping coefficient
that attenuates the frequency deviations and the power flow through the ESS at
the same time. If such a damping coefficient is found, it is said to be optimal. The

optimization problem is formulated as follows:

minimize c:yl(f (k+1) fk+1))2+)/2(kvd(k+1))2

kya
subject to:  kyq € [Kffém, Kmax]
Y1,2>0
where f(k + 1) is the one sampling time ahead prediction of the grid frequency
(E.7), y1,, are weight factors that determine the relative importance of each term

in the cost function ¢, and K\rfrc‘f“ and K7™ are the limits of the search space.

6.3.1 Performance Evaluation

A simulation is conducted to compare the performance of the damping
function (with no inertial response in order to isolate the effects of the damping)
between the ST-VSM and the CP-VSM. Fig. 6.5 depicts the schematic of the sim-

ulated system. The test consists in a load increase of 5kW at t = 1s (from an
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initial load of 20 kW) while only one genset (DG1) is connected to the system and
it operates in isochronous mode. The same test is conducted for the system
without VSM, with the CP-VSM, and two cases of ST-VSM (with different values
of the weight factor y,). Parameters used for the ST-VSM in the simulations are
presented in Table E.2. Fig. 6.6 shows the search vector for the ST-VSM within the

operating region of DG1. It can be seen that for the search vector k,q € [0,10], the

ESS <pVSM Damping Power |[kyd | Optim. | 71,2
: (5.20) I (6.3)
l pDGl l pESS “f “é A é Af
.......... Synchr . | Estimator
l Pload vg Fig. D.6 " Fig.5.9
E s Lg (e
- Loads |2|
5kW

Figure 6.5: ST-VSM with variation of damping.
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Figure 6.6: Search vector for the ST-VSM with variable damping.
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ST-VSM can modify the peak frequency deviation in the range of [0.36,0.54] Hz
and the peak time in the range of [0.15,0.2]s.

Fig. 6.7 shows the simulation results, where the curve labeled “No VSM”
is the original response of DG1, “CP-VSM” is the response of DG1 plus the VSM
with constant damping coefficient, and “ST-VSM, ,” are the responses of DG1 plus
ST-VSM for two different values of the weight factor y,. It is observed that the
curves “ST-VSM, ,” present a frequency nadir and settling time that lie between
the other two curves (see Af, and also the settling time in Table 6.2). This is be-
cause the maximum value of damping coefficient for the ST-VSM has been set to
10, which is the damping coefficient of the CP-VSM. If the damping coefficient of
the ST-VSM is allowed to vary beyond the value used by CP-VSM, a greater reduc-
tion of the frequency nadir is expected to happen. On the other hand, and due to

the over-damping of the system, the settling time is expected to be greater than the

602 | | T T T
60 e MR
. ...;.,.‘,....-.n. .......
: ;
g 9.8 7
g
5
g ST-VSM, (y, = 0.1x107%)
£ 596 7
ST-VSM; (y, =0.5x107%)
™ ™ No VSM i
1 1.5 2 2.5 : J
Time, t (S)
Figure 6.7: Effects of the damping power of the CP-VSM and ST-VSM on the
grid frequencY.
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Table 6.2: Performance comparison between the damping function of the
CP-VSM and the ST-VSM.

Settling Delivered  Recovered

VSMType Afp (H2) () mipe(s)  Energy (k]) Energy (k])

No VSM 0.56 0.24 0.76 0 0
CP-VSM 0.35 0.17 1.85 1.71 0
ST-VSM; 0.49 0.21 1.15 0.32 0
ST-VSM, 0.38 0.17 1.46 0.96 0

one achieved by the CP-VSM. Finally, it is observed that as the weight factor y; is
decreased the frequency nadir also decreases, which can be attributed to the fact
that a reduction of y, reinforces the minimization of fr(k+1)- f(k+1)in (6.3).
On the other hand, Fig. 6.8 shows the simulation results for the variation
of the damping coefficient and the d-axis current of the ESS. It is observed that
ST-VSM, achieves almost the same reduction in the frequency nadir than CP-VSM,
but using approximately 56 % of the delivered energy (see Fig. 6.8(b), Fig. 6.8(f)
and delivered energy in Table 6.2) and reducing the settling time in 21 % at the

same time.
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Figure 6.8: Comparison between the damping function of the CP-VSM and
ST-VSM.

Waveforms associated to the frequency variation of Fig. 6.7. (a)-(b): variation of the
damping coefficient and the corresponding ESS output active current for the CP-VSM.
(c)-(d): same waveforms for the ST-VSM;. (e)-(f): same waveforms for the ST-VSM,.
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6.4 VARIATION OF INERTIA AND DAMPING
To combine the effects of the previously defined inertial response and

damping function, the output power of the ST-VSM is defined as:

Pvsm = —kvikrzfi—]: +kak? f(f = f) (6.4)

In this case, the solution algorithm solves the optimization problem (6.5)
(which is a combination of the two previously defined optimization problems),
searching for a damping coefficient and a virtual inertia as long as the frequency
deviates from the stabilization value f*.

df 2
inimi = —(k+1 koi(k+1))>
m(lkrvlilirvldl)ze c Ayl(dt( + )) + 72 (kyi(k +1))

w3 (Fk )= fk+ D)) + ya(kealk+ 1)) (6.5)

subject to:  (kyj, kyq) € [Kmm Kmax] [K‘rlxém, Kmax]

vl

71.4>0

Otherwise, it makes the virtual inertia equal to zero and solves the previously
defined optimization problem (6.3), searching for a damping coefficient only. The

algorithm can be summarized as follows:

solve (6.5) if |é(k)| > ¢ and é(k)(ji—]:(k) <0

(kvi(k +1), kyg(k+1)) = (6.6)
kyi(k+1)=0

otherwise
solve (6.3)
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6.4.1 Performance Evaluation

Two simulation tests (which are described in the next sections) are con-
ducted to compare the performance between the proposed ST-VSM and the CP-
VSM. Fig. 6.9 depicts the schematic of the simulated system and the parameters
used for the ST-VSM are presented in Table E.3. Fig. 6.10 shows the search area
for the ST-VSM (A) within the operating region of DG1. It can be seen that for the

search area defined by ky; € [0,2] and k4 € [0,10], the ST-VSM can modify the peak

ESS PVSM | Inertial Response & ‘kvi Optim. Vi4 i
R Damping Power (6.4) [* (6.6) [T
R l pwa :

l PDG1 l PESS “f {‘é A 5 Af
» Synchr, | Estimator
l Pload vy Fig. D.6 > Fig. 5.9

Figure 6.9: ST-VSM with variable inertia and damping.
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Figure 6.10: Search area for the ST-VSM with variable inertia and damping.
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frequency deviation in the range of [0.3,0.54] Hz and the peak time in the range of

[0.15,0.35] s.

A. Load Change

This test consists of a load increase of 5kW at t = 1s (from an initial load
of 20 kW) while only one genset (DG1) is connected to the system and it operates in
isochronous mode. The same test is conducted for the system without VSM, with
the CP-VSM, and with the ST-VSM. Fig. 6.11 and Fig. 6.12 show the simulation
results, where the curves labeled “No VSM” are associated to the original response
of DG1, “CP-VSM” to the response of DG1 plus the VSM with constant parameters,
and “ST-VSM” to the response of DG1 plus the self-tuning VSM. From Fig. 6.11 it
is observed that with the CP-VSM, the system presents the lowest frequency nadir

but the settling time is increased (see also Af,, and settling time in Table 6.3).
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Figure 6.11: Effect of the CP-VSM and ST-VSM on the grid frequency under a
load increase.
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Figure 6.12: Comparison between CP-VSM and ST-VSM under a load increase.

Waveforms associated to Fig. 6.11. (a) ESS output current. (b) Variation of virtual inertia.
(c) Variation of damping coefficient.
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Table 6.3: Performance comparison between CP-VSM and ST-VSM under a
load increase.

Settling Delivered  Recovered

VSMType Afp (H2) () mipe(s)  Energy (k]) Energy (k])

No VSM 0.56 0.24 0.76 0 0
CP-VSM 0.27 0.3 1.52 1.1 0
ST-VSM 0.37 0.38 1.06 0.42 0

On the other hand, with the ST-VSM the system presents a reduced set-
tling time but a higher frequency nadir, however, it uses only 38 % of the energy
used by CP-VSM, as it can be seen from the current waveforms in Fig. 6.12(a) (see

also delivered energy in Table 6.3).

B. Wind Power

This test is to compare the performance of the CP-VSM and the ST-VSM
under continuous load changes produced by the output power of a wind gener-
ator (WG). The model and parameters for the wind generator are presented in
Appendix F. The wind generator generates power according to the wind profile
of Fig. F.2(a) while only one genset (DG1) is connected to the system (operating
in isochronous mode) and the load is kept constant at 20 kW. The same test is
conducted for the system without VSM, with the CP-VSM, and with the ST-VSM.
Fig. 6.13 and Fig. 6.14 show the simulation results, where the curves labeled “No
VSM” are associated to the original response of DG1, “CP-VSM” to the response
of DG1 plus the VSM with constant parameters, and “ST-VSM” to the response of

DGI1 plus the self-tuning VSM.
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Figure 6.13: Effect of the CP-VSM and ST-VSM on the grid frequency under
wind power.

From Fig. 6.13 it is observed that the CP-VSM achieved a greater reduction
(31 %) of the maximum frequency deviation than the ST-VSM (24 %), however both
frequency curves differ, on average, in only 0.016 Hz. Therefore, it can be said that
the ST-VSM achieved a very similar performance than the CP-VSM, while mini-
mizing the power flow through the ESS in 58 % (see the output current of the ESS
in Fig. 6.14(a)). However, for this particular wind profile, the CP-VSM ends up
charging the energy storage with 0.48 k] and the ST-VSM ends up discharging the

energy storage with 0.49 kJ. Table 6.4 summarizes the simulation results.
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Figure 6.14: Comparison between CP-VSM and ST-VSM under wind power.

Waveforms associated to Fig. 6.13. (a) ESS output current. (b) Variation of virtual inertia.
(c) Variation of damping coefficient.
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Table 6.4: Performance comparison between CP-VSM and ST-VSM
under wind power.

Maximum . Delivered  Recovered
VSM Type Af, (Hz) MAE" (Hz) Energy (kJ) Energy (kJ)
No VSM 0.42 NA 0 0
CP-VSM 0.29 1.38 1.86
0.016
ST-VSM 0.32 0.87 0.38

*Mean absolute error calculated only between frequency waveforms “CP-VSM” and
“ST-VSM” as 1/N YN Ix,, = vl.

6.5  DISCUSSION AND CONCLUSIONS

In this Chapter the concept of a self-tuning VSM was explored. Based on
the VSM presented in Chapter 5, optimizations algorithms were designed in or-
der to find, through on-line calculations, optimal parameters (virtual inertia and
damping coefficient) that minimize the frequency deviations (amplitude and rate
of change) and the power flow through the ESS. The search spaces for the optimiza-
tion algorithms were defined based on the concept of the operating regions (pre-
sented in Chapter 3), which allowed to know a priori the expected performance of
the ST-VSM.

The performance of the inertial response and the damping power of the
ST-VSM were evaluated independently for a step-like load change. Then, the per-
formance of both functions (acting together) was evaluated for a step-like load
change and for continuous load changes induced by a wind generator. For imple-
mentation purposes it is important to consider that, because of the direct search

method used to solve the optimization problems, the calculation of the inertial re-
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sponse involves N,; iterations, the damping power N,4 iterations, and both func-
tions Ny; - Nyq iterations. Therefore, provisions must be taken in order to assure
enough processing power for the full deployment of the ST-VSM, which represents
the case of the highest computational burden.

For the simulated cases it was found that, in general, the ST-VSM achieved
a similar performance to that of the CP-VSM, but with a reduced power flow
through the ESS. Moreover, the ST-VSM was found to be more efficient than the
CP-VSM in reducing the frequency variations. However, it was also found that, de-
pending on the type of load variation, the operation of the proposed ST-VSM may
result in a greater discharge of the energy storage. This issue might be attributed
to factors related to the optimization problems, such as: the type of cost functions,
the value of the weight factors and the definition of search spaces. Since none of
these factors were studied in this thesis, further work is required to characterize

their impact on the performance of the ST-VSM.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 SUMMARY

In diesel-hybrid autonomous power systems, a reduced number of diesel
generators supply the power to the load and control the frequency of the sys-
tem in isolation from the utility grid. In these type of systems, frequency vari-
ations of consequence are more likely to occur than in large interconnected power
grids, since they feature a relatively small generation capacity and rapid changes
in power demand. If generators are not able to maintain frequency within pre-
scribed operational limits during a transient, the assistance of other components
is required in order to avoid major disruptions in the power system.

Studies show that virtual synchronous machines can be implemented in
grid-connected inverters to support dynamic frequency control by emulating in-
ertial response. However, it also has been shown that changing the inertia of a
system without adjusting the governors of generators typically results in a more
oscillatory transient response. Injecting damping power at the same time than
emulating inertia, might help to attenuate the oscillations. This approach, and the
capability of VSMs in changing its parameters during operation, have received lit-
tle attention in the literature related to VSMs. In this thesis a VSM that changes
its parameters during operation and its application to support dynamic frequency

control in a diesel-hybrid autonomous power system was investigated. In particu-
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lar, the following aspects were covered:

In Chapter 2, a mathematical model for the diesel generator was devel-
oped. The values for most of the parameters of the model were selected from com-
mercially available components and the controllers were tuned in order to have a
frequency and voltage response according to the standard ISO 8528-5:2005.

In Chapter 3, the effects of additional inertia and damping power in the
system on the frequency transient response of the diesel generator were studied.
As aresult, it was possible to define graphical representations (called the operating
regions) to relate the values of the additional inertia and damping power with key
parameters of the genset transient response.

The implementation of an inverter-based genset emulator was presented
in Chapter 4. The model developed in Chapter 2 was discretized and programmed
in a DSP. The output voltages of the model were used as references to control the
output voltages of the inverter, so it behaves as the genset. The static and transient
response of the emulator were verified experimentally.

A virtual synchronous machine for dynamic frequency control was pre-
sented in Chapter 5 and practical considerations regarding the synchronization of
the VSC with the grid, the frequency measurement and the implementation of the
inertial response and the damping power were discussed. Also, an estimator for
the stabilization frequency of the grid was designed in order to inject damping
power when the grid operates in frequency droop mode. Simulation and experi-

mental results were presented.
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Finally, a self-tuning VSM was presented in Chapter 6. The proposed
strategy continuously performs the on-line minimization of a cost function that
provides optimal values for the virtual inertia and damping coefficient of the VSM.
The cost functions were defined using a predictive model strategy and the search
spaces of the optimization problems were defined using the concept of the operat-
ing regions defined in Chapter 3. The performance of the ST-VSM was evaluated
by simulations for step-like load changes and wind power generation.

The softwares used for design and simulation were: MATLAB version
7.8.0.347 (R2009a) and PLECS version 3.2.7. Semikron converters (Semiteach)
were used in the experimental setups. Digital implementations were based on
the development board eZdsp-TMS320F3812 from Spectrum Digital and the ex-

pansion board F2812-DAQ from Link Research.

7.2 CONCLUSIONS
The general conclusion of this thesis is that a VSM that changes its param-

eters during operation can provide the necessary inertia and damping to support

dynamic frequency control in a diesel-hybrid APS. In particular, the following
conclusions are reached in this thesis:

i) The proposed ST-VSM reduces the power flow through the ESS and the
amplitude and initial rate of change of the frequency variations. More-
over, the proposed ST-VSM was found to be more efficient than the CP-
VSM in reducing the frequency variations.

ii) It was shown that an estimator for the stabilization frequency is an effec-
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ii)

7.3

ii)

ii)

iv)

tive solution to perform the damping function of the VSM when the APS
operates under droop control.

The proposed operating regions can be used to estimate the impact of the
VSM on the transient frequency response and to design the search spaces

for the optimization problems of the ST-VSM.

SUGGESTIONS FOR FUTURE WORK

As an extension of this study, the following topics are suggested:

Extend the concept of the operating regions to include the effect of the
droop factor in a single graphical representation.

Identify the most important factors that limit the performance of the pro-
posed ST-VSM in practice.

Investigate the influence of the type of cost functions, the values of the
weight factors and the definition of search spaces on specific aspects of
the performance of the proposed ST-VSM.

Extend the proposed ST-VSM to include the state of charge of the energy
storage in the control strategy.

Extend the proposed ST-VSM to operate with hybrid energy storages.
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APPENDIX A

DIESEL GENERATOR MODEL

A.1  DIESEL ENGINE AND FUEL INJECTION SYSTEM

Table A.1: Diesel engine parameters.

Description Symbol Value Unit
Continuous output power* Pep 33 kW
Synchronous speed* N; 1500  r/min
Maximum torque* Tmax 230 N-m
Moment of inertia*’ Jen 1.18  kg-m?
Frictional losses kten 0.12  kg-m?/s
Fuel injection time constant? te 35 ms
Engine delay® tq 22 ms

“Data from diesel engine datasheet [63].

fConsidering flywheel (1.02kg-m?) and engine (0.16kg-m?).
tData from actuator datasheet [72].

SData from a 10 kW diesel engine used in [64].

Linear model with no delay:

dr, 1 ke
- =——T =
dt to to
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A.2 COUPLING SHAFT

State-space representation:

dxsh
dt = AgnXsh + Bghugy
Ysh = CshXsh

State vector, input vector and output vector:

T T

Xsh :[ Wen Wge Tss ] Ush :[ Tm Te ]

System matrices:
_kfens & _1 1 O
Ien Ien Ien Ien

Agp=| ke _Kge 1 By, = 1
sh Tee Te e sh=1 0 7
ks —kss O 0 0

Transfer matrix:

(A.2a)

(A.2b)

heni1(s)  hshia(s)

Hyp,(s) = Cop (513 — Agy) ' By =

hsh21(s)  hsh2a(s)

-123-



APPENDIX A. DIESEL GENERATOR MODEL

Transfer function of interest for analysis of the transient response:

g (s) = LenlS) _ (A.4)

2
]ges + kfgesS + ks

]ge]en53 + (]gekfens + ]enkfges)52 + (kss(]ge + ]en) + kfenskfges - kuS)S + kss(kfen + kfge)

Fig. A.1 shows the position of poles and zeros of hg,1; in the complex
plane when varying shaft parameters ks and k¢;. From the left plot of Fig. A.1 it is
observed that as the damping of the shaft is increased—for a constant stiffness—
the damping ratio of the complex poles is increased, however, their natural oscil-
lation frequency remain constant. The latter will result in the attenuation of the
resonance peak, but the resonance frequency will remain the same. On the other
hand, in the right plot of Fig. A.1 it is observed that as the stiffness of the shaft
is increased—for a constant damping—the complex poles and zeros are moved
away in the direction of the imaginary axis, which causes the shifting of the local

resonance to a higher frequency.

Table A.2: Parameters of mechanical shaft.

Description Symbol Value* Unit
Torsional stiffness coefficient ks 6x103 N-m
Torsional damping coefficient kes 478  kg-m?/s

*Data from flexible coupling, size 0.12, rubber grade SM60, nominal torque
250N-m [66].
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Figure A.1: Pole-Zero map of transfer function hgyq;.
A.3 SYNCHRONOUS GENERATOR
Relation between fluxes and currents:
d d d).d d d .d
pd = (L4 + L8 )id + L i+ L i (A.5a)
pd = (L3 + L) id + L (A.5b)
d :d d): d :d
g = Linid + (Lo + L )i + Lihi] (A.5¢)
d d :d d d d).d
P = Lhid + L+ (L + L )i (A.5d)
Py = Lmid + (LY + Lih ) i) (A.5e)
State-space linear representation of model (2.4):
diSg ]
F = ASgISg + Bsgusg (A6a)
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Yeg = Coglsg + Diglisg (A.6b)

State vector, input vector and output vector:

Linear system matrices:

—71-1 _7-1
Ay =Ly (WL +Ryg) By =LyIN,

3 d 4 79)\.4 q.q 3p. [:a2 ., .q2

7”PP((LSI +L§I1_le _Lm)lso _Lmlko) \/;Rlolgo/ Iso 150
3 d qa_ 19\ . -d 3p 4 [ [:d2, 92
fnpp((le +L?n _le_Lm)ZSo+Lg1(Zfo+lko)) \/;Rlolso/ Iso Tt 150

sg T
3 d ;qd
jnpmelso O
3 d ;q
5MppLmiso 0
3 q -d
—5MppLmig, 0
0 0 0
D

% = 2 2
0 0 il +id,
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Ld+1d 0 Ld Ld 0

0 Li+Ly 0 0 L

Lg=| L4 0 Ly+L3 L3 0

L 0 d  Ld+rd o

0 Y 0 0 L}+Lh

— (R +Ry) 0 0 0 0

0 ~(Rg+R,) 0 0 0

Ryg = 0 0 -R, 0 0

0 0 0 -R! o0

0 0 0o 0 -R!
0 Mppwgee 0 0 0 nppPso 0 —ig,
~Mppgeo 0 0 0 0 —npptd, 0 —ids
Wi = 0 0 000 Nyg = 0 1 0
0 0 000 0 0 0
0 0 000 0 0 0
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Table A.3: Synchronous generator parameters.

Description Symbol Value* Unit
Continuous output power Sr 38 kVA
Rated power factor DPF, 0.8 NA
Terminal voltage Vi 400 \%
Synchronous speed N 1500 r/min
Number of poles 1y 4 NA
Moment of inertia Jee 0.42 kg-m?
Frictional losses kege 0.06 kg-m?/s

“Data from synchronous generator datasheet [65].

A.4 AUTOMATIC VOLTAGE REGULATOR

Table A.4: Parameters of genset AVR.

Description Symbol Value Unit
Proportional gain kov 0.012 NA
Integral gain ki, 0.012 1/s
Rectifier gain* kiec 170 NA
Rectifier time constant’ trec 5 ms

“Data from AVR datasheet [85].
TAssuming a 50 Hz single-phase thyristor rectifier [69].

Linear model without saturation (u, = p,):

dz
d—tv = kiv (Utref - Ut)

Yo =2y + kpv (Verer — vt)

dvg 1 ke
dr ot ¥

trec trec
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A.5 SPEED GOVERNOR

Table A.5: Parameters of genset speed governor.

Description Symbol Value Unit

Proportional gain kpw 0.10 NA

Integral gain kiw 0.15 1/s

Linear model without saturation (u,, = y,,):

dzw _ kiw
dt 1+ kpa;kdr

(wenref — Wenp — kdrzw) (A8a)

1

Yo = m (Za) + kpw (Wenref — C‘)en)) (A.8b)

-129-



APPENDIX B

DIESEL GENERATOR EMULATOR

B.1 GENSET LINEAR MODEL

State-space matrices:

0

0

| _kivDsg(zi 3) |

R, 0 0000O0O0O0GO0TO0O

Cs=1 0 R, 000 0O0O0O0O0O0 O

0 0 00O0OOT1TTO0O0OO0OO0OO
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B.2 SETUP PARAMETERS

B.2.1 Power Circuit

The inductor is designed to limit the harmonic content of the output cur-
rent for a specific operating condition. Fig. B.1 depicts the per phase equivalent
circuit of the inverter output for harmonic variables. The harmonic frequencies
are defined as f, = h f.,, f;, where h is an integer indicating the harmonic number,
fen is the SPWM normalized carrier and f; is the nominal output frequency of the
inverter in Hertz. A good quality 50Hz voltage across the capacitor is assumed,
therefore the capacitor is represented as a short-circuit at the high harmonic fre-
quencies. At a specific harmonic frequency h the inverter output voltage is vy,

which produces a current i,.

> 415 MW

Uh+

Figure B.1: Per phase equivalent circuit of the inverter output.

Fig. B.2 shows the spectrum of the output phase voltage, considering a dc
bus voltage of 300V, a commutation frequency of 5.25kHz, and the modulation
indexes as md = i\/g and m9 = 0. These values give the desired fundamental
output voltage of 50 V rms.

Neglecting the resistance of the filter, the inductance is designed to limit

the sum of the harmonic currents iy, i, and i3 to a 5 % of the nominal current, i,p,.
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80
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Figure B.2: Spectrum of the output phase voltage.

The expression is:

1

L> -
0.057h0m 2T fon fi

B s (5T (5]

Finally, for a minimum current of 0.5 A, the inductor has to be greater

than 29.7 mH. An inductor of 32 mH will be used because it was the closest value
available in the laboratory. A capacitor of 50 uF was used, because it was also avail-
able in the lab and it gave a good quality output voltage. The resulting resonance

frequency of the filter (125.8 Hz) is sufficiently higher than the nominal output

frequency of the inverter.
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Table B.1: Parameters of the power circuit.

Description Symbol Value Unit
ac mains nominal phase voltage Vgp 120 \Y
ac mains nominal frequency fg 60 Hz
dc bus maximum voltage Vde 700 \Y
dc bus capacitance (OFR 1100  pF
ac filter inductance L 32 mH
ac filter resistance R 0.2 Q
ac filter capacitance C 50 uF
Maximum output phase voltage rms NA 120
Maximum output phase current rms NA 5

Table B.2: Combinations of the resistor bank.

Equivalent resistance

per phase (Q) Resistors per phase (€)

Step Req Ry =250 R,=625 R3=625 R,=125
1 50 1 o 1 0
2 41.7 0 0 1 1
3 35.7 1 0 1 1
4 31.3 0 1 1 0
5 27.8 1 1 1 0
6 25 0 1 1 1
7 22.7 1 1 1 1

*Resistor connected.
TResistor not connected.
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B.2.2 Control System

Table B.3: Parameters of the control system.

Subsystem Description Symbol  Value  Unit
DSP Analog inputs range NA [0,3] \Y%
Control timer period T. 100 us
PWM carrier frequency fe 5.25 kHz
Current controller Damping ratio C 0.8 NA
Natural frequency @n 411 rad/s
Integral gain k?;q) 168750 1/s
Proportional gain kg}q) 656 NA
Voltage controller ~Damping ratio C 0.8 NA
Natural frequency Wy 80 rad/s
Integral gain ki()q) 6400 1/s
Proportional gain k;()q) 128 NA
k| = w? (B.2)
ky=2Cwy (B.3)
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B.3 PERFORMANCE EVALUATION

Table B.4: Errors* (%) in droop curves.

Scope readings Channel 1
Step \ Droop 0% 3% 5% 0 % 3% 5%
1 0.120 0.080 0.081 0.018 0.121 0.209
2 0.100 0.040 0.202 0.037 0.079 0.098
3 0.180 0.060 0.244 0.006 0.010 0.037
4 0.200 0.040 0.081 0.050 0.075 0.066
5 0.060 0.101 0.224 0.004 0.074 0.092
6 0.120 0.081 0.204 0.045 0.110 0.184
7 0.060 0.121 0.204 0.001 0.145 0.270

*Error calculated as 100|x — x,,,|/x, where x is the reference value and x,, the measured
value.

Table B.5: Errors* (%) in the frequency nadir.

Droop factor

0% 3% 5%

Channel 1 0.206 0.208 0.209

Scope readings 0.103 0.104 0.209

*Error calculated as 100|x — x,,|/x, where x is the refer-
ence value and x,,, the measured value.
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ROTATING REFERENCE FRAME
TRANSFORMATION

The power invariant transformation is used in this thesis. With this trans-
formation, power quantities calculated in the dq and abc reference frames are the

same. The abc/dq transformation matrix is defined as:

5 |sin(wt) sin(wt—2m/3) sin(wt—41/3)
Tabc/dq = 5 (C.1)

cos(wt) cos(wt—21/3) cos(wt—41/3)

where the inverse transformation dq/abc is defined as Tqq/abc = T;fb c/dq"
Using the power invariant transformation, a three-phase balanced vector

defined in the real axes as:

asin (wt)

. 3
X = |0 = |gsin(wr —2m/3)| o with ||xabC||:\@a (C2)

x€ asin (wt — 41/3)

is represented in the dq rotating axes as:

d
dq abc x 314 : dq 3
X =T,pe/aqx™ = =3 ,with ||x%9]| = 54 (C.3)

x4 0
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VIRTUAL SYNCHRONOUS MACHINE

D.1 CONTROL OF THE GRID SIDE CONVERTER

D.1.1 System Parameters

Table D.1: VSC controllers parameters.

Controller Description Symbol  Value  Unit

d-axis current Integral gain kf} 202500 1/s
Proportional gain kgi 2864 NA

g-axis current Damping ratio C 0.707 NA
Natural frequency Wn 1000  rad/s
Integral gain kg 1x10%  1/s
Proportional gain kgi 1414 NA

Table D.2: VSC power circuit parameters.

Description Symbol Value Unit
Grid line voltage rms n/a 460 \%
Grid frequency f 60 Hz
dc voltage Ve 1000 \Y
PWM carrier frequency n/a 5.22 kHz
Line inductor resistance R 0.2 Q
Line inductor inductance L 32 mH
dc Capacitor C 1100  pF
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D.1.2 Performance Verification

Fig. D.1 shows the simulation results for a step change in the g-axis cur-
rent reference. In Fig. D.1(a) can be seen that during the first grid cycle, when the
reference igssref = 5A, the VSC is injecting reactive power to the grid (“capacitive
behavior”) with the ac current iggg leading the grid voltage vg by 90°. Conversely,
during the second grid cycle, when the reference ilcilSSref =—5A, the VSC is absorb-
ing reactive power from the grid (“inductive behavior”) with the ac current iggg
lagging the grid voltage vg by 90°. It is also observed that the controller achieves
a good performance with the PWM model of the converter and that the reactive
current is effectively regulated without disturbing the active current control loop.

Fig. D.2, Fig. D.3 and Fig. D.4 show the results for a step, ramp and
quadratic change in the active current reference, respectively. In Fig. D.2(a) can
be seen that during the first grid cycle, when the reference i](aiss ref = OA, the VSC
is injecting active power to the grid with the ac current if¢s in phase with the grid
voltage vg (phase difference of 0°). Conversely, during the second grid cycle, when
the reference i](aiss rof = —DA, the VSC is absorbing active power from the grid with
the ac current iggg in counter-phase with the grid voltage v (phase difference of
180°). In Fig. D.3(a) and Fig. D.4(a), the current if¢ is always in phase with the
grid voltage, and its amplitude is controlled by the rate of change in the refer-
ence igss rof It is observed that the controller achieves a good performance with
the PWM model of the converter and that the active current follows the ramp and

quadratic references without disturbing the reactive current control loop.

-139-



APPENDIX D. VIRTUAL SYNCHRONOUS MACHINE

Voltages (V) and Current (x25 A) Phase a
T

Voltages (V) and Current (x25 A) Phase a
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Figure D.1: q-axis current control for a step reference.
(a) dq model. (b) PWM model. (c) Detailed view comparing dq and PWM model.
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Voltages (V) and Current (x25 A) Phase a

T
|
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Figure D.2: d-axis current control for a step reference.
(a) dq model. (b) PWM model. (c) Detailed view comparing dq and PWM model.
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Voltages (V) and Current (x25 A) Phase a
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Voltages (V) and Current (x25 A) Phase a

500+ MH\H\HM ‘ ~ R H}H\\HH\HI}I}I} ”“ ”””” H”‘”\,_l‘\l ‘HH\H\I}HH} }I MNHH
1T Miwy i S
|
N H\H\HH\H|HH\H\MMU\H {l \\\\uu“NW!!Uﬂmmuumumummmwmu\muH\H}HI!M}HW'\ i
[ ”\H” - ‘ | \
(b) |
/e ’ LALLM iu -
i 'ESSref’ 'ESS !
o e .
i iBss et iEsS !
0 :
0.‘06 0‘08
Time, t (s)
o
-100—
(c)
4 T
I
2+ :
. % : \ %
I I I
0.674 0.676 0.0‘78
Time, t (s)

Figure D.3: d-axis current control for a ramp reference.
(a) dq model. (b) PWM model. (c) Detailed view comparing dq and PWM model.
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Voltages (V) and Current (x25 A) Phase a
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Figure D.4: d-axis current control for a quadratic reference.

(a) dq model. (b) PWM model. (c) Detailed view comparing dq and PWM model.
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D.2  SYNCHRONIZATION OF THE VSC AND FREQUENCY MEA-
SUREMENT

The synchronization strategy entails measuring the grid frequency and
putting the transformations used for the control of the VSC (Tpc/dq and Tgg/abe) in
phase with the grid voltages. At the same time, the measured grid frequency is also
used in the VSM control routine. Fig. D.5 shows a schematic of the synchroniza-
tion system implemented in the experimental setup, which consists of an analog
circuit that measures one of the grid phase voltages and generates a train of pulses
whose pulse width is proportional to the positive half cycle of the sinusoidal volt-
age, and an interruption routine in the DSP that counts the number of sampling
times between two consecutive raising edges of the train of pulses. Because the
counting of sampling times is proportional to the period of the grid voltage, it is
used to generate the frequency signal. At the same time, since every rising edge
of the train of pulses represents the beginning of a new grid voltage cycle, they
are used to keep the transformations in synchronism. These kind of digital-based
synchronization strategies present characteristics such as delay due to signal pro-
cessing and a limited frequency resolution due to sampling [86] that might affect
the control strategy if they are not properly designed. In the following sections

these two characteristics are evaluated for the proposed synchronization strategy.

Analog Circuit

vg Low-Pass Pulse Train
Filter Generator

Synchronization
Routine

Figure D.5: Block diagram of the synchronization system.
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D.2.1 Delay

There are two main sources of delay in this strategy which are depicted
in Fig. D.6 (It must be mentioned that the time axis of this figure is not in scale
and the time intervals have been exaggerated for the purpose of illustration). The
first one, Ty;, is the one associated to the low-pass filtering of the measured grid
voltage. The filtering is needed because a noisy measurement might generate spu-
rious pulses near the actual zero crossing of the voltage, as shown in Fig. D.7, thus
affecting the synchronization. Time delay Ty, affects both functions of the syn-
chronization routine: the phase synchronization and the frequency calculation.
However, since the value of T4; is known (it corresponds to the time constant of
the low-pass filter, fj,¢ = 150 us) it can be compensated—by software—for the case
of phase synchronization. The second delay shown in Fig. D.6, Ty,, is associated to
the processing time during the interruption routine and thus it only affects the fre-

quency calculation. This delay can be assumed (worst case scenario) as one period

4 train of Qlfes filtered signal

/ noisy signal
\

A
N

. v -
[} = ) g
= — —|x Z 1 >
kS { (9] — kS — [l
o | 1l < Sl = 3] —=
O | —~ = Py D Il |
5| = Tl |
< | A ol 1 [ = SEESS =
L= |7 S = [% gl =L
AR = ] =
N\\ [
0 : : : : Vot
: Tz : : Tqz : T4z :
> . — > .
E Tsync . . Tsync E Tsync .
k-1 k

Figure D.6: Timing diagram of the synchronization routine.
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LeCray
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Figure D.7: Generation of the synchronization signal.

Cancelation of spurious pulse on the synchronization signal with low-pass filtering.
Ch1/A: measured grid voltage/zoom, Ch3/C: synchronization pulse/zoom. (a) Ch2/B: no
filtering/zoom. (b) Ch2/B: low-pass filtering/zoom.

of the interruption routine, Tyy,.. Therefore, the new value of the calculated grid
frequency will have a delay of fj,¢ + Tyync = 160ps, which is almost negligible in
comparison to the fastest dynamic of the equivalent system, which is in the order

of a tenth of a second (see Fig. 3.3(b)).
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D.2.2 Resolution

The resolution of the synchronization algorithm can be defined as the
minimum possible increment in the calculated frequency due to a change in the
period of the measured signal. Therefore, considering that the timer of the inter-
ruption routine has a fixed period, Ty, then the resolution is determined only by

the value of the counter, N, as follows:

Ares = ~ (Hz) (D.1)

Fig. D.8 shows the graphic of (D.1) for Ty, = 10ps. It is observed that when mea-
suring frequencies around 50 Hz (N = 2000) the operational resolution is close to
0.025 Hz. It is also observed that, since the period of the timer is fixed, the resolu-

tion increases as the measured frequency decreases.

0.04

60 Hz

e

0.035

0.03f

0.025

Frequency Resolution, |A,| (Hz)

0.02

0.015 \ \ \ ‘ ‘ ‘ ! !
1600 1700 1800 1900 2000 2100 2200 2300 2400 2500

Counter, N

Figure D.8: Frequency resolution for T, =10 ps.
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D.3 EXPERIMENTAL SETUP

Discrete-time equations of the stabilization frequency estimator:

ze(k+1) = (1 —ay)ze(k) —ar f (k) + a3 (D.2)

—a1z¢(k) —ay f (k) + a3
Tctrkikr

(D.3)

where z, is the integrator state and a4, a,, a3 are constant parameters defined as:

T, ki1t

aq = st (D.4)
1+ mkp
T...kik

az — ctr:Nr (D5)
1+ mkp

gy = TackiOeer (D.6)
1+ mkp
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Figure D.9: Schematic of the VSM.
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APPENDIX E

SELF-TUNING VIRTUAL
SYNCHRONOUS MACHINE

E.1 DERIVATION OF PREDICTIVE MODELS

E.1.1 Model for Optimal Inertia
The model for prediction is obtained from (5.16), which is divided by k;
and then the derivative of the frequency is replaced by the first order difference

equation (5.18), giving the following expression:

flk) - f(k-1)
)=

P

(Jeq + kyi(k) = —kteq f (k) + B(K) (E.1)

where the new variable (k) represents the accelerating torque divided by k,.

It is known in advance that the prediction models use g(k + 1), which in
turn is the future value of a variable that is not being measured. Therefore p(k+1)
has to be estimated. First, f(k) is obtained from (E.1), then assuming that (k) does
not significantly change between two consecutive sampling times, f(k + 1) can be

estimated as:

~ ]e kvi k ]e kVi k
R O R )
p p

Now, writing (E.1) for k = k+1 and replacing f(k+1) by its estimated value
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(E.2), the following prediction for the frequency is obtained:

(Jeq + ik + 1)) £ (k) + TpB(k +1)

k+1)=
f ) Jeq + kvi(k +1) + Tpkteq

(E.3)

In the same way, the prediction for the rate of change of frequency is obtained as:

df __kfeqf(k'i'l)"'/;(k"'l)
ar D= ke )

o (E.4)

E.1.2 Model for Optimal Damping

It is assumed that the output power of the ESS, pgss, is equal to the damp-
ing power reference (5.20). Replacing the latter into (5.15), then replacing the
derivative of the frequency by the first order difference equation (5.18), and di-
viding by k,, the model for prediction is obtained as:

fk) - flk=1)

Ty

Jeq = —kteq f (K) + kya (k) (£* (k) = £ (K)) + B(k) (E.5)

where the new variable (k) represents the accelerating torque divided by k.

It is known in advance that the prediction models use g(k + 1), which in
turn is the future value of a variable that is not being measured. Therefore p(k+1)
has to be estimated. First, f(k) is obtained from (E.5), then assuming that (k) does

not significantly change between two consecutive sampling times, f(k + 1) can be
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estimated as:

i J. Je :
Plk+1)~ p(k) = | = +kieq + kua(K) | F(K) = 22 (k= 1)~ kya(K)f*(K)  (E.6)
P P

Now, writing (E.5) for k = k+1 and replacing f(k+1) by its estimated value

(E.6), the following prediction for the frequency is obtained:

_ Jeqf (k) + Tykya(k +1)f*(k) + Ty p(k + 1)
Jeq + Tp (keq + kva(k +1))

flk+1) (E.7)

E.1.3 Model for Optimal Inertia and Damping

It is assumed that the output power of the ESS, pgss, is equal to the ref-
erence (6.4). Replacing the latter into (5.15), then replacing the derivative of the
frequency by the first order difference equation (5.18), and dividing by k,, the
model for prediction is obtained as:

flk) - f(k-1)

Ty

(Jeq +ku(k) =~ (kreq + kva(0)) FK) + k(W) f*(K) + BK)  (E.8)

where the new variable (k) represents the accelerating torque divided by k,.

It is known in advance that the prediction models use g(k + 1), which in
turn is the future value of a variable that is not being measured. Therefore p(k+1)
has to be estimated. First, f(k) is obtained from (E.8), then assuming that (k) does

not significantly change between two consecutive sampling times, f(k + 1) can be
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estimated as:

Blk+1)~ (k) = ---
(E.9)
e kVi k e kVi k ;.
- ]q%() + kieq + kva(k) f(k)—]q%()f(k— 1) = kyq(k)f~(k)
b P

Now, writing (E.8) for k = k+1 and replacing (k+1) by its estimated value

(E.9), the following prediction for the frequency is obtained:
(Jeq + kuilk+1)) £ (k) + Tykya(k + 1) f*(k) + Ty Bk +1)

p
(k+1)=
/ Je +kVI(k+1)+T(kfeq+ka k+1)

(E.10)

In the same way, the prediction for the rate of change of frequency is obtained as:

dfk+) ~ (Kgeq + kva(k+ 1)) f(k + 1) + kya(k + 1) f*(k) + Bk + 1)

dt Jeq + kyi(k +1) (E.11)
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E.2 PERFORMANCE EVALUATION OF THE ST-VSM

Table E.1: Simulation parameters for the ST-VSM with
variation of virtual inertia.

Description Symbol  Value
Prediction sampling time T, 1 ms
Control sampling time Teir 10 ms
Filtered derivative time constant T; 50 ms
Tolerance band (0.05 %) € 0.03Hz
CP-VSM virtual inertia ky; 2
CP/ST-VSM damping coefficient kyq 0
ST-VSM minimum virtual inertia K‘I};in 0
ST-VSM maximum virtual inertia Ko 2
ST-VSM search vector discretization Ny; 10
Weight factors ST-VSM; 71 1
V2 0.5
Weight factors ST-VSM, Y1 1
V2 0.2
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Table E.2: Simulation parameters for the ST-VSM with variation
of damping coefficient.

Description Symbol Value
Prediction sampling time Ty 1 ms
Control sampling time Ter 10 ms
Tolerance band (0.05 %) € 0.03Hz
CP-VSM damping coefficient ko4 10
CP/ST-VSM virtual inertia ky; 0
ST-VSM minimum damping coefficient ~ K™" 0
ST-VSM maximum damping coefficient K73 10
ST-VSM search vector discretization Nyg 20
Weight factors ST-VSM; 71 1

V2 0.5x107*
Weight factors ST-VSM, 71 1

Vs 0.1x1074
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Table E.3: Simulation parameters for the ST-VSM with variation
of inertia and damping.

Description Symbol Value
Prediction sampling time T, 1 ms
Control sampling time Teir 10 ms
Filtered derivative time constant T; 50 ms
Tolerance band (0.05 %) € 0.03Hz
CP-VSM virtual inertia ky; 2
CP-VSM damping coefficient kyq 10
ST-VSM; search area A [0, 2] x [0, 10]

ST-VSM search area discretization N; X Nyg 10x20

Weight factors ST-VSM, , for (6.3) 1 1

V5 0.5x107%
Weight factors ST-VSM, , for (6.5) 71 1

V2 0.5

V3 1

V4 0.02
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WIND GENERATOR MODEL

F.1 INTRODUCTION

The WG used in this work is a fixed-speed fixed-pitch (FSFP) configura-
tion, which is connected to the grid through an induction generator. Main advan-
tages of this configuration are its simple control and reliability in comparison to
topologies including power converters. However, a FSFP WG does not allow active
control of the energy capture and due to the stiff connection to the ac grid all of
the mechanical disturbances are transmitted to the electrical system [15]. A block

diagram of the model is shown in Fig. F.1.

F.2  WIND SPEED
The wind speed model (F.1) was obtained from [87], and it can “prop-
erly simulate the spatial effect of wind behavior, including gusting, rapid ramp

changes, and background noise”. The model consists in four components:

Vi = Vwb + Vwr + Vwg + Ut (E.1)

Wind Speed Wind Coupling Wig Induction
Model Turbine Shaft Generator

Figure F.1: Wind generator model.
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where, vy, is the base wind component, vy, the ramp component, vy, the gust

component, and v, the turbulence component.

E2.1 Ramp Component

Vir

tr2 - trl
Vi () = (F.2)

s SE< 1t

0 , otherwise
E2.2 Gust Component

ng
T(l —cosQ) ,ty St<ty)

vwg(t) = (E3)

0 , otherwise

where @ = 21(t — tg1)/(tg2 — tg1)-

E2.3 Turbulence Component

The turbulence component is defined in terms of its power spectral den-

sity (PSD):

N
Vot = 2Z(S(w(k))éw)mcos(w(k)t+¢(k)) (F.4)
k=1
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Table E1: Parameters of the wind speed model.

Parameter description Symbol Value Unit
Base wind speed Vwb 4 m/s
Ramp amplitude Vir 1 m/s
Ramp start time t 0 S
Ramp end time to 3 s
Gust amplitude Viwg -2 m/s
Gust start time te1 6 S
Gust end time teo 7 s
PSD number of components N 20 NA
PSD frequency step ow 2 rad/s

Landscape roughness coefficient 2o 0.0005 NA

Turbulence length scale F 600 m

where w(k) = (k—0.5)0w and ¢(k) = rand(0, 21) are the frequency and phase of the
kth cosinusoidal component, and S(w(k)) is the spectral density function defined

as:

2z0F? |w (k)|
S(w(k)) = E5
(w(k)) n2(1 (iﬂf)z)zys (E.5)

E.3 WIND TURBINE
The model of the wind turbine consists of two elements: a first order

system (F.6), which represents the low-pass filtering effect of the blades [89], and
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Figure E2: Wind speed profile.

a) Simulated wind speed profile with model (F.1) and parameters of Table F.1.
peed p P
(b) Wind measurements obtained from [88].

the output power equation of the wind turbine (E.7).

dv
twtd—‘:f = TUwf T Uy (F.6)
1 2 3
Pwt = Eﬂwtpﬂth Cp(/\)vwf (F.7)

where, t,; is a time constant related to the size of the wind turbine, v, is the
filtered wind speed, p is the air density, R, is the radius of the turbine rotor, #; is

the overall efficiency of the wind turbine, and ¢ (1) is the performance coefficient
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Figure E.3: Power curve of a FSFP wind turbine.

of the turbine given by:

cp(A) =¢ (02(% — C5)— C3)€_C4(%_65) (E.8)

with A being the tip speed ratio defined as:

1= Rut@wt (F.9)

where w,; is the rotational speed of the WT. Parameters c; 5 are defined to fit the

characteristic curve of the turbine of interest (Table F.3).

F.4  COUPLING SHAFT
The coupling shaft is represented by two rotational masses coupled by a

flexible shaft and with a gearbox to match the low rotational speed of the wind
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turbine with the high speed of the induction generator. The equations are:

dw;
]‘:vt d;/vt = _kfwtsa):/\/t + kfsa)ig — Tswg + T‘:vt (F.10a)
dw;
g
Jig dtl = kiswiy — kfigs@ig + Tswg — Tig (F.10b)
dTewg ,
dr = Kgs Wyt — ksswig (F.10¢)

where the state variables are wy, the rotational speed of the wind turbine, w;g ro-
tational speed of the induction generator, and 7y, the torque transmitted through
the shaft. The inputs are 7, the mechanical torque supplied by the wind turbine,
and 7, the electromagnetic torque due to electric load. The parameters are ], and

kl

fwt? the moment of inertia and the frictional losses coefficient of the wind turbine,

Jig and kg, the moment of inertia and the frictional losses coefficient of the induc-
tion generator, k¢ and kg, the damping and torsional stiffness coefficients of the
shaft, with kg, = kf,wt + k¢ and kfigs = kfig + kis.

«,n
]

In the above descriptions and model (F.10), the superscript indicates

that the variables and parameters of the wind turbine (low-speed side) are referred

to the high-speed side of the mechanical shaft as follows:

’ ;o _ _
Wyt = wthgb Twt = wt = 172 - N2

where Ny, is the speed conversion factor of the gear box.
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Table E2: Parameters of mechanical shaft.

Description Symbol  Value
Torsional stiffness ks 6x10°
Specific damping ke 4.78

F.5 INDUCTION GENERATOR

Non-linear model of the induction generator:

dyfy _

q d
1 RlszlS + NppWeelPig + Vs
dip;}
is _ -q d q
- _Rislis - nppwgewis + Vs
dt
dips)
ir q
dt _erllr + ( ppwge - nippwig) gbif
dy!
ir _ -q d
dr R 1, — (”ppwge - ”ippwig) iy
-d -q q.d
T 1g = leg ( 1rlls - erlls)
. 3
Wlth kTig = EnippLim'
Relation between fluxes and currents:
Ilb (L151+L )Z +L1m ir

P = (L + Ly ) i + Ly

isl im“ir

17[)5: im 1s (L1r1+L )
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P = Lo id + (Ligy + Ly ) i1 (F.19)

ir — “im‘is

State-space linear representation:

diig )
E = Aiglig + Biguig (F20a)
Yig = Cigiig (FZOb)

State vector in terms of flux and current variables:

T T
. = d q d q 1. = d 9 -d -9
lplg l ¢is 11bis ¢ir 11bir ] lig l Ls hs HLr Lr l

Input vector and output vector:

Linear system matrices:

_7-1 _71-1
Aig = Lig (WigLig + Rig) Big = Lig Nig

Lisl + Lim 0 Lim 0
0 L +L;, 0 L,
L, =
Lim 0 Lin+ Lim 0
0 Lim 0 Ly +Liy, |
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0 Mpp@geo 0 0
@ 0 0 0
pp~rgeo
Wi, =
0 0 0 Mpp@geo ~ Mipp Vigo
0 0 ~NppWgeo + NippWigo 0
R, 0 0 0 10 nptil 0
0 -R, 0 0 0 1 0 —nppthd
q q
0 0 _Rir 0 0 0 nppgbiro _nippwiro
0 0 0 -R 0 0 —nyppld  nypd
Ir | | PP Tiro 1pp Firo |
1 0 0 0
Cig = 0 1 0 0

ko id pgd e 4 o gd

tighro Krigliro Krigliso tigliso |
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Table E.3: Wind generator parameters.

Parameter* description Symbol Value Unit
Nominal power® Pyinom 50 kW
Cut-in wind speed NA 3.5 m/s
Power regulation NA Stall control NA
Rotor radius Ryt 9.6 m
Turbine nominal speed Q. 106 r/min
Gearbox ratio Ngp, 43 NA
Turbine moment of inertia* Joot 5.4 kg m?
Turbine rotational losses* Kot 0.12 kgm?/s
IG nominal speed Qg 1800 r/min
IG moment of inertia Jig 0.42 kg m?
IG rotational losses keig 0.06 kgm?/s
IG number of pole pairs Mipp 2 NA
IG nominal terminal voltage NA 480 \Y%
Wind turbine filter time constant ot 0.1 s
o 2.3 NA
) 50 NA
Performance coefficient parameters 3 6.94 NA
cy 13 NA
Cs -0.08 NA

*Parameters obtained from wind generator Endurance E-3120 50kW [90].
TReference wind speed of 9.5m/s.
Referred to the high speed side of the shaft.
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