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Abstract

South Africa’s overreliance on coal fired power generation has led to the government’s
commitment to diversifying the country’s energy mix. Gas turbine generators are poised to
play a larger role in South Africa’s energy mix, due to the country’s abundance in natural gas
reserves. Therefore, there is a need to developed gas turbine emulation systems to
investigate how this transition is to be implemented and to discover new efficient ways to

generate power through gas turbines.

This thesis presents the development of a twin-shaft gas turbine emulator. A DC-machine that
accepts both torque and speed references is used to emulate the behaviour of the gas turbine
according to a modified Rowen gas turbine model. The emulator is coupled to a 1.5kW interior
permanent magnet synchronous generator (IPM). The power density of a DC-machine is
significantly lower than that of a gas turbine of the same rating. Thus, the DC-machine is rated
at double the rating of the IPM to overcome the high inertia it has when compared to a gas
turbine of the same rating. This means that the DC-machine can produce large toques to
successfully emulated the dynamic behaviour of the gas turbine. A maximum error 2.5% in

the emulation of the gas turbine’s speed is reported.

A two-level active converter is used to compare control strategies for an IPM. Ninety-degree
torque angle (NTA) control, maximum torque per ampere (MTPA) control and unity power
factor (UPF) control are compared for performance. The UPF and MTPA control result in the
lowest and second lowest DC-link utilisation respectively when compared to NTA control. This
is due to a negative d-axis current component as opposed to a zero d-axis current component
in the case of NTA control. It is also concluded that to achieve a high power factor and torque
development, a negative d-axis current component is required. UPF and MTPA control
perform well in both categories, with UPF control and MTPA control resulting in the highest
power factor and developed torque respectively. A fourth control strategy that maximises the
efficiency of the IPM is developed experimentally. The maximum efficiency (ME) control
strategy minimises mechanical, core, windage and conduction losses. It also results in near

unity power factor and near maximum developed torque.

A nonconventional control structure that involves control of the DC-link from the generator-

side converter is presented. This frees the outer-loop control of load-side converter to



regulate voltage across the load when the system is supplying power to an isolated load. This
control structure also allows the grid-side converter to employ reactive power compensation,
without having to regulate the DC-link voltage at the same time. In doing so, large grid

currents are avoided.

A recursive least squares (RLS) algorithm is used to separate negative and positive sequence
current components during grid voltage unbalance. A method to minimise the presence of
negative sequence components in the load current is presented and implemented

successfully in an experiment.
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Chapter 1

1. Introduction

1.1 Background

A gas turbine generator is comprised of a gas turbine that acts as the prime mover coupled to
an electric generator that delivers electric power to a load. Due to its compact size, high-
power density and relatively low-cost of installation, gas turbine generators are used in a
variety of applications. In 1976 Allision Engine Co. produced a 150kW generator driven by a
GT 404 gas turbine for a radar set for the United States army. A gas turbine generator was
used to meet the objectives of the project, which were to develop a power generation unit
that would fit on to a truck, that was fuel efficient, robust and that had multi-fuel capabilities
[1]. Gas turbine generators have also found use in peak-load generation due to their fast start-
up times. In [2], a gas turbine plant of 17.5MW is discussed which takes just 2 minutes to
start-up, synchronize and deliver power to the utility grid. These advantages along with the
ease of deploying gas turbine generators and the reduced cost thereof when compared to
other forms of power generation is what has contributed to the increasing interest in the

study of gas turbine generators.

Natural gas is the cleanest carbon-based fuel when it comes to carbon emissions. Due to its
lower carbon content and high energy density, it emits half and a third of the carbon dioxide
produced by coal and oil respectively per unit energy [3]. This is significant in the South African
context because over 90% of electricity in South Africa is generated by coal-fired power
plants, which makes the country one of the largest emitters of carbon emissions in the world.
However, South Africa has large natural gas reserves in the Karoo and offshore, and thus has
an opportunity to diversify its power generation capabilities into cleaner gas turbine

generators [4].

Natural gas is sourced from a process known as hydraulic fracturing. This labour intensive
process involves drilling into the earth and fracturing rock with water to release natural gas.
The gas industry is still very much unexplored in South Africa and has the potential to create

thousands of jobs in a country at a time when the unemployment rate is approaching 30%. It



is for these reasons South Africa has committed itself to investing in both gas imports as well

sourcing gas locally [5].

The ecological damage that can result from hydraulic fracturing has stoked controversy and
resulted in a few detractors. Water contamination is chief among the concerns hydraulic

fracturing raises, specifically in fragile ecosystems like the Karoo and the coast.

It is not unusual in South Africa for a remote village’s power demand to be supplied by solar
power, completely isolated from the utility grid. This has led to an increased interest in
distributed generation particularly in remote rural areas [6]. The focus has been on solar and
wind power which has a much higher installation costs than that of gas turbine generation.
Multi-fuel gas turbines are ideal for use in rural and remote areas due to their robustness and

can be sustainable if biogas is used as fuel.

Gas turbine generation is increasingly seen as a viable alternative to coal based generation
due the low cost of installation, the abundance of gas reserves available and the socio-
economic upliftment that will result. Therefore, it is necessary for studies involving the
operation of such generators to be conducted to tackle key issues in the development of the

industry.

1.2 Literature Review

In this thesis a DC-machine is used to emulate a twin-shaft gas turbine. The turbine is coupled
to aninterior permanent magnet machine (IPM) which acts as the electrical generator. A two-
level back-to-back converter interfaces the IPM with the grid or an isolated load through an

LCL-filter.

An overview of gas turbine models is provided in [7]. The first type of model discussed are
physical models; they are derived from the thermodynamic laws governing the Brayton cycle,
which describes the operations of a heat engine. A further description of the thermodynamic
processes of a gas turbine is provided in [8], [9], from which differential equations modelling
the gas turbine are derived. The second type of model is the Rowen model. It comprises of
transfer functions that represent processes within the gas turbine [10], [11]. The transfer
functions are found experimentally from four gas turbines of different ratings to produce a

per unit model of a gas turbine. Due to the simplicity of the Rowen model, it has been



referenced the most out of all the models in literature. The Rowen model was conceived
initially for a single-shaft gas turbine; however, other works have since expanded on it to
include multi-shaft gas turbines. The third model is the IEEE model [12]. It was developed by
the IEEE Working Group on Prime Mover and Energy Supply Models for System Dynamic
Performance Studies. It is very similar to the Rowen model with the difference primarily being
the control mechanisms of the system. Other models are explained in depth in [7] and are

variations of Rowen’s model.

The use of DC-machines as turbine emulators is prominent in wind energy [13], [14]. The high
cost of turbine installation means testing of generators on wind turbines can become very
expensive. Thus, turbine emulators are developed to test generators before their real-world
deployment. Emulators allow for changes in test scenarios which could include a change of
rated conditions or abnormal conditions that are difficult to replicate on a real turbine. Gas
and fuel turbine emulators have also been developed to a lesser extent. In [15], [16], a twin-
shaft gas turbine emulator is developed using a permanent magnet synchronous motor
(PMSM). The PMSM actuates torque and speeds according to a model on the motor’s

controller. The Rowen model was used in the work as the reference model for a gas turbine.

The control of a PMSG has been discussed extensively in literature. The PMSG comprises of a
mechanical and electrical model. Control is achieved by manipulating the PMSG’s direct and
guadrature axis (d-axis and g-axis) current [17], [18]. Multiple strategies exist that ensure
efficient operation of the generator [19]; they include ninety-degree torque angle (NTA)
control, unity power factor (UPF) control and maximum torque per ampere (MTPA) control
among others. Most control objectives involve loss minimisation and optimal power
production. NTA control involves controlling the d-axis current to zero. This strategy is simple
to implement and for a surface mounted permanent magnet machine (SPM) will also result
in minimal copper losses for the power produced, this however does not apply to an IPM. In
UPF control, the VA rating of the generator goes towards active power production. The result
is a greater constant torque range for the PMSG. MTPA control generates the greatest
amount of torque from the current in the stator. As a result, conduction losses in the stator
are at a minimum for each stator current magnitude [19]-[21]. This method however does not
consider the generator core and windage losses. IPMs have different d-axis and g-axis

inductances, which can complicate control when implementing UPF and MTPA control. D-axis



and g-axis inductances are known to vary during the operation of the machine, which can
further complicate control [22]. However, the difference in the d-axis and g axis inductances,

allow for the extension of the speed range for an IPM [23].

In most cases power generation focuses on active power transfer to grid. In grid-tied
operation, power is delivered to the grid in a manner that prevents inverter saturation.
Inverter saturation refers to the scenario when the inverter is unable to produce the required
phase voltages. This occurs when the line-to-line voltage of the gird or load is higher than the
converter’s DC-link voltage. To prevent inverter saturation, the DC-link is regulated to a
sufficiently high value. Grid codes can stipulate the requirement of rated power delivery at
the rated voltage when dealing with a weak grid or an isolated network. This has led to the
development of static synchronous compensators that aid in the regulation of a network’s
voltage [24], [25]. In the event of an isolated load, the generator system must supply all the
power demanded by the load. A standalone wind power generation system is discussed in
[26] where load voltage is regulated by control of the load currents. This method is incomplete
as inverter saturation can occur should the power generated by the PMSG be less than the
power delivered to the load. To address this issue the authors in [27]-[29] provides a solution
that alternates between the control tabled in [26] and the traditional grid-tied operation
which regulates the DC-link voltage of the converter. Hence, the control on the load-side
alternates between regulating the DC-link voltage and the load-voltage. Only one voltage can
be regulated at one time. Therefore, this control approach may lead to significant load voltage
and DC-link voltage oscillation if the control does not act quickly enough. A provision for when
the generator produces more power than the load consumes is not given, which could lead

to overloading of the isolated load.

Isolated networks inherently have weak grids which can cause grid voltage unbalance during
asymmetrical loading of the phases. This causes an oscillation of twice the grid frequency in
the d-axis and g-axis phase currents. The oscillation is a result of the presence of negative
sequence currents within the load-side currents. The oscillations can cause the control of the
system to fail and results in increase in losses in the converter’s DC-link capacitor. In [30], [31]
the positive sequence and negative sequence components are separated using a notch filter.
The positive sequence components are controlled through Pl controllers to achieve the

system’s main objective of power delivery. A second set of Pl controllers work to suppress



negative sequence currents. The converter switching signals are a result of both sets of
controllers. The biggest advantage of this method is that one converter is used for power
delivery and for mitigation of current unbalance. The drawback is that large phase voltages
can result, which can lead to inverter saturation. Therefore, this method is only suitable for

small grid unbalances.

It is necessary to filter the output currents of an inverter before being delivered to the grid or
load because of the presence of switching harmonics. The simplest filter consists of an
inductor on each phase and is called an L-filter. Controlling currents in an L-filter is simple
because the grid/load-side converter is inherently stable. The drawback, however, is that
large inductors are required for sufficient attenuation of harmonics, which results in
significant voltage drops across the inductor. The large voltage drop will require a higher DC-
link voltage and consequently a larger DC-link capacitor which can be costly. LC and LCL-filters
are used to provide greater attenuation with smaller components, the latter has become the
industry standard in filter topology; a comparison of the three is given in [32]. The smaller
components result in less conduction losses across the filter. A drawback of LCL-filters the
existence of a resonance frequency, at which currents are uncontrollably amplified. To
mitigate the effects of resonance, active and passive damping techniques have been
developed [33]. Active damping methods involve the use of voltage or current sensors to
inject currents in a controlled manner that mitigates the effect of resonance. Passive methods
involve putting a resistor in series with the filter capacitor. The low cost of passive damping
in terms of components and control complexity make it an attractive prospect. Passive
damping, however, results in greater losses at high power. The design process of an LCL-filter
is an iterative process involving multiple design objectives [34]-[36]; in the end an optimal

solution is found.

It must be noted that in this thesis, the load-side refers to the side of the system that the grid
or isolated load is found. If the system is feeding an isolated load it will be explicitly be stated
in the thesis. If the system is connected to the utility grid, the system is said to be grid-tied,
and this will be explicitly stated as well. Otherwise, load-side refers to the system in either
modes of operation. The gas turbine generator refers to the entire system, which includes the

gas turbine prime mover and the PMSG.



1.3 Research questions

This thesis focuses on the issues concerning the emulation of a twin-shaft gas turbine engine,

its effect on the directly coupled IPM, and the efficient control thereof. An investigation into

the operation of the IPM in grid-tied and isolated operation is conducted. Solutions for issues

that result from grid voltage unbalance are also discussed. Theory is substantiated through

simulation and validated through experimental implementation; the research questions are

as follows:

How can a twin-shaft gas turbine engine be emulated with DC-motor?

How can the IPM be operated in a manner that guarantees maximum efficiency of the

generator and optimal operation of the entire system?
How can an IPM be operated for both grid-tied and isolated operation?
Which is the optimal control structure required for gas turbine generator?

How can the effects of grid voltage unbalance on the system be mitigated?

1.4 Objectives

The objectives of this project are as follows:

Implement a twin-shaft gas turbine emulator in the lab.

Develop and implement the control of an IPM driven by a twin-shaft gas turbine in

simulations and experimentally.
Implement both grid-tied and isolated operation on the IPM.
Compare and assess the different control strategies of the IPM.

Ensure adequate power supply in both grid-tied and isolated operation according to

grid codes.

1.5 Scope and Limitations

The IPM used in this project is rated for a speed of 1500RPM and 1.5kW. However, due to a

malfunctioning rotary encoder, speed values above 1100RPM could not be read. The lower

speed meant a lower induced EMF in the generator; the grid voltage and DC-link reference



voltages were in turn lowered accordingly. A complete discussion as to the reasons why this

was done is provided in section 6.2.3.

1.6 Structure

The theoretical bases regarding the modelling of a twin-shaft gas turbine and a PMSG is
provided in chapter 2. In chapter 3, a deeper investigation on the operation of an IPM is
conducted. In chapter 4, the models of the gas turbine, the IPM and the load-side system are
simulated in isolation to validate the theories from the previous chapters. The experimental
setup is discussed in chapter 5 and the results from the experimental implementation are

given in chapter 6. Conclusions and recommendations are given in chapter 7.



Chapter 2

2. Theory and basic principles of twin-shaft gas turbines

and PMSGs

The fundamental concepts of the operation of a gas turbine and a PMSG are discussed in this
chapter. The gas turbine models are presented and compared, and the Rowen model is
selected for implementation in the turbine emulator. The modelling of an IPM is discussed in

detail and provides the basis to the control strategies presented in chapter 3.

2.1 Gas turbine theory

A diagram of a twin-shaft gas turbine is provided in figure 1. The gas generator turbine and
compressor are mechanically coupled. The free-turbine and gas generator turbine are
thermodynamically linked and no mechanical coupling exists. This allows the two turbines to

rotate at different speeds [9], [37].

* -
combustor
2 3
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H,.
— | e @xhaust
T ; gas
gas gen ree
compressor turbine turbine

Figure 1: Twin-shaft gas turbine

The thermodynamic processes within a gas turbine can be modelled in terms of the
conservation of internal mass and the conservation of internal energy [8], [9] principle. The
rate of change of energy, w, within a thermodynamic process is directly proportional to the
rate of change of mass, m, and the change in temperature T. The constant of proportionality
is called the specific heat capacity C [38]. In figure 1, the compressor’s function is to increase
the pressure and the temperature of the fluid within its chamber. The input power necessary

for this process is given in equation 2.1.



W, = 77cﬁlana(TZ -Tp) (2.1)

The compressors inlet and outlet temperatures are T; and T, respectively. The process is not
ideal and will therefore include an efficiency term 7. The temperature of the fluid is raised in
the combustor to T3, which increases its pressure. The fluid is then expanded in the gas
generator turbine, providing the power to drive the compressor through the mechanical

coupling. The power produced in this process is given in equation 2.2.
Wg =171 (ma-l'mf)cpg(Tzl - TB) (2.2)

My represents exhausted fumes, T, and T3 are the outlet and inlet turbine temperatures
respectively. The fluid is further expanded in the free-turbine, further transferring power in
the process. The model is overly simplified; for example, some energy goes into heating the
lubricating oil. Therefore, a more realistic expression for the thermodynamic cycle is

expressed in equation 2.3.
N1 (ma'l'mf)cpg (T4 - T3) + ncmacpa(Tz - Tl) + mLubric.Oil Cpoil(Toil out — Toil in) =0 (2-3)

Attempting to model the gas turbine according to its thermodynamic processes is difficult due
to the many variables involved and other unmodeled dynamic behaviour. In [11], a more
practical approach of modelling is taken. The model is created specifically for a twin-shaft
model unlike most models which are specific to single-shaft turbines [10]. An attempt to
relate turbine output variables like exhaust temperature, gas generator and free-turbine
speeds to the turbine’s fuel flow and generator turbine speed is made. The experiment was
conducted on a 46MVA gas turbine generator which makes this approach specific to the gas

turbine generator used in the experiment.

In [37], a simpler approach is presented, which adapts a popular turbine model known as the
Rowen model into a twin-shaft gas turbine model. The turbine speed governor, valve
positioner, fuel system, combustor, compressor, free-turbine and gas turbine are described

by first order transfer functions. The block diagram of the model is illustrated in figure 2.



AC

Figure 2: A simplified model of a twin-shaft gas generator

Control of the gas turbine is independent of the control of the electrical generator it drives.
Thus, for a completeness sake, the control of the gas turbine must be emulated along with
the gas turbine. The gas generator turbine (Ger) speed, free-turbine (Fr) speed, acceleration
(AC), and exhaust and inlet temperatures all require control. Control is achieved by regulating
the fuel flow to the combustor W [11]. To regulate the gas turbine variables, a low-value-
select (min) is used to select the most critical variable that needs to be regulated. During
normal operation the speed control determines the fuel flow. However, if the gas generator
turbine speed or free-turbine acceleration approaches its maximum values, the fuel flow will
work to limit them as to not to damage the gas turbine generator. Therefore, only one
variable is controlled at a time. In [16], the temperature control is ignored for simplicity sake,
and the speed control of the gas generator and free-turbine, and the acceleration control of
the free-turbine become the focus, as illustrate in figure 2. The transfer functions in figure 2

are elaborated on in equations 2.4-2.10 and their parameters are given in table 1.

K, s + K
Hg = g (2.4)
(&)
Hyp = — (2.5)
1+(0)s
Hpe = ! (2.6)
F$ 71 4 1ps '
HC - e_STC (27)
1
f1(Wg, wer) = P [(Wf — kfima) +0.5(1 — wer)] (2.8)
flmb
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Fr=——— 2.9
"= STE, (2.9)
Hep = ! (2.10)
“ 71 4 10ps '
Table 1: parameters to equation 2.4
Symbol | Quantity Value
a Valve position constant 1.00pu
b Valve position constant 0.05pu
c Valve position constant 1.00pu
Kfima No load fuel parameter 0.20pu
Kfimb No load fuel parameter 0.80pu (1 —kama)
T, Combustion time delay 0.01s
Koptt Speed governor proportional constant 1.00pu
Kt Speed governor integral constant 2.00pu/s
Tfs Fuel system time constant 0.40s
Tcp Compressor discharge volume 0.10s
Jt Combined free-turbine, generator inertia -
Bt Combined free-turbine, generator viscous | -
damping

The parameters in table 1 are given in per unit values; they were obtained from studying four

heavy duty gas turbines generators ranging from 19 686kW to 80 685kW [10].

In a twin-shaft gas turbine, the generator is coupled to the free-turbine. Thus, the gas

generator turbine that produces the power for the unit and the electric generator can run at

different speeds. This means the gas generator turbine can run at its optimal speed, which is

usually very high, to produce maximum power, while the generator runs at a much lower

speed. An increase in the speed of the gas generator turbine can be achieved by increasing
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the fuel flow to the combustor which results in higher air mass flow into the system. The
increase in inlet temperature, mass flow and pressure raises the power available to the gas
generator turbine and subsequently the free-turbine [8]. The twin-shaft gas turbine is known
to be more efficient at part-load as compared to the single-shaft gas turbine, which makes it
an ideal candidate for supplying power to an isolated load or network, where the load can
change over time [39]. It is also mentioned in [8] that near the free-turbine’s optimal speed,
the efficiency of the system is high and varies very little. This gives the possibility of varying
the mechanical power supply of the gas generator system by changing the speed of the free-

turbine without significantly compromising efficiency.

The single-shaft gas turbine is typically used in high speed applications, while the twin-shaft
gas turbine is used in low speed applications. Twin-shaft gas turbine generators typically do
not require any power electronics to interface to a load or grid; they are connected to the
free-turbine directly or through a gearbox that will decrease generator speed to the rated
frequency of the grid [40], [41]. Two main methods for emulating gas turbine generators have
been discussed in literature. In [15], two machines are utilized to emulate the gas turbine
generator. The first machine acts as the gas turbine, the second machine is a generator that
provides power for an isolated load. In [42], a two-level back-to-back converter is used to
emulate the electrical power production of a gas turbine generator. The active front end
inverter on the converter feeds an isolated load and acts as the electrical output of the gas

turbine-synchronous generator unit.

2.2 Power electronic interfacing

A twin-shaft gas turbine generator does not usually require a power electronics interface
since the gas turbine control regulates the speed of the free-turbine, as stated in section 2.1.
However, having a power electronics interface allows for greater controllability of the
generator and allows for implementation of power quality measures. The power electronics
interface is a converter which consists of switching devices situated on each phase of the

generator. Three generator-converter arrangements are discussed in this chapter.

The first arrangement is illustrated in figure 3 and depicts the usual structure of a twin-shaft
gas generator. The PMSG is directly coupled to the free-turbine and power is fed straight to a

load or grid. The gas turbine system is responsible for regulating the speed of the generator.
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If the rated speed of the free-turbine is higher than that of the nominal frequency of the load,

a gearbox is utilized between the PMSG and the free-turbine.

combustor

air — —
— _ :| §= load/grid

gas gen free pmsqg
turbine turbine
Figure 3: Gas turbine generator system

compressor

While figure 3 illustrates a cost-effective arrangement of the system, it does not provide a
method of controlling the power being delivered to the load. In [43], [44] single-shaft gas
turbine generators which run at high speeds are discussed. There is a requirement for a
converter interface between the gas turbine and the load because of the high frequency
electric output power produced. A diode rectifier is used to convert the high frequency power
from the generator to DC. An inverter is used to supply power to the load at rated frequency.
The inverter can also allow for the control of the power factor as well if necessary. The same
scheme can be applied to a twin-shaft gas turbine. This would eliminate the need for a
gearbox if the free-turbine speed differs from the nominal frequency of the load. In section
1.5 it was stated that the IPM was not able to achieve rated speed. Therefore, in this thesis a
converter is necessary to interface the generator to the load. An illustration of this approach

is given in figure 4.

combustor
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Figure 4: Gas turbine generator system with rectifier-inverter interface
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It is mentioned in [44] that during load changes, the speed of the free-turbine can severely be
affected, resulting in undesirable oscillations in the generator’s output power. The burden
then solely lies on the gas turbine’s speed governor to mitigate the oscillations. A solution to
this would be to employ an active front end rectifier, that enables controllability of the PMSG
through converter switching. Load scheduling can be implemented to avoid sudden
acceleration or deceleration of the free-turbine, by controlling generator currents. The
PMSG’s electromagnetic torque acts as the load on the free-turbine. If the PMSG’s
electromagnetic torque decreases the free-turbine speed would increase above the reference
speed. The turbine speed governor would react by decreasing the fuel supply and thus the
mechanical torque input from the gas turbine. The opposite would occur if the PMSG’s
electromagnetic torque increases. The generator’s electromagnetic torque is determined by
its currents. Therefore, by manipulation the PMSG’s currents the mechanical power delivered

to the generator can be altered, which is what is required for successful load scheduling.

combustor

N < |7 | j'“é“"’g"“
gas ge-n free ) pPmsg

turbine turbine
Figure 5: Gas turbine generator with active front end rectifier-inverter interface

compressor

In this thesis a two-level back-to-back converter with active front end rectifier and inverter is
used to interface the gas turbine generator to the load. Multilevel converter can be
implemented in the same manner; however, their use is mostly reserved for high voltage

applications.

2.3 PMSG model

The IPM is used as the generator in this thesis. This section describes the model of an IPM and

highlights its characteristics.

A PMSG generates voltage by rotating its permanent magnet rotor within its stator windings.
The change in the flux-linkage of the stator windings as the magnets on the rotor change
positions induces an EMF in the stator. The distribution of the flux-linkage density is sinusoidal

resulting in sinusoidal voltages on the stator terminals. The phase stator equations are given
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in equation 2.11-2.13. V, is the phase terminal voltage and varies sinusoidally, A, is the total

phase flux-linkage, R; is the stator resistance and i, is the stator current.

Vial(0) = dl;“t(t) + Ryisa(0) @2.11)
Vsb (t) = dl;bt(t) + Rsisb (t) (2-12)
o) =29 g o) (213)

The flux-linkage of each phase windings is a combination of the phase’s self-inductance flux-
linkage Lyisy, the flux-linkage from mutual inductance My, i, and the flux-linkage from the

permanent magnet A,,,.

Asa(t) = Laisq(t) + Mgpig, (t) + Macisc(t)‘l'/lpm cos(w,t) (2.14)
21
Asp(t) = Lpisp(t) + Mpgise(t) + Mbcisc(t)‘l'lpm Cos (wet - ?) (2.15)
. . . 4m
Asc(t) = Leigc(t) + Meqisg(t) + Mepigy (t)+/1pm Cos (wet - ?) (2.16)

Using Clarke’s transformation, the three phase PMSG electrical model can be represented by
a single space-vector rotating in the a-8 plane. The space-vector rotates with the magnetic

field’s angular velocity of w,.

e
dA el et

dt

VieJwet = + R T el®et (2.17)

A set of orthogonal axes are imposed on the rotating vector as shown in figure 6. The d-g axes
rotate at the same angular frequency as the space-vector. Within the d-g-axes the rotating
vector is perceived as stationary. Thus, time varying quantities can be analysed as DC
guantities in the d-g plane. By decomposing the space-vector into d-g components and
treating the g-axis as the imaginary axis and the d-axis as the real axis, d-g stator equations

can be derived. The d-q stator equations are shown in equations 2.19 and 2.20.
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Figure 6: rotating d-g-axis in the stationary a — 3 plane
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(2.18)

(2.19)

(2.20)

(2.21)

The d-axis is aligned with flux from the permanent magnet, therefore, the flux from the

permanent magnet will only appear in the d-axis equations. The d-axis and g-axis flux terms

are defined in equations 2.22 and 2.23. From equations 2.19 and 2.20 the equivalent circuits

of a PMSG are illustrated in figure 7.

Asd = Ldid+lpm (222)
Asq = Lqiq (2.23)
Rs Lq id Rs Lq iq
—MN—— YN — — AM———— YN\
+
V4 —+ +—_—meAq Vq

+
—— Weld

Figure 7: equivalent circuit model of the PMSG
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To complete the electrical model of the PMSG an expression for the active and reactive power
is given in equation 2.24 and 2.25 [45], [46].

PG = vsdisd + vsqisq (224)

Q¢ = vsqisd - vsdisq (2.25)

It must be noted that for an IPM the d-axis and g-axis inductances are not equal due to the
its salient poles, this is not the case for an SPM. The mechanical model of a PMSG is given in
equation 2.26 and 2.27. As a mechanical torque, T,,,, is applied to the rotor of the PMSG, it is
accelerated. The current induced in the stator develops an electromagnetic torque, T,, acting

in the opposite direction to the mechanical torque, decelerating the rotor [17].

dw,
J dt = (Te = T)p — Bw, (2.26)
3 1.
T, = Ep[/lpm + (Lg — Lg)ialiq (2.27)

Since the d-axis and g-axis inductances are equal for a SPM the electromagnet torque is
proportional to the g-axis current. The d-axis current does not influence the electromagnet
torque and is often controlled to zero. An IPM, on the other hand, has a torque term that is
attributed to the g-axis current and another torque term that is attributed to the product of
the d-axis and g-axis currents. The latter is referred to as reluctance torque and gives the IPM
greater control options at the cost of greater control complexity. A detailed description of the

effect of the d-axis current on an IPM is given in [47].

The stator flux-linkage resulting from the d-axis current can increase or decrease the total
flux-linkage in the stator. Consider equation 2.28, which describes the space vector voltage
magnitude in figure 6.

V2 =V2+V,” (2.28)

V2 = 12(ig? + ig2) + 20,75 (Aaiq — Agiq) + 0,2 [(Laia + Apm)” + (Lgig)”  (230)

4T,% 4
c >+ Bwr 15Ty + w2 (Lgiq + Apm)z
9p2[lpm + (Ld - Lq)id] p

V2 = 12" + (2 + wy2Lg%).

(2.31)

Wpp = —— (2.32)



In the case of no load where T, = 0, equation 2.31 simplifies to equation 2.32. As the speed
of the PMSG increases the rate of change of the flux-linkage in the stator increases, resulting
in a higher induced EMF. To control a PMSG with a high induced EMF, a high stator terminal
voltage is required. However, equation 2.32 implies that decreasing i; will speed up the PMSG
without changing the stator terminal voltage. According to equation 2.23, varying the d-axis
current in the negative direction decreases the flux-linkage in the stator and in turn decreases
the induced EMF. Hence, smaller stator terminal voltages can be used for control of the
PMSG. As a result, the likelihood of inverter saturation is reduced and the constant power
region of the PMSG is extended. This is referred to as field weakening. Figure 8 shows a vector

diagram of stator quantities.

quifI
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Figure 8: vector diagram of a PMSG

2.4 Load-side model

In this section the load-side model of the system is developed. The model will represent the

load-side when it is in both grid-tied and isolated modes of operation.

The type of filter used between converter and load determines the dynamic behaviour of the
load-side currents. Filters comprising of just an inductor are referred to as L-filters, and have
been used extensively in the past due of their simple design and low control complexity. L-
filters are first order filters and thus a significant inductance is often required for adequate
attenuation of switching harmonics. As a result, L-filters are bulky and will increase

conduction losses, particularly in high power applications. From a control perspective, L-filters
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make for a slow dynamic behaviour of load-side currents. Modern applications require LCL-
filters due to smaller component sizes and higher attenuation of switching harmonics when
compared to L and LC-filters. The LCL-filter is a third order filter which requires smaller
inductance values than lower order filters. The transfer function of an LCL-filter is given in
equation 2.33. It can be deduced that there exists a resonance frequency w,..; where the
impedance to the current is zero, causing the current to increase uncontrollably. Figure 9
shows bode plots of an L and LCL-filter that are comprised of the same inductance. The
behaviour of both filters at low frequency is similar; their magnitudes rolls off at 20dB per
decade as the frequency approaches the resonance frequency. After the resonance spike, the
magnitude of the LCL-filter rolls off at 60db per decade. The result is higher order frequencies
associated with switching harmonics are attenuated more, for an LCL-filter. Therefore, the
dominant dynamic behaviour of the load-side currents is like that of a filter consisting of just

the two inductances Lsy and Ls,, which are smaller than the inductances which would

typically be used in an L-filter.

iy 1
HLCL = = 3 (233)
vin (Lfl + sz)s + CfolLfZS
Wres = (2.34)
150 - ‘
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100 — Lfilter
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0 — —
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-180 |- =
270 b bl e bl '
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Figure 9: Bode diagram of an L and LCL-filter
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The resonance spike poses a control problem because unlike and L-filter, the LCL-filter is not
globally stable. Damping techniques are used to reduce the magnitude of the spike; they fall
into two categories: active and passive damping. Active damping involves monitoring of the
filter capacitor current or voltage in figure 10. Its objective is to add an s? term in the
denominator of equation 2.33 by controlling the filter capacitor current. This gives a damped
current response. The filter capacitor current and voltage is usually measured with a sensor,
but estimation techniques can be employed that eliminate the need for a sensor. The success
of the estimation techniques depends on the accuracy of the model used. Inductor values
vary according to the amount of current they are conducting; therefore, estimation
techniques may be difficult to implement practically. A review of active damping techniques
is provided in [48]. Passive damping involves physically adding the s? term by placing a

resistor Ry in series with the filter capacitor as shown in figure 10.

Lfy i, i Lfa
+ MMM — o § [ W
2w
Vin . Vout
|
— Cf

Figure 10: LCL-filter topology

This changes the transfer function of the LCL-filter to equation 2.35. The resistor must be
chosen depending on the damping factor required as well as to minimize the conduction
losses in the resistor. Figure 11 illustrates that large damping resistors minimise the effects of
resonance. However, the gain margin of the LCL-filter is still negative which indicates
instability. To ensure stability, several design considerations must be undertaken; they
include the placement of the resonance peak, the determination of the damping resistor, and

the determination of the bandwidth of the load-side system.

1
B (Lfl + sz)S + (Lfl + LfZ)CfRfSZ + CfolLfZS3

Hycp (2.35)
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Figure 11: Effect of damping resistor on the bode plot of an LCL-filter

Figure 9 demonstrates that at low frequencies the behaviour of an L and LCL-filter is similar.
Therefore, by limiting the bandwidth of the load-side system to frequencies lower than the
resonance frequency the dynamic behaviour of the system can be approximated as a first
order system. In the same manner as in section 2.3, the space vector representation of the
load-side is given by equation 2.36.

dZengt

———+ Rige/“st + Vel®st (2.36)

S jwgt
ege 9" =

The d-axis and g-axis equations of the load side are given below. The magnitude of the load
voltage is eyq, the g-axis component is zero. In isolated operation, the voltage across the load
will decrease to zero should the load-side converter fail to regulate it. The d-axis and g-axis

currents determine the active and reactive powers respectively.

dAsq ]
dt = —egd - (A)gﬂq + Rfld + Vd (237)
dAsq ]

? = —wg/ld - Rflq - Vq (238)

3 .
Pioga = Evsdlsd (2.40)

3 .
Qioaa = Evsdlsq (2.41)
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Figure 12: load-side equivalent circuit
The DC-link voltage of the converter is determined by the difference in the power flow to and

from itself. Equation 2.42 describes the relationship between the generator-side and load-

side currents with the DC-link voltage and current respectively [49].

3 d
idC - E (Sqiq + Sdid) = CEVdC (242)
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Chapter 3

3. Control of a gas turbine generator

The vector control of an IPM is discussed extensively in this chapter before simulations are
carried out in chapter 4. Methods of frequency synchronization on the generator-side and
load-side systems are discussed first. Generator parameters are then determined and an LCL-
filter for load integration is designed. Vector control is achieved through a cascaded PI
controller structure. After which, the main control strategies that can be implemented on an

IPM are discussed and proven.
3.1 Synchronisation

3.1.1 Generator Synchronisation

Vector control requires that three-phase quantities be transformed to their space vector
equivalents and then into d-axis and g-axis quantities. Only then can control technique be
implemented. To achieve this, the angle of the space vector must be made available, which is
an integer multiple of the rotor angle. The angle of the generator can be determined with a
use of a sensor or ‘sensorless’ analytical methods. Sensorless methods can be classified in to
those that estimate the induced EMF of the PMSG and those that use high frequency signal
injection to determine the rotor angle [50]. Estimation of the induced EMF will show poor
performance at low speeds due to the low induced EMF. On the other hand, methods
involving signal injection can operate throughout the whole speed range of the generator.
Both methods make use of the model of PMSG which can become inaccurate under different
speeds, temperatures and loading. Methods involving sensors to determine the rotor angle
of the generator include the use of hall effect sensors, resolvers and encoders. For this work

an incremental encoder is employed.

The Incremental quadrature encoder outputs three pulses as shown in figure 13. The A and B
pulses are 90 degrees out of phase. A simple logic table can be used to decode the phase of
the encoder. An increase in the value of the phase indicates movement in the clockwise
direction and a decrease indicates a movement in the opposite direction. The Z pulse indicates

the ‘zero’ position of the encoder, from this point the rotor angle can be calculated.
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Figure 13:Encoder pulse traces

3.1.2 Load-side synchronisation

The grid angle is required for the d-q transformation on the load-side of the system. The usual
method of obtaining the grid angle is with use of a Phase-locked loop (PLL). In [51], a
comparison of popular algorithms of Synchronous Reference-Frame (SRF) PLL’s is presented.
It is shown that most PLL’s have a similar structure, with additional features that add to the
robustness of the algorithm. The SRF-PLL works by initially estimating the grid angle and
performing a d-g transformation on the measured grid voltages. Subsequent grid angles are
determined by choosing a grid angle that forces the g-component of the grid voltage to zero;

this is achieved with a Pl controller. A simple SRF-PLL is illustrated in figure 14.

abc —>

L > +

felelc
E

Figure 14: SRF-PLL

The SRF-PLL does not require any grid parameters and has a simple structure, which makes it
a popular choice for grid synchronization. Figure 15 (a) illustrates the typical output of the
SRF-PLL. The g-axis of the voltage is zero and the d-axis voltage takes the value of the peak of
the grid’s phase voltage. The SRF-PLL works best for a balanced 3-phase system. This is
illustrated in figure 15 (b) where a magnitude unbalance of 6% and 16% is introduced on two
of the grid voltage phases. Such an unbalance can be represented by a set of balanced positive

sequence grid voltages, and a set of balanced negative sequence voltages which rotate in
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opposite directions in the alpha-beta plane. The SRF-PLL locks on to the positive sequence
voltage, however within the synchronous positive sequence references-frame, a negative
sequence component oscillating at twice the grid frequency will exist. The oscillation will

propagate throughout all the d-g transformations and can cause control issues.

2 ggg N 7| —d-axis voltage
o 7 .
% ol || —q-axis voltage
> 0r | | | | |
0 05 1 1.5 2 25 3
Timefs
(a)
> 300 T ——
% 200
£ 109
> 00000000 A
0 05 1 1.5 2 25 3
Time/s
(b)
Figure 15:(a) d-q grid voltages under balanced conditions. (b) d-q grid voltages under unbalanced
conditions

A method of extracting the positive and negative sequence synchronous components is
developed next. Extraction of positive and negative sequence components is required for the
implementation of control during grid voltage unbalance. The recursive least squares (RLS)

algorithm, that can be found in [52], [53] is used for this purpose.

Consider a vector y of measured outputs, where ¢ represents the input data matrix and 0
represents a matrix of unknown parameters. The vector n represents random disturbances

that are unmodeled.
y=¢0+n (3.1)

More than often, system parameters are unknown and must be estimated 8 to map an input
data matrix to an output vector. The result is an output estimate ¥y which can be compared
to the true output y of the system after each estimation. The difference between the estimate

and the true value is the error e.
y = @0 (3.2)

e=y— @0 (3.3)



The least squares algorithm involves squaring an error vector e and finding a set of
parameters that will minimise the square of the error vector. Appendix A provides a list of

identities related to the derivatives of matrices that are used in the following equations.

~\T —~
C=eTe=(y—¢0) (y— ¢0) (3.4)
C=y"y—y"pb—08"¢0"y +0"9p"pb (3.5)
dc _
— =20y +2¢"p0 =0 (3.6)
do
0= (9 ) ey (3.7)

The parameter vector that minimises the error is provided in equation 3.7. This form of the
least squares uses batch processing, which considers all the previously available data to
calculate the parameter matrix. The consequence of batch processing is a high computation
effort and long processing times. Recursive least squares algorithm was developed to address

this shortcoming.

The idea behind recursive least squares is that by calculating the parameter vector after every
iteration in time, the next iteration of parameters 8(k + 1) can be calculated from the data
from the current error based on the k" parameter estimation. The previous equations are

discretized and fundamental vectors are defined in equations 3.8-3.12.

P(k) = (" (k)ep(k)™* (3.8)
0(k) = P(k)e" (k)y(k) (3.9)
y(1)
y(k) = ¥P (3.10)
y(k)
o(1)
o) = 2P (3.11)
(k)
P(k) = [(@" (o) + ("D (2) + - + (T (k) (k)] ! (3.12)

From equation 3.10 and 3.11 an expression for the parameter estimation for the (k + 1)"

iteration is defined in equation 3.13.
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B(k+1) = P(k+ 1)(¢pT(k)y(k) + @T(k + Dy(k + 1)) (3.13)

P()~'8(k) = ¢" (l)y (k) (3.14)
Equation 3.9 is rearranged to form equation 3.14. The result is inserted into equation 3.13.
0k+1D)=0(k)+(Pk+1DPk)1-DOKk) +Pk+De"(k+ Dy(k +1)) (3.15)
From equation 3.12, equation 3.16 can be derived and then inserted into equation 3.15.
Pl 1=Pk+1D1-@"(k+1Dek+1) (3.16)

0k+1)=0()—Pk+1De"(k+1Delk+10k) +Plk+1)eT(k+ Dy(k+1)
(3.17)
The result is an expression for the current estimation of parameters based on the previous

estimation.
O(k+1)=08(k)+P(k+ D" (k+ D[y(k + 1) — @k + 1)O(K)] (3.18)

It is reiterated here that unbalanced three phase voltages can be represented as a sum of
balanced three phase positive and negative sequence voltages. Equation 3.19 maps alpha-
beta grid voltages to their symmetrical counterparts through a modified inverse Park’s
transform. Note that the transformation includes positive and negative sequence

synchronous voltages.

eq

€qx] [cos(8) —sin(0) cos(0) sin(0) 1|el|

[eﬁ]_[sm(@) cos(f) —sin(8) cos(H) e;i (3.19)
&

The structure of equation 3.19 is the same as the one in equation 3.1. The objective of the
algorithm will be to estimate future values of the grid voltage. The estimated grid voltages
will then be compared to the measured grid voltages once they become available. Since
future quantities are estimated, an incremental component of the model is added to equation
3.19. The incremental part is given in equation 3.20 and the full model is given equation 3.22.

[Sea] B i [cos(@) — sin(@) + cos(@) + sin(8)
96

Segp sin(8) + cos(0) — sin(@) + cos(H) (3.20)
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o) = [ar] + o] (321)

e+
€a+1 cos(8) —sin(@) cos(f) sin(@) —2sin(H) [eg*]
leﬁﬂl = [sin(@) cos() —sin(8) cos(6) -2 51n(9)]| ;|
66 0 0 0 0 q

(3.22)

69

The positive and negative sequences are estimated by comparing measured alpha-beta

voltage to the estimated ones.

B
R g;r cos(f) —sin(@) cos(8) sin(8) —2sin(6)
0=|g;| ¢=|sin(@) cos(@) —sin(g) cos(6) —25111(9)] (3.23)
= 0 0 0 0 1
q
| 56
ea
.= lebl 40 (3.24)
660

The positive and negative sequence grid angles can be obtained through an arctangent
function using the alpha-beta voltages, for use in a Park’s transforms. The algorithm does not
make use of any system parameters, which adds to the algorithm’s robustness. This method
can also be extended to include phase shifts in the grid voltages since any periodic signal can
be decomposed into a sum of sinusoids. However, the focus of this work is limited to grid

voltage magnitude unbalance.

When grid voltage magnitudes are balanced, the positive sequence components in figure
16(a) are the same as those in 15 (a). In addition, the negative sequence synchronous
components in 16(b) are zero. Figures 16 (c) and (d) show the successful extraction of positive
and negative sequence synchronous components during unbalanced grid voltage conditions.
The d-axis positive sequence grid voltage component takes on a value slightly below the rated

value, while the negative sequence components take on non-zero values.
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Figure 16:(a) Positive sequence d-axis and g-axis grid voltages during balanced conditions (b)

=

Negative sequence d-axis and g-axis grid voltages during balanced conditions (c) Positive sequence
d-axis and g-axis grid voltages during unbalanced conditions (d) Negative sequence d-axis and g-axis

grid voltages during unbalanced conditions

This method requires no grid parameters and very little tuning. The benefits of this method
come at a cost of high computation, as several matrices are inverted and multiplied. Fast
FPGA’s, which can perform multiple operations in parallel will see computation time decrease

significantly for such applications.

3.2 Generator parameter determination and LCL-filter design
Controllers are designed according to the parameters of the system. In this section, the

parameters of the IPM are determined experimentally. The LCL-filter is then designed. Finally,

the controllers for the generator-side and load-side are designed.

3.2.1 Generator parameter determination

A review of methods of determining the synchronous inductances is provided in [54]. In this
work, a DC current is stepped though the stator windings to determine the d-axis and g-axis
parameters. The time taken for the current to reach 63% of its steady state value is called the
electrical time constant. The time constant can be used to calculate the system parameters.
The configurations of the experiments are illustrated in figure 17. This method is accurate and

simple to implement, which makes it a popular method of determining generator parameters.

29



(a)

Figure 17: (a) Configuration to determine d-axis inductance (b) Configuration to determine g-
axis inductance

The basic transfer function for the stator current of a PMSG is given in equation 3.25. The d-
axis and g-axis electrical time constants of the stator are a ratio of the synchronous
inductances to the stator resistance. To determine the synchronous inductances, the stator
resistance is firstly measured using an ohmmeter. Next, the circuits in figure 17 experience a
step increase or decrease in stator current. The time it takes the current to reach 63% of its
steady state value 7,4, is recorded. According to equation 3.25, once the time constants and
the stator resistance are determined, the synchronous inductances can then be calculated.

The generator parameters are given in table 2.

lgg = ! = ! (3.25)
1+ SLR# 1+ 5744
Table 2: IPM parameters
Time constant Resistance Synchronous inductance
74 = 0.015s 50 Lqg = 0.075
74 = 0.024s 50 L, =0.120

Next, the magnet flux-linkage must be determined to fully represent the total flux-linkage in
the stator of the PMSG according to equation 2.22. The induced EMF in the stator terminals
is proportional to the speed of the generator. This can be deduced from equation 2.20 where
the g-axis stator equation becomes equation 3.26 for no load conditions. The generator speed

is gradually increased at no load while the stator voltage is measured. The constant of
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proportionality is the magnetic flux-linkage. The generator is driven from Orad/s to 114rad/s,
the voltage induced is shown in figure 18. The slope of the graph represents the magnetic

flux-linkage in the PMSG.

Vg = Weldsq (3.26)
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Figure 18: Induced stator voltages at different generator speeds

Apm = L75Wh (3.27)

3.2.2 LCL-filter design

LCL-filters must be designed to optimise the filter performance while minimising filter
component sizes, reactive power production, switching losses and conduction loses. Large
inductances must be avoided as this will result in significant impedances at low frequencies.
Consequently, large converter voltages will be required to drive current through the high
impedance. The large changes in voltage levels that will result when switching, reduces the
lifetime of the switches and increase switching loses. A large DC-link voltage may also be
required to achieve the high converter voltages, which could result in the need for a larger
DC-link capacitor. The filter capacitor size must also be kept as low as possible. A large LCL-

filter capacitor is not desirable because it becomes a source of reactive power [36], [55].

Selection of the filter components determines the resonance frequency according to equation

2.34. The resonance frequency must not be contained within the bandwidth of the load-side
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system to avoid instability. The bandwidth of the system is not easily determined, as it is
dependent on the controller parameters in addition to the filter components. Most literature
will estimate the bandwidth of the load-side system to be 10 times the grid frequency. The
switching frequency must be greater than the resonance frequency for greater attenuation
of switching harmonics along the 60dB/decade slope. Secondly, the sampling frequency must
be at least twice the resonance frequency according to the Nyquist criterion. This is done so
that the resonance frequency is not aliased. Symmetrical switching is used in this work; thus,
the switching frequency and the sampling frequency are the same. A comprehensive
discussion on synchronous switching is presented in section 5.5. Equation 3.28 shows the
limits that are imposed by the Nyquist criterion on the system bandwidth, resonant frequency

and switching frequency.

fo < fres < % (3.28)

The selection of the filter capacitor is usually done to limit the production of reactive power
to below 5% of the base value. This leaves the designer with the task of determining the

inductor values. Equation 2.34 is rearranged to give equation 3.29 [36].

2
fs_W)Z (1 + ﬂ)
(ﬁ*es . Ly _ k? ) (1+ p)?
A f3, Lfa Al fg,  H
L
£1

(3.29)

The aim of the design is to reduce C¢(Ls; + Lg;) as much as possible. In figure 19, k is set to
2 and the switching frequency is 4kHz. For an arbitrary filter capacitor and inductors, the value
of u that minimises C¢(Lf; + L) is 1. Thus, a strong argument can be made for making Lg;

and Ly, equal, which result when p is 1.
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Figure 19: The effect of u on filter component size

For an accelerated design process, some designers will place the resonance frequency at the
geometric mean of the system bandwidth and the switching frequency [36], [56]. This ensures
that the resonance frequency does not fall within the system bandwidth and that aliasing of
the resonance peak does not occur. However, by predetermining the resonance frequency,
certain design criteria may not be met because of the limited inductor and capacitor values
one can chose from. One such design criteria involves keeping the total inductance of the
filter below 10% of the base inductance of the system [57]. The base values are calculated
from the load power P, the line-to-line RMS voltage of the grid and the grid frequency w.

The base quantities and maximum permissible component values are given in table 2.

Z, = 21 (3.30)
b p .

Lb = (l)ga (331)

¢, =7 (3.32)
b — wg b .
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Table 3: LCL-filter base values and parameter limits

Quantity Value
Zg 28.8427/Q
Ly 91.8091/mH
Cy 110.34/uF
(Lf1 + sz)max 9.1809/mH
Crmax 5.5180/uF

The total filter inductance is limited to maximum inductance of 9.1809mH and the maximum
filter capacitors is limited to maximum of 5.5180uF. A switching frequency of 4kHz gives a
maximum permissible resonance frequency of 12 560 rad/s according to the Nyquist
criterion. Figure 20 shows the relationship between the filter capacitor, total inductances and
the resonance frequency. The inductance size must be chosen such that the filter capacitor
adheres to the size constraint in table 3. When the filter inductance is increased, the filter
capacitor size can be reduced to maintain a constant resonance frequency, which is in line
with equation 3.29. Secondly, for an already significant filter inductance, the larger the
inductances become, the smaller the impact on the capacitor size becomes, while maintaining
a constant resonance frequency. For the range of inductances between 1.2mH and 3.0mH
the filter capacitor changes from 9.8uF to 4.5uF . For the range of inductances between 5mH
and 8mH the filter capacitance changes from 2.58uF to 1.59uF. This indicates that
excessively increasing the filter inductance has a diminishing effect on the filter capacitor size.
Therefore, inductors must be increased considering the filter capacitor size reduction that will
result. Figure 20 also illustrates that increases in the filter capacitor moves the resonance
frequency to lower frequencies. This increases the likelihood of the resonance frequency
falling within the bandwidth frequency. Thus, providing another reason for the use of small

capacitors in the LCL-filter.
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Figure 20: The relationship between the filter capacitor, inductor and resonance frequency in the

design of an LCL-filter

The attenuation of load-side current harmonics can be found by taking the magnitude of

equation 2.33. The attenuation at different harmonics wy, can therefore be calculated.

1
ap = >
|2wh(l’f1 + sz) — wh3(Lf1 + sz) Cf|

(3.33)

Figure 21 illustrates that the attenuation factor as a function of inductance at the resonance
frequency. The attenuation of the resonance frequency serves as an indicator of the minimum
attenuation within the whole frequency spectrum. Figure 21 illustrates that a higher
resonance frequency will diminish the effects of resonance due to greater attenuation at
higher frequencies. The filter capacitor can be calculated from figure 21 for each resonance

peak using equation 2.34.
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Figure 21: Attenuation of the LCL-filter a s function of inductance and frequency

Most values for the filter inductance and capacitors ensure adequate harmonic attenuation

according to the IEEE-519 standard. The filter capacitors and inductances chosen for this work

are given in table 3.

Table 4: Filter component values

Quantity Value

Lfl = sz 3mH

The total filter inductance is significantly lower than the inductor limit given in table 3. The
filter capacitor was chosen to lower the resonance frequency of the load-side system, while
still adhering to the limit given in table 3. The resonance frequency is found to be 11 547 rad/s
and its location is less than half the switching frequency as required by the Nyquist criterion.
The design meets the criteria mentioned earlier. The resonance frequency results in a gain of

106dB which can be reduced to 1.58dB with the use of a 100Q damping resistor.
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3.2.3 Pl controller design
Pl controllers are the easiest and most common method of achieving vector control. In vector
control, generator and load currents are manipulated to achieve control objectives. This

section demonstrates the structure of the control algorithm and determines its parameters.

The generator models in equations 2.19 and 2.20 show the presence of cross-coupling
between the d-axis and g-axis stator models. The result is a nonlinear model that cannot have
control techniques applied to it until it is linearized. Figure 22 illustrate that linearization is
achieved by feeding the speed terms of the d-axis and g-axis model forward and subtracting
them from the outputs of the controllers. The generator currents, speed and synchronous
inductances are known; therefore, the speed terms can be calculated. The result is a stable

first order system shown in equation 3.34.

(3.34)

— ()

vy Y

3
T, — {Eq*"'d*} Ep[’lpm + (Ld - Lq)id]iq‘

L Dk,

weapm

Figure 22: Control structure of generator-side control

The current references i; and iq* are determined from a function or look up table that map

them from the electromagnetic torque reference T,".
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The determination of the Pl controller parameters is done according to the models in
equation 3.34. Because the system is stable, controller parameters will be determined by the
desired system bandwidth and disturbance rejection. Generator inductances are known to
vary due to changes in the rotor position, generator loading and temperature [58]. Therefore,
a range of values from half the nominal values to twice the nominal values are considered in
the design. The stator resistance is also varied by +20%. Because the IPM used in this project
has a large inductance, a high control bandwidth would result in large stator voltages.
Therefore, a bandwidth of no greater than 1000 rad/s is chosen for a settling time of 0.01s.
The d-axis and g-axis system responses are illustrated in figure 23. The responses of the
currents track the output reference within 0.0085s for all generator parameter variations,
which is close to the desired bandwidth. The bode diagram in figure 23 (d) and 23 (h) show
that that the system is globally stable, even as the system parameters vary. Figure 23 (f) shows
the system’s response to an input disturbance of 100% of the set point. The disturbance peaks
at 1% of the setpoint and is quickly attenuated to zero. Figure 23 (g) shows the system’s
response to an output disturbance of 100% of the setpoint. The initial effect of the
disturbance on the output is large because it happens at the output of the system, but is

attenuated to zero within 0.01s. The system is deemed to be both fast and robust.

3440 4740
Ka=80+—— K;=68+—— (3.35)
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Figure 23: d-axis generator system response (a) step response of generator-side system (b) Input
disturbance response (c) Output disturbance response (d) Bode plot. g-axis generator system
response (e) step response of generator-side system (f) Input disturbance (g) Output disturbance

response (h) Bode plot

Typically, the load-side system is responsible for the regulation of the DC-link. A fast current
response is required to achieve this. The control structure in figure 24 is derived from the
models in equations 2.37, 2.38 and 2.42. The load-side system also has speed coupling terms
in each of the current model; therefore, the decoupling method used on the generator-side
control system is also applicable on the load-side system. As discussed in section 2.4, the LCL-
filter model is approximated by a first order system as shown in equation 3.36 for the design
of the Pl controllers. However, when simulated in MATLAB in figure 25, the LCL-filter’s third

order model is used to validate the effectiveness of the control system.

1 1

L =
1+s% 1+ s,

(3.36)
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Figure 24: Control structure of the load-side system

The control structure comprises of an inner-loop that controls the current and an outer-loop
that regulates the DC-link voltage. The inner and outer-loop control parameters can be
designed separately if the inner-loop control response is significantly faster that the outer-
loop control. Most literature recommend that the inner-loop control system be at least 10
times faster to limit the inner-loop’s effect on the outer-loop control system [59]. The d-axis
and g-axis inductances on the load-side are the same, thus, only one controller for the inner-
loop needs to be designed. The load-side inductances and resistance are made to vary in the
same manner as the generator parameters. The current and DC-link controllers in equation
3.37 give the system response in figure 25. The inner-loop current control in figure 25 (a) is
20 times faster than the outer-loop DC-link voltage control in figure 25 (e), which allows for a
smooth DC-link voltage response. The currents response was made 20 times faster than the
DC-link voltage response to accommodate any unforeseen delays that could happen during
the experiments. Figure 26 (d) shows that the gain margin of the inner current loop is 15dB
due to the system being a third order system. Thus, large stator voltage demands can cause
instability to the system. If this is the case during the experiments, due to unmodeled

behaviour such as sampling and switching, then the gains of the controllers will be lowered.
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The current input disturbance response does not exceed 5% and the output disturbance is
attenuated within 0.005 seconds as shown in figure 25 (b) and (c) respectively. While the
output disturbance response of the DC-link shows satisfactory performance, the input
disturbance takes 8s to reject a step disturbance. Therefore, the current input into the DC-

link must not be varied too rapidly to avert significant input disturbances that may occur.
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Figure 25: load-side system response (a) step response of load-side system (b) Input disturbance
response (c) Output disturbance response (d) Bode plot. DC-link response (e) step response of

generator-side system (f) Input disturbance (g) Output disturbance response (h) Bode plot

3.3 Analysis on the control of an IPM

The IPM provides a host of control possibilities due to it being a salient pole machine. This

section provides an analysis of different control strategies that are possible for an IPM.

Equation 2.27 gives the expression for the electromagnet torque developed by an IPM. The
torque expression is highly nonlinear and is dependent on both the d-axis and g-axis currents.
As a result, the same current magnitude can result in different developed electromagnetic
torque depending on its phase. Figure 26 shows the relationship between the developed

torque and the synchronous stator currents. A contour map shows regions of the same torque
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magnitude. It is shown that the optimum torque is developed when the torque angle is

between 90° and 270°(second and third quadrant) depending on the direction of the torque.
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Figure 26:Developed torque as result of stator currents
In the second and third quadrants, the d-axis current is negative, as a result, a magnetic flux-
linkage opposite to that created by the rotor magnets is developed in the stator. This is called
flux weakening. A positive d-axis current results in an increase in the magnet-flux-linkage and
can lead to the saturation of the machine, increasing core losses in the process. It also makes

for a poor voltage utilisation as will be seen later in this discussion.

The torque expression in equation 2.27 is written in terms of the stator current magnitude

and the torque angle in equation 3.40.

ig = I;cos6; (3.38)
g = Issinf; (3.39)
3 Ly — L,)I2sin26
T, = 5P | Apmlssind, + (La "g > ‘ (3.40)

By taking the derivative of the ratio between torque and current magnitude relative to the
torque angle and equating it to zero the torque angle that maximises the toque-current

magnitude ratio is found.
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d (T, 3
— (—e) = =p[Apmlscos, + (Lg — Ly)I2cos26,] = 0 (3.41)
ae,\1,) ~ 2

A 2 21
0;p = cos™1[ LAl + < LAl ) + = (3.42)

4(Lg — Ly)Is 4(Lg — L) 2
Equation 3.42 gives two solutions, which is consistent with figure 26. One solution will result
in the increase of the magnet flux-linkage which is not desirable and the other will result in
its decrease. The result is a torque angle 6;,, that results in maximum torque per ampere

(MTPA).

The equivalent circuits in figure 7 are simulated in MATLAB, the torque angle is varied from
0° to 180° and the stator current magnitude is also varied according to figure 27. At lighter
loads, the developed torque does not vary much with the torque angle. However, a maximum
torque value exists for all current magnitudes as shown in figure 27 (a). The difference

becomes more apparent as the load is increased.
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Figure 27:(a) Developed electromagnetic torque (b) torque angle (c) stator current magnitude

The MTPA torque angle 6;, is calculated using equation 3.42. For low loading, the optimal
torque angle is near 90° gradually changing to 100° as the load current increases, as shown

in figure 28.
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Figure 29 shows the stator terminal voltage magnitude required to drive current through the
stator at a different torque angles, this is referred to as DC-link voltage utilisation. The name

is derived from the fact that the converter sources its voltage from the DC-link. The maximum

.V . . .
output phase voltage of the converter is %. Exceeding this voltage results in converter

saturation, which leads to an increase in the THD from the converter and possible loss of

control capability.
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Figure 29:(a) Stator terminal voltage (b) Torque angle (c) Stator current magnitude

The DC-link utilisation is highest at a torque angle of 0° and decreases as the torque angle
increases towards 180°. A torque angle between 0° and 90° means that the d-axis current is
greater than zero, which adds to the magnetic flux-linkage and in turn induces a high EMF in
the IPM. The converter voltage required to drive current against the induced EMF will be high,
which explains the high DC-link utilisation. A torque angle between 90° and 180° results in
field weakening and a smaller DC-link utilisation will be observed. A torque angle of 6;, has a
high DC-link utilisation, despite the improved conduction loses associated with MTPA control.

Therefore, switching losses are not at a minimum with MTPA control.

The effect of the torque angle on the power factor of the generator is illustrated in figure 30.
Torque angles lower than the 90° result in the lowest power factor. A torque angle of 6;,
results in a power factor close to unity. The power factor profile in figure 30 (c) shows that
the power factor varies little near unity power factor. There exists a sizable range of torque

angles that result in a near unity factor around the maximum power factor.
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Figure 30: (a) Active and reactive power production (b) torque angle variation (c) Subsequent power

factor variation

Unity power factor (UPF) control refers to production of power by the generator at unity
power factor. The torque angle that results in the production of power at unity power factor

O+, is larger than the MTPA torque angle. Equations 2.19 and 2.20 are expressed in terms of

the torque angle below.
Va = Rglscos0; — w,Lylssind; (3.43)
Vg = Rglgsinf; + weLglscos6; + wedpm (3.44)

To achieve unity power factor, the stator voltages and currents must be in phase.

ﬁ _ sin@; (3.45)
V; cosH, '

Equation 3.43 is substituted into equation 3.44 to form a quadratic expression for the cosine

of the torque angle. The equation is subsequently solved and a formula for 6, is derived in

equation 3.48.
Apm€0s0; + Ig(Lgcos?8, + Lysin?6,) = 0 (3.46)

Is(Ly — Ly)cos?0, + Aymcos8, + IsLy = 0 (3.47)
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—Apm * \/Apmz — 4Ly *(Lg — Ly)
21°Ly(Lg — Ly)

cosB,, = (3.48)

Only the positive sign in equation 3.48 is considered as it gives real solutions in the second
guadrant. Figure 31 shows the torque angle required for the realisation of UPF control for

different stator current magnitudes.
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Figure 31:Torque angles required for the realisation of UPF control

UPF control does not result in the optimal production of Torque, but results in a smaller DC-
link utilisation, due to a larger negative d-axis current component. As a result, the constant

torque region of the IPM is extended.

The previous discussion may deceptively suggest that optimal torque control will result in the
most efficient operation of the IPM due to a minimisation of conduction losses. However, this
argument does not include other losses, such as core and windage losses, which are difficult
to model. A truly optimal control scheme can only be investigated experimentally, and would
minimise all losses associated with the generator and mechanical losses resulting from being

coupled with the turbine emulator. One such control scheme is developed in chapter 6.
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Chapter 4

4. Simulations

This section discusses simulations carried out prior to the lab experiments. MATLAB/Simulink
is used to simulate each component of the system individually, to assess each’s performance.
The models are based on the d-g models discussed in section 2.4. The Simulink models offered
in the library allow for the effects of sampling and converter switching to be included in the
analysis. Therefore, more accurate result can be obtained as compared to those found in
chapter 3. The system is comprised of the gas turbine emulator, the generator-side system
and the load-side system. Due to a malfunctioning encoder, the PMSG could not be driven
faster than 1100RPM. This limitation is considered in the simulations carried out, for an

analysis that will bear similar results to the practical experiment.

4.1 Gas Turbine model

The turbine gas generator comprises of two parts: the gas turbine and the IPM. The two
systems have separate control systems according to the discussion in section 2.2, which
makes this application unconventional. The focus of this work is concerned with the effect of
the gas turbine on the IPM. Therefore, the gas turbine emulation requirements will include
the turbine’s torque, speed and acceleration as well as the behavior of its control system. The
turbine will be assumed to be operating under ideal conditions in terms of temperature and
gas generator turbine (refer to figure 1) operation. Thus, the control of gas-turbine system is

solely dedicated to the control of the free-turbine speed and acceleration.

There is no attempt to modify the structure of the turbine model or its controls in this report.
Therefore, the dynamic behavior of the turbine can only be influenced through the control of
IPM. Figure 32 shows the response from the gas turbine under a loading of 3Nm and 6Nm at
20 seconds and 40 seconds respectively. After a sharp deceleration, the turbine’s speed
governor regulates the turbine’s speed back to its reference value of 94rad/s. This is done by

changing the free-turbine torque T, according to the load torque from the generator.
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Figure 32: Free-turbine (a) speed regulation (b) acceleration regulation (c) Torque response

Loading the turbine suddenly causes large deceleration of the free-turbine. The turbine

control system reacts by increasing torque production dramatically, causing an overshot in

the speed. On the generator-side this would result in a sudden increase in power production.

In isolated mode of operation, the excess power may have no way to go except to the DC-

link, where large voltages could damage the DC-link capacitor. This issue is alleviated by

gradually increasing the load torque from the IPM, which would result in a gentler

deceleration. In figure 33 the load torque from the IPM is gradually increased which results in

better response. However, the speed deviation lasts longer than in the previous case, but is

not as large. Therefore, instead of an overproduction of power, there may exist a shortage of

power for a short time period, which in most cases would not cause damage.
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4.2 Generator control

In section 3.3, a detailed analysis of the various control strategies for an IPM is made. The
results of this section can be compared with those found in section 3.3 and experimentally in

chapter 6.

4.2.1 Generator current control

Stator currents determine the electromagnetic torque and torque angle of the IPM, which in
turn is used to form the bases of all AC generator control strategies. Thus, current control
forms the inner-loop control of all control strategies. The outer-loop control is used to achieve
the control objective, and has the current control loop nested within itself. A fast and robust
current control scheme is required for implementation into a cascaded control structure. The
simulation setup is illustrated by figure 34. A DC source is used in the place of the DC-link,
therefore as much current can be sourced from it as required. The DC voltage is set to 400V
to match the DC-link voltage used during experimentation. Generator speed is regulated by
the gas turbine. From figure 33, it is noted that any variations in speed are slow. Therefore,

for simulation purposes the speed is considered constant at 120rad/s.
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Figure 34: Generator simulation setup

Figure 35 shows the d-axis and g-axis current response to two changes in the current
reference points at 0 seconds and 0.1 seconds respectively. The current responses take no
more than 0.05 seconds to reach their respective references. The d-axis settling time is within
the same order of magnitude as that in figure 23 in section 3.2.3. The slight delay in the
settling time in figure 35 can be attributed to delays associated with sampling and switching.
The g-axis inductance is significantly larger than the d-axis inductance. Therefore, it is
expected that the g-axis current response will be slower than d-axis current response. The
overshoot can also be attributed to the slow response of the g-axis current due to the higher
inductance. The simulations section 3.2.3 are done in the synchronous reference frame with
pure DC quantities. The control in this ideal scenario result in fast current responses. Simulink
includes the conversion of AC quantities to DC quantities through the park’s transform and
includes harmonics generated from the converter. Therefore, the implementation of control
voltages by the converter will not be as effective as in section 3.2.3, and differences in the

synchronous inductances will have more of an effect on stator current responses.

ol ; ; ;
< |
= 0f

2T . .

0 0.05 0.1 0.15 0.2 0.25 0.3

Time/s
(a)
0
< 2]
To4}
Br
-8 - - - - -
0 0.05 0.1 0.15 0.2 0.25 0.3
Timefs
(b)

Figure 35: (a) d-axis current step response (b) g-axis current step response

51



4.2.2 Comparison of control strategies

The control strategies in section 3.3 are performed in Simulink and revaluated with previously

unmodeled behaviour included in the analysis.

In figure 36 the stator current magnitude is kept constant for 0.5 seconds and then increased.
The torque angle is varied to observe the change in developed torque. As in section 3.3, lower
loading shows little variation in the developed torque as a function of the torque angel. The
presence of a peak torque for each current magnitude can readily be seen. The torque angles
for MTPA control are found to be 6,, =[1.78 : 2.08] rad. This differs with the optimal
torque angle in figure 28 of section 3.3 where 8;, varies from 1.6rad to 1.76rad. The torque

angles for MTPA control 8,, are given in figure 37.
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Figure 36:(a) Developed electromagnetic torque (b) torque angle (c) stator current magnitude
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While the optimal torque angle increases as the stator current increases in the same manner
as in figure 28 in section 3.3, the MTPA torque angles found in this section show a greater
variation. Analysing d-q models on their own is not sufficient to provide clarity on generator

behaviour.

The DC-link utilisation is associated with the modulation index of the converter, the larger the
required converter voltage the larger the DC-link utilisation and thus the modulation index.
The space vector modulation (SVPWM) technique incorporates an equivalent to a third
harmonic injection into the modulation signals. This allows for a higher DC-link utilisation than
sine wave modulation (SPWM). However, during overmodulation, the SVPWM injects
significant harmonics into the system and can cause system instability. In [60], a review of
overmodulation techniques is given. Figure 38 shows typical SVPWM duty cycles under
different modulation indexes. Once the duty cycle exceeds unity, overmodulation occurs. In
this work operation during overmodulation is not considered. Therefore, it is required that
control objectives be achieved without the converters going into over modulation. Therefore,
control techniques that require lower DC-link utilisation gain additional importance in this

circumstance because an overmodulation strategy is not considered.
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Figure 38: Duty cycles under different modulation indexes

A negative d-axis current reduces the induced EMF in the generator as previously stated.
Thus, the lower the induced voltage, the lower the voltage required from the converter to
implement current control. This is illustrated in figure 39; as expected, torque angles larger
than 90° result in a significant reduction in the stator terminal voltages required to drive each
current magnitude. Torque angles below 90° result in a positive d-axis current and show the
largest required stator terminal voltage. Secondly, larger current magnitudes show a greater
variation in the stator terminal voltage as a function of the torque angle. The findings are

consistent with the results in section 3.3 in figure 29.
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Figure 39: (a)Stator terminal voltage (b) Torque angle (c) Stator current magnitude
The effect of the torque angle on power production and power factor is illustrated in figure
40. Torque angles lower than 90° shows power production at a low power factor. Secondly,
the power factor displays little variation near unity power factor. For example, for a stator
current of 5A, for the range of torque angles 8, = [2.403: 2.900]rad, the power factor varies
from 0.976 to unity. The torque angles required for UPF control 8,,, are given in figure 41. The
trend of the torque angle against the stator current takes a similar shape to that discussed in

section 3.3 in figure 31.
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Figure 41: Torque angles required for the realisation of UPF control

A comparison of the performance of the control strategies is given in figure 42. The control
strategies are compared in terms of their developed torque, DC-link utilisation and power

factor. The generator stator current magnitude is regulated to 6A. NTA control is the most
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popular control strategy due to its simplicity, and is implemented first. In NTA control the
reluctance torque is set to zero by regulating the d-axis current to zero. The g-axis current is
solely responsible for producing of electromagnetic torque. Next, MTPA control is
implemented, this done by setting the torque angle according to figure 37. Lastly, UPF control
is implemented by setting the torque angle according to figure 41. MTPA shows the highest
torque production of three control strategies. It also displays, a lower stator terminal voltage
requirement and a higher power factor than NTA. UPF control shows the lowest stator
terminal voltage requirement, the highest power factor and a torque production higher than

NTA. NTA ranks last in all three categories.

Figure 42: (a) Torque production (b) Stator terminal voltage (c) Power factor

A similar simulation is conducted where the developed torque is kept constant at 10Nm. The
current magnitude required to sustain the developed torque is compared across the control
strategies. MTPA as expected shows the smallest current required to sustain the developed
torque, followed by UPF. Again, NTA ranks last in this category, requiring the most stator
current to achieve the same developed torque as MTPA and UPF. The result is shown in figure

43.
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Figure 43: (a) regulation of developed torque (b) stator current magnitude required for torque

regulation

The Simulink model does not incorporate core and windage losses of the IPM. Losses
associated with the coupling of the generator and the gas turbine are also not taken into
consideration. A control strategy that minimises all the losses associated with the generator-

gas turbine system will be discussed in chapter 6.

4.3 Load-side control

In this section load-side control strategies are simulated for grid-tied, isolated and unbalanced
grid conditions.

4.3.1 load-side current control in grid-tied operation

In figure 25 (a) the grid-tied current control loop is the fastest out of all the control loops. The
small inductance allows for fast variations of current from small converter voltage changes.
To test the performance of the current loop a DC power source replaces the DC-link as shown

in figure 44.
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Figure 44: Load-side system setup for grid-tied operation

In figures 45 and 46 the performance of the control is displayed; the effect of the damping
resistor is also made apparent from the simulations. Figure 45 shows the current response
using a damping resistor of 5Q and figure 46 shows the response using a damping resistor of
100Q. Figure 45 displays large current oscillations that can result in the destabilisation of the
load-side system. For this reason, multiple resistances were simulated and a damping resistor

of 100Q displayed acceptable performance.
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Figure 45: current response using damping resistor of 5Q (a) d-axis current (b) g-axis current

The current response from figure 46 is within the same order of magnitude as the response
shown in figure 25 (a). This ensures a quick current response that can later be used as an inner
current loop to regulate the DC-link voltage. According to equation 2.40 and 2.41, the

controllability of the d-axis and g-axis current is also displayed, which is necessary when
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defining the power factor. The delay in the response times as compared to figure 25 (a) is
attributed to the delay associated with sampling and switching. The response times of the d

an g-axis currents are similar because the synchronous inductances are the same.
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Figure 46: current response using damping resistor of 100Q (a) d-axis current (b) g-axis current

4.3.2 load-side current control in isolated mode of operation

The load-side current simulations were conducted according to figure 47. The isolated load
refers to a resistive load that the load-side system must supply with power. In isolated
operation the load-side converter regulates the load voltage. The converter can source as
infinite amount of power from the DC source; therefore, voltage regulation can easily be

achieved. Voltage regulation will be discussed in detail in chapter 6.

400V =+ e

T

Figure 47: load side system setup in isolated operation

The current response is much slower than response of the current in the of the grid-tied

system. The additional resistance from the load provides additional damping the load
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currents. This means a smaller damping resistor can be used for the filter. Figure 48 shows
the current response from using a damping resistor of 5Q. The slow dynamics of the current
make it difficult for an outer-loop control scheme to be implemented. In [27]-[29], a scheme
using the load-side current control as the inner loop control and the DC-link control as the
outer-loop control is proposed. However, this would only be successful for a very slow varying
DC-link voltage according to the findings of this section. Hence, for a smaller DC-link capacitor,

a different control scheme is required, which will be discussed in detail in section 4.4.
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Figure 48: load-side current response in isolated mode of operation

4.3.3 load-side current control during unbalance

In weak or isolated network, grid voltage unbalance can occur because of unequal loading of
the phases. This will cause significant oscillations in the d-axis and g-axis current which can
hinder the effectiveness of the control system. Oscillations in the current will result in
oscillations of the same frequency in the DC-link voltage. The oscillating capacitor current can
cause heating of the capacitor and eventually damage it. Figure 49 shows current response
during unbalance; phase a, b and c are at 180V, 145V and 120V RMS respectively. A 100Hz

component is observed on top of the expected d-axis and g-axis positive sequence values.
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Figure 49: Current responses during unbalanced conditions (a) d-axis current (b) g-axis currents

An RLS algorithm that extracts positive and negative sequence quantities was proposed in
section 3.1. The synchronous positive and negative sequence components of figure 49 are
given in figure 50. A small negative sequence d-axis and g-axis current component can be

observed. The RLS algorithm acts as a filter, producing pure tones at 50Hz and -50Hz.
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Figure 50: Synchronous components (a) d-axis positive sequrnce current (b) g-axis positive sequrnce

current (c) d-axis negative sequence current (d) g-axis negative sequence current

The proposed control scheme during grid voltage unbalance is twofold. Firstly, the

unbalanced grid voltage magnitudes must be matched before grid integration, this happens

during synchronisation. Doing this minimises the amount negative sequence current in the

load-side system. Figure 51 (a) and (b) show the d-axis and g-axis negative sequence

components without matching the converter voltages to the unbalanced grid voltages. Figure

51 (c) and (d) show the same quantities which result from matching the converter voltages to

the unbalanced grid voltages. The latter shows a significant reduction in negative sequence

components.
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Figure 51: negative sequence synchronous components (a) d-axis current (b) g-axis current (c) d-axis

current under grid voltage matching (d) g-axis current under grid voltage matching

The next step is to use the positive sequence grid angle to transform the current into its d-
axis and g-axis components. The RLS algorithm can produce an undistorted positive sequence
angle without any changes in phase, unlike regular filters. The positive sequence grid angle is
required to control the dominant positive sequence current components. This results in
balanced phase currents and negative sequence current components are greatly reduced as

shown by figure 52.
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Figure 52: (a) positive sequence d-axis current (b) positive sequence g-axis current (c) negative

sequence d-axis current (d) negative sequence g-axis current

Since the converter voltage magnitudes will differ and the currents will be the same in each
phase, the power dissipated by each switch pair on a converter leg will differ. This may result
in a pair of switches on a phase failing before another pair on a different leg. The d-axis and g-
axis converter voltages are given in figure 53. The unbalanced output voltages are represented
by the 100Hz component on top of the d-axis and g-axis voltage component. While the RLS
algorithm is computationally burdensome on the control system, the implementation is simple.
It does not require additional control loops to suppress negative sequence components, meaning
converter saturation is less likely and larger grid unbalances can be accommodated than the

conventional methods in [30], [31].
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Figure 53: Converter voltages (a) d-axis converter voltage (b) g-axis converter voltage

4.4 Outer-loop control

Usually the load-side is responsible for regulation of the DC-link voltage. Its small inductance
allows for a large control bandwidth and fast response times as discussed in section 4.3.
However, in instances requiring reactive power compensation from the generator system,
isolated operation or during unbalance, it is advantageous to regulate the DC-link through the
generator-side. This section highlights the possible outer-loop control arrangements and their

advantages and shortcomings.

4.4.1 DC-link voltage regulation by the load-side converter

To begin with, the load-side converter regulates the DC-link. Figure 54 shows the DC-link
voltage response when the load-side is in grid-tied mode. Power is delivered to the grid at
unity power factor. This ensures that the DC-link is regulated using the minimum current
required to do so. The settling time in figure 54 is within the same order of magnitude as in
figure 25 (c). The DC-link voltage response is significantly slower than response of the grid
currents in figure 46. This ensures a smooth transition of the DC-link voltage to its reference

value.
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Figure 54: DC-link voltage step response

Active power is used to regulate the DC-link voltage. As stated in equations 2.40 and 2.41 the
reactive and active power are proportional to the d-axis and g-axis load currents respectively.
In the case of reactive power compensation, the g-axis current is non- zero. A lower power
factor will result in higher load currents because of the additional active power producing
current component (d-axis current) required for DC-ink voltage regulation. Figure 55
illustrates this; the power factor changes from 1 to 0.707 at 0.05 seconds and the DC-link
voltage drops. To stabilise the DC-link voltage at constant voltage, the control increases the
magnitude of the load current. To avoid converter saturation the current magnitude is limited
to 7.5A. The DC-link voltage experiences a dip but stabilises at a lower voltage than the

setpoint.
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Figure 55:(a) DC-link voltage change (b) stator current magnitude change (c) power factor change
When the system is in isolated mode of operation, the outer-loop control must supply the
load with power at rated voltage regardless of the size of the load. The outer-loop control in
this case must be the load voltage control. However, this leaves the DC-link voltage
unregulated. In[27]-[29] a scheme that alternates the outer-loop control between regulating
the DC-link voltage and regulating the load voltage is presented. When the DC-link is above a
threshold voltage the outer-loop control regulates the load voltage. When the DC-link is
below the threshold voltage the outer-loop control regulates the DC-link. The problem with
this controls scheme is that at certain instances the DC-link voltage is left to float. For small
DC-link capacitors a fast controller-converter combination would be required. For these

reasons, the next section explores controlling the DC-link from the generator-side.

4.4.2 DC-link voltage regulation by the generator-side converter

The generator can regulate its power production by varying its developed electromagnetic
torque. The stator currents have slow dynamics according to figure 48. Therefore, the
dynamics of the DC-link voltage must be at least 10 times slower. Figure 56 shows the

successful regulation of the DC-link voltage by the generator-side system. The DC-link voltage
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to ensure DC-link voltage regulation.

UPF control is implemented because it has the lowest DC-link utilisation of the control
strategies. The large generator inductance and resistance will result in a noticeable voltage
drop across the stator. Therefore, the DC-link utilisation must be kept low to prevent
converter saturation. The load-side system is now able to regulate the load voltage or to
implement reactive power compensation without the added burden of DC-link voltage

regulation.
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Chapter 5

5. Experimental Setup

Part of the deliverable of this project is to produce a back-to-back converter that can control
a gas turbine generator; figure 57 shows the converter. Additional peripheries had to be

designed to interface a controller with the converter. They will be explained in the following

sections.

\

FVLEM measurement modules

#
n

SKM100GB125D IGBTs

3.3V to 15V level shifter

1 SKHI22BR IGBT drivers

2200uF DC-link

Figure 57: Converter with peripherals

The converter was integrated into a cabinet along with the protection and peripherals
required for this type of application. The LEM voltage and current measurement modules are
placed above of the converter with an aluminium plate providing shielding between the two.
The Relays, LEM modules and IGBT drivers require a 24V, 12V and 15V supply respectively.
Line filters are place on the power supplies to limit crosstalk, particularly from the switches
and the operation of the contactors onto the LEM module power supply. CT’s are used to
display the current outside of the cabinet. The load-side filters are placed at the bottom of

the cabinet. Figure 58 shows a photo of the set-up.
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Figure 58: Converter system cabinet

The isolated load and grid are represented by a variable resistor bank and a three-phase
variac. The variac is required to step the voltage down from utility voltage. A DC-machine is
used to emulate the behaviour of a gas turbine. The DC-machine can accept both armature
voltage and current references, hence, its speed and torque can be controlled. In [15], [37], it
is shown that a DC-machines has a significantly higher inertia than a gas turbine of the same
rating. Thus, emulation of a gas turbine by a DC-machine of the same rating is unlikely to work
because of the high torque required. For this reason, a DC-machine with twice the rating of
the IPM is used. The generator-side and load-side control will ensure over-loading of the
generator or the load does not occur. The DC-machine and the IPM are coupled together. An
encoder is secured in place by rod protruding from the rotor of the IPM and a bracket fixed

to the IPM’s outer casing. Figure 59 illustrates this arrangement.
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Figure 59: DC-machine and IPM

5.1 Voltage and current measurements

The LA-25 current transducers and LV-25 voltage transducers are used for voltage and current
measurements. They work as current transformers, transforming the high generator and load
currents on the primary side to lower currents on the secondary side. A measuring resistor
R,, is placed along the path of the secondary current so a voltage measurement V;,, can be
read. A measurement voltage is required because the ADC’s of the PXI can only read
voltages. R,,, is a variable resistor, and acts as a gain that varies V,,,. An illustration of their
basic operation is given in figure 60. The isolation provided by the current transformer

protects the PXI from high power signals.
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Figure 60: LA-25 and LV-25 operation

5.2 Push-pull differential encoder

The encoder used is an RE36 differential incremental encoder. The operation of an encoder
has been explained in section 3.1.1, however, its interfacing with the PXI will be discussed
here. The encoder produces three pulses X, Y and Z as well as their complimetns X, Y and Z.
The high frequency switching of the converter emits significant electromagnetic radiation and
results in the electromagnetic interference of the encoder outputs. It is safe to assume that
all 6 outputs from the converter will pick up the same interference from the converter. By
subtracting the signals from their compliments, noise and interference is cancelled from the
result. The result will be three signals twice the amplitude of X,Y and Z. Figure 61 illustrates

the operation of a differential transmitter and receiver.
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Figure 61: Differential transmitter and receiver of the signal X
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The push-pull refers to current amplifier used to drive the encoder, which is illustrated in figure 62.
The current amplification makes the signals less susceptible to interference, this is necessary when

the cable length from transmitter is receiver is long.

VCC

-VCC

Figure 62:Push-pull amplifier

The transmitter of the encoder is built into the encoder casing, the receiver had to be made
onto a veroboard as seen in figure 63. The AM26LS32 chip is a differential receiver that
converts differential signals from the encoder transmitter to non-differential ones required

by the PXI. The voltage regulator powers the AM26LS32 and ensures an output of 5V, required
by the PXI’s digital inputs.
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Figure 63: Differential receiver

5.3 IGBT switches and drivers

The SKM100GB125D IGBTs are used in the converter and the SKHI22BR drivers are used
operate the them. The drivers allow the user to set gate input resistors, switching dead time
and the Vce threshold. Input resistors determine the speed at which the converter turns on
and off. The resistors are in the path of the base current of the IGBT, low resistances results
in fast responses. However, the lower the resistance the higher the base current and the
greater the probability of overshoot and oscillations on the converter output. Figure 64
displays the output voltage of an IGBT with an input resistance of 4Q. Oscillations are
observed on the converter output, which will propagate to the DC-link voltage, the load-side

current and generator-side current.
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Figure 64: IGBT output for an input resistance of 4Q

The IGBT does not instantly turn on and off. The behaviour of the collector and emitter can
be likened to having a capacitor between the two. The SKM100GB125D takes 80ns to switch
on and 360ns to switch off. It is important that when choosing a switching dead time that the
delays in the switching are factored in. The switching dead time refers to a delay imposed by
the driver in turning-on an IGBT. This results in a period where both the top and bottom
switches on a single converter leg are off and acts as a precaution to prevent short circuits
across the DC-link capacitor. A noticeable delay by the controller will affect the control the
generator-side and load-side systems. The smallest dead time that can be set is 700ns; it is
chosen to minimise the effect of the delay on the control system. Figure 65 shows the voltage
across the top and bottom switches on the same converter leg. The dead time is consistent
with the setting on the driver. The build-up of voltage across each switch is like that of a
capacitor charging, thus causing a delay in the voltage build-up across the emitter and
collector. The dead time is large enough to span the switches’ on and off times, to the point
where the only delay seen by the system is the dead time imposed by the driver. The dead
time and switch-off and on times could not be included in the Simulink models in chapter 4.

This will result in additional delay during the experiments.
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Figure 65: Top and bottom switches' on and off times

The V¢ setting on the drivers monitors the collector emitter voltage and is used to recognise
shorts and sudden changes in current. If the voltage across the collector and emitter (Vce)
decreases too rapidly an error signal is produced and IGBT switching ceases. The rate at which

Vce decreases is set by an RC circuit, if Vce dips beneath this value an error is produced.

5.5 Interfacing of drivers and PXI

The SKHI22BR driver receives switching signals from the PXI, which come in the form of a 3.3V
TTL signal. Low voltage digital signals are susceptible to electromagnetic interference from
the converter. During the experiments it was discovered that a higher digital signal level is
required. The SKHI22BR driver allows for inputs of 3.3V and 15V, therefore the 15V input is
chosen. To interface the PXI with the driver boards a voltage level shifting board was designed
in kiCad for this project. Figure 66 shows the level shifter; the schematic is given in the
appendix B. The switching signals from the level shifter take 1ns to reach their steady state
value. This means their rise and fall times will not cause any notable delays in the switching

of IGBTSs.
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5.6 Synchronous sampling

Synchronous sampling is used in sampling all voltages and currents. This method synchronises
the instances of switching and sampling. Sampling is not taken during converter switching to
avoid interference. This also ensures that the control action at an instance is not sampled
within the same instance, which would give a false impression of a much more controlled
variable. Therefore, sampling in one sampling period will affect the control action in the next
period. Sampling is triggered in the middle of a switching period to achieve these objectives.
The implication is that the switching and sampling periods are the same and that the control
algorithm has half a period to start, finish and implement the control action. Secondly,
sampling in this manner is the equivalent of sampling an averaged value over a sampling
period. This is advantageous as the control system will respond to lower frequency excursions
of voltage and current without the need of physically filtering these quantities[61]-[63].
Employing filters can degrade the effectiveness of the control system because of added delays
and unintended phase shifts. The Yokogawa T1800 was used to acquire the traces in figure
67. The top three traces show the on times of the three legs, while the bottom trace shows
the trigger that initiates sampling and the control algorithm. The duration of the trigger pulse
represents the duration the control action must sample and determine a control action. Note

that sampling takes place when there is no switching change.
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Figure 67: switch on times and sampling trigger pulse

5.7 Allocation of controller resources

The controller used in this thesis is the PXI-8840. The controller comprises of a CPU, a data
acquisition card and an FPGA. The FPGA runs on 40MHz clock, and can implement instructions
in parallel. The fast clock makes it ideal for handling time sensitive operations. For this reason,
it is used to implement the control algorithm and the protection protocols. The cascaded
structure of the control loops requires guarantees in the rate of execution of both the inner
and outer-loops. Polling is used by the protection protocols to frequently check the state of
the currents and voltages in the system. The rate of polling is defined per protection protocol
and never changes throughout its operation to guarantee that state of the system is
frequently being checked. The CPU serves as an interface between the user and the FPGA and
data acquisition card. It is also used to run the RLS algorithm because it does not fit onto the

FPGA. The emulator code is also run on the CPU. The CPU offers very poor timing resolution
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as compared to the FPGA. The timing resolution also worsens with the amount of code

running on the CPU.
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Chapter 6

6. Experimentation

This section covers the experimental lab implementation of the concepts mentioned in
previous chapters. It should be noted that the while the different systems are discussed
separately, all parts of the system are in operation in each experiment. This ensures the
practicability of the techniques employed because their impact on the entire the system can
be observed. The logging of data is done online in Labview and takes up resources from the
CPU. The sampling period is limited to 1ms to prevent a degradation in the operation of the
CPU. The Yokogawa T1800 is used for power and harmonic analysis. The sampling rate of the
Yokogawa is 2M/s. The Turbine speed is found to vary slowly during the experiments.
Therefore, it is reasonable to assume that the electromagnetic torque and the mechanical
input torque are equal according to equation 2.26. A torque transducer is used to measure

the mechanical torque.

6.1 Gas turbine emulator

The ideal performance of the gas turbine emulator would result in a response like the
simulated responses in figure 32 and 33. However, the simulation does not consider the
processing speed of the controller. The emulator code runs on the PXI CPU in a control loop.
The maximum rate that the loop can execute was 300us. This causes a delay in the control
signals sent to the drive of the DC-machine. The DC-machine’s response under varying load
conditions is given in figure 68. The speed of the DC-machine shows similar speed regulation
to figure 33, with little deviations in speed when loading. Even with a load change of 300% at

14 seconds a small speed deviation is observed, due to the gradual loading of the gas turbine.
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Figure 68: DC-machine (a) speed regulation (b) acceleration regulation (c) Torque response

The error between the speed of the DC-machine and its reference speed according to the gas
turbine model is shown in figure 69. The error can be attributed to the slow loop rate of the
emulator code running on the PXI CPU. The most effective way to mitigate the error without
changing the Rowen model is to schedule the loading of the DC-machine gradually. The error
that results from a load increase of 100% at 7 seconds is significantly smaller than the error
that results from a load change of 300% at 14 seconds. The load changes of 300% and results

in a peak error of 3 rad/s, which gives a maximum speed error of 2.5%.
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Figure 69: error between DC-machine speed and emulator model reference speed

6.2 Generator control

At the operating speed of 120rads/s, the losses are recorded at no load to observe the core
losses, windage losses and mechanical losses. The total losses amount 72W. The losses are
subtracted from the measurements taken during the experiments conducted in this chapter.
In this section the different control strategies are explored as in chapter 4 and finally a

minimum loss control scheme is developed.

6.2.2 Generator current control

The successful control of generator currents is shown in figure 70. The d-axis current
references are always negative to avoid saturating the machine. The current responses are
slower than those in section 4.2.1. A contributor to the additional delay is due to the dead
time mentioned in section 5.3, however, a significant portion results from filtering. Significant
measurement noise is picked up from the LEM modules due to the high frequency switching.
If the measurements are not filtered, the control action could react to false high frequency
measurement excursions. Therefore, a second order digital Butterworth filter is used to filter
voltage and current measurements. The consequence of the use of a digital filter is a large

delay in the acquisition of the measured value by the Pl controller. A Butterworth filter is also
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used on the DC-link voltage; therefore, the delay is also transferred to the DC-link control. As
a result, the DC-link voltage response is still more than 10 times slower than the current

response. Th DC-link response will be discussed in section 6.4.1
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Figure 70: successful control of (a) d-axis current (b) g-axis current

6.2.3 Generator control strategies

Figure 71 illustrates the effect of the torque angle and stator current magnitude on the
electromagnetic torque developed by the generator. The presence of a maximum torque
developed for each stator current magnitude exist in the same manner as in figure 27 and 36
in sections 3.3. and 4.2.2 respectively. The variation in the developed torque as the torque
angle changes is more apparent as the stator current increases. This is consistent with the

simulations carried out in previous chapters.
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The MTPA torque 8;, angles from the experiment are shown in figure 72. They are presented
with the simulated MTPA torque angle in figure 37 for comparison. The experimental and
simulated values of 6;, take on a similar shape as the current varies, with the largest
difference being 0.1 radians. The gradient of the developed torque near the maximum torque
developed for each current magnitude is low. According to figure 71 (a), for a stator current
magnitude of 5A, the maximum difference in the developed torque from the maximum
developed torque, is 0.3Nm for a 0.6rad change from the MTPA torque angle. Thus, an error
of 0.1rads in determining the MTPA torque angle would result in an insignificant difference
around the maximum develop torque. The experiments also highlight the necessity for
accurate models when simulating the IPM. In section 3.3 a model consisting of just the
equivalent circuit of the generator was simulated and its MTPA torque angles were plotted in
figure 28. Significant differences are observed between the MTPA torque angles in figure 28
and those found experimentally in figure 71. In section 4.2.1, a Simulink model is used, which
uses the same equivalent circuit but also factors in harmonics and the effects of switching and
sampling. This model produced MTPA torque angles that are much closer to the experimental

values as shown in figure 72.
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Figure 72: experimental and simulated values for the optimum torque angle

A factor that was not explored in previous chapters was the effect of speed on the MTPA
torque angle. According to equation 3.42, the speed of the IPM has no bearing on determining
MTPA torque angles. However, this does not consider effects from the turbine emulator on
the IPM that result from them being mechanically coupled together. Figure 73 shows 3D
graphs of the developed torque as a function of the current angle, current magnitude and
speed of the IPM. The regions of maximum torque are highlighted in red. An average trend is
observed where the smaller the stator current magnitude is, the smaller the MTPA torque
angle becomes. This is corroborated by figure 72. However, the MTPA torque angles at lower
speeds are less predictable and are located more randomly than at higher speeds. It is clear,
that the prime mover’s speed has a bearing on the MTPA torque angles and must be
considered for practical implementation of MTPA control. Therefore, before MTPA control
can be implemented from standstill to rated speed, an initial experiment must be conducted
to find MTPA torque angles required for all speeds. A four- dimensional look-up table can be
compiled from which operating points for the generator’s speed, stator current magnitude

and desired torque are searched to produce the required MTPA torque angle.
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Figure 73: Developed EM torque as function of current magnitude and torque angle at (a) 600RPM

(b) 850 RPM (c) 1000RPM

Consider the scenario where the generator-side converter is used to regulate the DC-link
voltage at no load. The developed torque required to regulate the DC-link voltage is given in
figure 74. The DC-link is regulated at 400V, stepped down to 300V and back up to 400V. A DC-
link voltage of 300V gives a visibly lower torque THD than at 400V. Any distortion in the torque
will be reflected in the stator currents and DC-link voltage. It can also be seen that the average
torque is lower at 300V than at 400V, which is a result of lower losses in the DC-link capacitor.
The DC-link capacitor has a parasitic series equivalent resistance associated with it called ESR.
The higher the current ripple of the capacitor the higher the losses in the capacitor. High
losses in the capacitor will result in significant heating and possible failure of the component.
For these reasons, DC-link voltages are regulated to as low a voltage as possible, without

saturating the converter.
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It was mentioned previously that a malfunctioning encoder resulted in the limiting of the
IPM’s speed to 1100RPM. Consequently, a lower induced EMF than expected is developed by
the generator. This means lower stator terminal voltages from the converter are required to
control the stator current. During the experiments, it is found that high DC-link voltages result
in significant torque ripple. This is consistent with the findings in the previous discussion. It
was decided that the DC-link voltage would be lowered to increase the modulation index.

Consequently, the grid voltage as well had to be lowered to avoid converter saturation on the

load-side converter.
The voltage utilisation is of greater importance than in previous chapters because of the DC-

link voltage ripple. To avoid converter saturation, it is required that the line-to-line stator
terminal voltage be lower than the DC-link ripple. According to figure 76, the stator terminal
voltage ripple which is a consequence of the DC-link ripple increases as the stator current
increases. The DC-link voltage can be increased so that the stator voltage remains below the
DC-link voltage ripple. However, this would mean using a lower modulation index, which
increases the THD of the stator currents, developed torque and load currents. A larger DC-
link capacitor could be used to mitigate DC-link voltage ripple, but this would come at a higher
purchasing cost and would result slower DC-link voltage dynamics. Field weakening provides

the best solution in that it allows lower converter voltages to drive high stator current by

88



employing a torque angle greater than 90 degrees. It must be mentioned that significant
weakening of the flux-linkage in the generator could lead to permanent demagnetization of
the permanent magnets in the IPM’s rotor. In figure 75, higher torque angles result in lower

stator terminal voltage magnitudes required to regulate stator current.
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Figure 75: (a) Stator terminal voltage (b) Torque angle (c) Stator current magnitude

In chapter 4 it was determined that the most suitable control strategy was UPF control. This
was due to its high torque production, low DC-ink utilisation and high power factor. A power

factor of unity is achieved when the apparent power VA is equal to the active power P.
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Figure 41 in section 4.2.2 gives a range of UPF torque angles for different stator currents. It
was observed that the UPF torque angle displayed little variation from each other despite the
different stator current magnitudes, varying from 2.1rad to 2.9rad. Additionally, the IPM
displayed high power factors for the range of torque angles near the UPF torque angles. This
is supported by figure 76 (a) where unity power factor is approached asymptotically. The
result is a high power factor for torque angles near the UPF torque angle. Figure 76 (a) and
(b) also show that the UPF torque angle falls within the range 2.1rad and 2.9rad. However,
the UPF torque angles from the experiment vary less than those from the simulations. It is
safe to say that a torque angle of 2.71rad will approximate unity power factor for all stator
current magnitudes. Using one torque angle for the entire operation of the IPM will unburden

the PXI processor as a look-up table is not required

MTPA control minimises stator conduction losses and increases mechanical power
production, but this does not translate into the optimal operation of the generator. Figure 76
(a) shows the input mechanical power Pmech from the turbine emulator and the electrical
power Pgen produced from the generator, for different torque angles and current magnitudes.

The torque angle of maximum efficiency (ME) occurs where the difference between Ppmech and
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Pgen, is at @ minimum. Figure 77 shows that ME torque angles occurs at bigger angles than the
MTPA torque angles. ME torque angles also result in the highest production of electric power,
even though they produce a lower developed torque than MTPA torque angles. Figure 77 (b)
and (c) show that the worst efficiency rate occurs at a torque angle of 90 degrees. The

efficiency gradually increases as the torque angle increases.

Like the power factor in figure 76, the efficiency asymptotically improves as maximum
efficiency is approached. Earlier in the discussion it was concluded that torque angles near
the MTPA torque angle would result in a near optimal torque production. In figure 77, the ME
torque angle occurs immediately after the MTPA torque angle, and results in a near optimal
developed torque. It was also concluded that the UPF torque angle in figure 76 was 2.71rad,
while the ME torque angle in figure 77 is determined to be 2.83rad. The proximity of the ME
toque angle to the UPF torque angle guarantees that the ME torque angle will result in a
power factor that is close to unity. With a torque angle of 2.83rad, most of the stator current
is contributed by the d-axis component. This results in significant field weakening and thus a
low DC-link utilisation. Therefore, ME results in the optimal operation of the IPM when
considering generator efficiency, developed torque, electric power production, power factor

and DC-link voltage utilisation.
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Figure 78 illustrates the performance of ME control strategy under different generator loads.
The ME control strategy is evaluated on its performance regarding generator efficiency,
power factor and ratio of developed torque to the torque that would result from MTPA
control. Due to the proximity of the ME torque angle to the MTPA and UPF torque angles, it
results in a near optimal power factor and developed torque in addition to maximising the

efficiency of the IPM.
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Figure 78: ME performance in terms of generator efficiency, power factor and developed torque
With ME control, efficiencies greater than 95% are achieved and unity power factor is
attained. The ME control strategy can only be investigated through experimentation because
the core and windage losses are not modelled in the simulations. The modelling of these

losses can be tedious as environmental factors such as temperature can have an effect.
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6.3 Load-side control

This section focuses on the control of load-side system. The control of load currents in both
grid-tied and isolated operation is investigated. After which, control of load-side currents

under unbalanced grid voltage conditions is carried out.

6.3.1 Grid current control

In grid-tied mode, the load-side converter delivers power to the utility grid. Successful control
of gird currents is illustrated in figure 80. The ability to control both d-axis and g-axis currents
means the load-side converter can determine the power factor of the power delivered to the
grid. The slower reaction time as compared to the simulations can be attributed to the
sampling rate of 4kHz, which is significantly slower than the rate used in Simulink. A faster
sampling rate was required in Simulink to obtain legible results. The Pl gains of the currents
could be increased to speed up the response time, but this would be at the cost of a higher
DC-link voltage utilisation. The LCL-filter was found to have a gain margin of 15dB in section
3.2.3, therefore larger control gains could also result in system instability. If the outer-loop
control is delayed similarly, then no control issues should result. The current shows no signs

of resonance which suggests the damping of the LCL-filter is successful.
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Figure 80: successful control of (a) d-axis current (b) g-axis current in grid-tied mode

6.3.2 load-side current control in isolated mode of operation

In this section the load-side converter feeds power to an isolated load. Figure 81 shows that
the dynamic response of the d-axis and g-axis load currents is slightly slower than the grid
current in figure 80. This is consistent with the simulations in section 4.3.2. A delay due to the
slow sampling rate of 4kHz in the current response time is expected as in previous sections.
The consequence of a slow inner-loop current response is that the outer-loop control must
be at least 10 times slower. The outer-loop control could be specified as the regulation of the
DC-link voltage. The DC-link voltage is slow varying compared to the current; for this reason,
it is decided that a slower sampling rate of 3kHz is adequate. This means that the sampling of
DC-link voltage could be executed by the CPU, which would free-up space on the FPGA. The
slower sampling frequency delays the DC-link voltage response further than the current
response is delayed. This ensures that the outer-loop DC-link voltage control is significantly

slower than the inner-loop current control.
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Figure 81: successful control of (a) d-axis current (b) g-axis current in isolated mode

6.3.3 Load-side current control during load-voltage unbalance

An algorithm that extracts positive and negative sequence quantities from an unbalanced grid
voltage was developed in section 3.1.1. It was implemented in simulation in section 4.3.3 and
will be implemented experimentally in this section. For the experimental implementation of
the algorithm, unbalanced grid voltage magnitudes of 200V, 180V and 170V are used. The
unbalanced voltages are achieved with a three-phase variac, with independent settings for
each phase. The load-side currents become unbalanced because of the unbalanced load
voltages. The result is a 100Hz oscillation above the d-axis and g-axis load-side currents. This

is shown in figure 82 and is most apparent in the d-axis current.
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Figure 82: (a) d-axis current (b) g-axis current during unbalance
The oscillations are undesirable because they can compromise the controllability of the
system and inject harmonics into a load or grid. The RLS algorithm from section 4.3.3 is
implemented and the results are given in figure 83. The Unbalanced control is activated at 10
seconds and greatly reduces the oscillations in the currents. The RLS algorithm is slow to

converge, as a result the control action is slow to implement change as expected from section

4.3.3.
T T T T T
6
< 4
__'U
2
0 I ! | | I |
0 5 10 15 20 25 30 35
Time/s
(a)
1
05— —
-0.5 — —
1 | | | | | |
0 5 10 15 20 25 30 35
Time/s

(b)
Figure 83: unbalanced current control (a) d-axis (b) g-axis
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It must be noted that performance of the RLS algorithm is hindered by the slow processing
rate of the CPU. Due to lack of space on the FPGA, the algorithm could not be placed on the
FPGA for a faster performance. However, the concept was proven to be effective in mitigating

the effects of load voltage unbalance.

6.4 Outer-loop control

This section discusses the outer-loop control possibilities for the generator-side and the load-
side systems. It is argued that it is advantageous to have generator-side converter regulate
the DC-link voltage, while the load-side converter regulates the load-side voltage during

isolated mode of operation and reactive power compensation.

6.4.1 DC-link voltage regulation by the load-side converter

Most applications in literature use the load-side converter to regulate DC-link voltage. The
low filter inductance of the system allows the load-side system to respond quickly to
deviations in the DC-link voltage. Figure 84 illustrates the operation of the load-side system
in grid-tied mode. At 0 seconds there is no input power from the generator-side system
although the gas-turbine is driving the generator. The DC-link voltage is pre-charged to 230V
at 3 seconds through a passive rectifier connected to the PMSG. The passive rectifier is then
disconnected from the generator by a contactor. Synchronisation occurs after 5 seconds and
the grid is connected to the load-side system shortly thereafter. The DC-link voltage is increased to
400V by drawing power from the grid at 7 seconds and is held at this value throughout the
rest of the experiment. At 17.5 seconds the generator begins to produce electrical power and
thus the load-side delivers power to the grid to prevent the DC-link voltage from rising. Power
is delivered to the grid at unity power factor, therefore the g-axis current is kept at zero. The
generator input power is varied and thus the d-axis current varies accordingly to regulate the

DC-link voltage at 400V.
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Figure 84: (a) DC-link voltage regulation (b) d-axis current (c) g-axis current

6.4.2 DC-link voltage regulation by the generator-side converter

The DC-link regulation can also be achieved by the generator-side converter. The
electromagnetic torque of the IPM is used to vary the input power into the DC-link. An
increase in the production of electrical power results in an increase in the DC-link voltage, and
a decrease in electrical power production result in a decrease in the DC-link voltage. The
generator current response is slower than the load-side current response (figures 70, 80 and
81) because of the larger generator inductances. Therefore, fast dynamics in the DC-link
voltage must be ignored by the control system as this could cause instability of the generator-
side system. A digital Butterworth filter is used by the control system to limit the bandwidth

of the DC-link voltage as seen by the control system. A cut-off frequency of 150Hz is used.

Figure 85 illustrates the successful control of the DC-link voltage by the generator-side
converter. The DC-link voltage is stepped from 440V to 400V. At 28 seconds the torque
production decreases to allow the DC-link voltage to transition to the lower voltage; a
subsequent increase in torque stabilises the DC-link voltage at 400V. The load-side system is
not feeding a load, thus the torque observed during steady state is lost as heat in the DC-link.

The DC-link voltage is high compared to the induced EMF from the generator therefore a
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significant DC-link voltage ripple exists due to the THD in the torque, as explained in section
6.2.3 and figure 74. The generator current references are given in accordance with the ME

control strategy.
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Figure 85: (a) DC-link voltage (b) d-axis current (c) electromagnetic torque (d) g-axis current

6.4.3 Isolated mode of operation

In isolated mode of operation, the load’s power demand must be satisfied by the gas turbine
generator system. The load demand can change at any moment; therefore, the control
system must regulate power supplied to the load as well as the voltage across the load, all
while ensuring efficient operation of the generator. The speed of the free-turbine is regulated
by varying the gas turbine generator’s mechanical torque production. If the speed of the free-
turbine decreases below the reference speed, the mechanical input torque will increase; the
opposite will happen if the speed of the free-turbine increases above reference speed.
Loading of the turbine can be achieved by controlling the electromagnetic torque of the IPM.
Through the control of the IPM, the mechanical input torque can momentarily be controlled

without interfering with the operation of gas turbine emulator.

An increase in the load’s power demand will result in a drop in the voltage across the load.

The DC-link voltage will also drop as the load attempts to draw additional power from it. An
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increase in the DC-link voltage indicates that more power is being generated than is being
consumed by the load. A decrease in the DC-link voltage indicates less power is being
generated than is demanded by the load. Therefore, the DC-link voltage can act as an
indicator of power balance between the generator-side and load-side systems. When the
generator-side converter regulates the DC-link, the IPM is used to control the loading of the
gas turbine emulator. The gas turbine responds by varying the mechanical power it produces.
The loading of the gas turbine by the IPM is implemented in a way that will balance the DC-
link. The main advantage is that an additional line of communication is not required between
the load-side and the turbine emulator to vary the mechanical torque from the turbine. As a
result, the gas turbine and the IPM operate independently. The outer-loop control of the load-
side can be used to regulate the voltage across the load and for reactive power compensation

when necessary.

In figure 86 a variable resistive load is interfaced with the load-side converter. The DC-link is
voltage is increased from 300V and 400V to demonstrate its controllability from the
generator-side converter. The voltage across the load V| is increased from 150V to 200V at 9
seconds to demonstrate its controllability by the load-side. The load’s power demand changes
from 200W to 600W at 25 seconds, this causes the DC-link voltage and the load voltage to
decrease slightly. The generator-side system increases the electromagnetic torque of the IPM,
slowing down the free-turbine. The turbine emulator responds by increasing its mechanical
power input. The DC-link voltage is then restored back to its reference value. After which, the

load voltage is also restored back to its reference value.
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Figure 86: (a) DC-link voltage (b) Load voltage (c) Mechanical input and load demand power
The gas turbine generator system can form part of a microgrid, in which the voltage level
needs to be maintained at the nominal value. In situation where the gas turbine cannot meet
the load demand, reactive power compensation is used to raise the load voltage, while
starving the load of active power. The d-axis and g-axis currents determine the active and
reactive power respectively. In figure 87, the resistive load is varied from 200W to 600W while
the power factor is varied from 0 to 1. At 17 seconds the power factor is decreased from 1 to
0 gradually until 40 seconds. This results in a gradual increase in the load voltage. At 40
seconds the power factor is suddenly increased to 1 and the load is increased to 600W
thereafter. The load voltage decreases but increases again after the power factor is lowered

again. In all cases, an increase in the reactive power results in an increase in the load voltage.
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Figure 87: (a) Apparent and active power (b) d-axis and g-axis current (c) load voltage (d) Mechanical

power input

As discussed in section 4.4.1 and illustrated in figure 55, it becomes increasingly difficult to
regulate the DC-link voltage from the load-side with a low power factor due to the high
current demand. It is also impossible to regulate both the load voltage and DC-link from the
load-side simultaneously. Therefore, it is advantageous to regulate the DC-link from the
generator-side and regulate the load voltage from the load-side during isolated operation and

when applying reactive power compensation.

It was stated that the windage, mechanical and core loses are subtracted from the torque and
mechanical power measurements. Therefore, the only expected losses in the system are due
to the switching losses, the losses in the DC-link capacitor and the losses in the LCL-filter.
Figure 88 shows the mechanical input power and the power consumed by the load. Power is
delivered to the load at unity power factor. High efficiency is achieved at all loads, which

results from the successful implementation of the ME control strategy.
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6.5 LCL-filter performance

The Yokogawa T1800 power analyser is used to calculate the THD in the current. With a
sampling rate of 2M/s a more accurate result is found than if a PXI would be used. The LCL-
filter performance is benchmarked with the performance of an L-filter with the same
inductance to illustrate its effectiveness. Figure 89 shows the harmonic content of load-side
currents through the L-filter. The scale used is logarithmic; the top of the scale represents
100A and the bottom represents 0.01A. The horizontal scale represents the harmonics of
50Hz. As expected the higher harmonics are attenuated the most. The lower harmonics, near
the fundamental are mostly due to the control action. The larger the gains of the controls, the
larger the control action would be when the system is not in steady state. This is another

reason why a small a gain as possible is preferred when designing Pl controllers.
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Figure 89: Harmonic content of current in L-filter

Figure 90 shows the harmonic content of the current in the LCL-filter. The filter displays much
greater attenuation for higher harmonics as expected. The THD in the current is 3% well below
the 5% required by the Grid-code. The low THD allows the controller design to accommodate

larger gains in Pl controllers if required.
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Chapter 7

7. Conclusions and recommendation

7.1 Conclusions

A comprehensive study of the operation of a gas turbine generator is presented in this report.

A turbine emulator is developed and implemented experimentally. A detailed experiment on

possible control strategies for an IPM is conducted. A comparison of the control strategies

identifies the best performing one. An unconventional control structure is devised that

guarantees satisfactory performance of the system in grid-tied and isolated modes. Control

of the system during unbalanced conditions is discussed and provision for reactive power

compensation from the system is made. The following conclusions are drawn from the

experiments:

The simple structure of the Rowen gas turbine model makes it ideal for
implementation on controller like the PXI. A DC-motor serves as convenient actuator
in the emulation of a twin-shaft gas turbine because its torque and speed can be
controlled by an armature voltage and DC-current. Using a DC-motor with a higher
power rating than the IPM results in a better emulation of the gas turbine’s speed.
This is because large torques can be developed by the DC-motor to ensure accurate
emulation of the gas turbine’s dynamic behaviour, regardless of the loading by the
IPM. The gas turbine emulator displays a maximum error of 2.5% from the model’s
reference speed.

The IPM’s different synchronous inductances provide control strategies that are not
possible for an SPM. By varying the torque angle of stator current, the performances
of ninety-degree torque angle control, maximum torque per ampere control and unity
power factor control are compared. Metrics that are used to gauge each algorithm’s
performance are the DC-link voltage utilisation, torque development, conduction
losses and power factor. Unity power factor control strategy vyields the best
performance of three. Through experimentation, a maximum efficiency control

strategy is developed, that minimises conduction, windage, mechanical and core
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losses. What’s more, this control strategy performs well in terms of the performance
metrics listed earlier.

Load-side control in grid-tied and isolated operation is achieved in this report. An LCL-
filter is designed according to grid code specifications for system integration with the
utility grid or isolated load. The LCL-filter produces a THD of 3% which is below the
maximum THD of 5% it is designed for. A recursive least squares grid voltage
unbalance algorithm is then formulated. The algorithm is successfully implemented
experimentally and is able to mitigatee negative sequence currents that result from
the grid voltage unbalance.

Two control structures are explored in this report. The first involves regulating the
converter DC-link voltage from the load-side converter. This method results in
unsatisfactory performance when the system is in isolated operation or is operating
at a low power factor. In isolated mode, the load-side converter cannot regulate both
the load and DC-link voltages simultaneously. When the system is operating at a low
power factor, a high generator stator current is required to generated sufficient active
power for DC-link voltage regulation. Thus, a second control structure is introduced
that regulates the DC-link voltage from the generator-side converter. The load-side is
then able to focus on the regulation of the load voltage and implement reactive power

compensation.

7.2 Recommendation

The biggest limitation to this work was the malfunctioning encoder. This resulted in the

experiments being conducted with a lower generator speed, DC-link voltage and grid voltage.

However, this will not affect the findings of this report because the NTA, MTPA and UPF

control strategies are derived from literature and show consistency with the experiments.

The ME control scheme was formulated experimentally, therefore, the procedure is easily

applicable to machines that operate at higher speeds and which are of a different topology.

A sensorless method in attaining the rotor angle would eliminate the need for an encoder.

The RLS algorithm can theoretically be extended to accomodate grid voltage phase

unbalances as well. A complete RLS algorithm that caters for both voltage magnitude and

phase unbalances would be a strong advocate for its use over the popular SRF-PLL.
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Appendix A

Below are a set of derivation results used in calculating the solution for a least-squares problem for a
vector x and a matrix M.

d(M)—MT
dx =

d(TM)—M
dx N

d

L xTx) =

dx(xx) 2x

d
P (x"Mx) =Mx+M"x (=2Mx if MT = M)
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Appendix B

The schematic of the voltage level shifting board is given below.
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