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ABSTRACT

Design of a Power Electronics Based Diesel Engine Generator Emulator for Study of

Microgrid Related Applications

Hesam AKkbarian

In the following thesis, design and implementation of an emulator is provided to emulate
the parallel operation of a hybrid diesel engine generator (GENSET) and hydrokinetic
energy conversion system (HKECS) in a microgrid with the aim of improvement in
overall performance of the genset in terms of fuel consumption, emission and efficiency.
The mechanical and electrical parts of a typical genset are modeled mathematically in a
digital controller (ds-1103, dSpace) and the model is fed to a current and voltage
controlled voltage source inverter (VSI) which is designed for the emulation of the
generator output voltage to produce the same output power characteristics as in a real
diesel engine generator. Output available power of a second source (only steady state
behaviour of a HKECS) is emulated using a current controlled VSI (CCVSI); which is
fed by reference signals determined by the available power flow of the water. In
addition, a novel method for combination of the genset and HKECS is proposed to
enforce the genset to operate in the least brake specific fuel consumption (BSFC), most
efficient or less emission operating points. Since no dedicated physical communication
channel is desirable and generally does not exist in real applications, yet there is a

demand to communicate between two sources to keep one in a particular operating point,

il



a modified droop control scheme is defined to communicate indirectly. A detailed
analysis show that efficiency, emission and fuel consumption are significantly improved
in comparison with conventional methods. For experimental validation, the control
algorithm is implemented in dSpace using the DS-1103 controller. The experimental
results confirm improvements in fuel consumption for a specific BSFC curve to 1 gr in

10 seconds for a load of P=1200 W by engaging the proposed method.

v
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Chapter 1. INTRODUCTION

1.1. GENERAL INTRODUCTION

Diesel engine power generators are being used as the main power generation unit in
remote areas with low population density where the wired electricity transmission is not
feasible due to the geographic obstacles or economic justifications. The emission, fuel
cost and its transportation which in some rural areas cost 1 litre to transfer 1 litre of fuel
are the main issues [1]. Therefore it is desirable to incorporate (hybrid) distributed
renewable sources (DER) with diesel generators in those areas which could also be
considered as a microgrid. Using diverse distributed energy sources also increase overall

reliability of the power generation.

Study of the distributed power generation is expanding rapidly and having access to the
real power generators for studying the concepts and to improve power generation quality
and consumption in different aspects including emission, efficiency and cost for
electricity generation is becoming more of interest [2-3]. Due to the diverse nature of
different energy resources, it is challenging and costly to have access to all the different
power generators in research laboratories where those studies are to be conducted [4].
One way to overcome those limitations is employing emulators consisting of inverters as
part of the system to produce the same output voltage characteristics as in real generators
[5]. Many works are done to emulate different energy power generator plants such as
wind and hydrokinetic, in terms of rotating and static emulation [6, 8]. However, there
are a few works done to emulate the genset, which forms the microgrid in real
applications and also are being employed during peak power demand or the power

recession as in [7, 9].

The efficiency, emission and BSFC of the internal combustion engines (ICE)-which are
vastly used in gensets [2, 5, and 7] - depend on the output power of the genset [10-12].

During the power sharing with various energy resources such as HKECS, genset do not



necessarily work in the best operating point. As proposed in this thesis one can set and

track the best operating point of the genset using other DERs as a compensator.

Since the VSI unit is common between different types of generator emulators, and only
the type of prime mover, generator and control strategy changes; (and since the current
emulator is not designed with only a solid hardware setup and controllers are running in
software packages) the emulator configuration is flexible, making it compatible to other
applications with the least possible change. The emulator is developed in dSpace using
the DS-1103 controller based on a commercial diesel engine generator. To have a better
understanding of the parallel operation (as in real applications in microgrids), the same
emulator is reconfigured with a CCVSI to be used as HKECS in parallel with diesel

engine in island mode. In the following, relevant concepts and systems are explained.

1.2. MICROGRID-AN OVERVIEW

Microgrid is a cluster of microsources and loads which are considered as a controllable
system that produce both power and heat [13]. DERs are often incorporated in microgrids

as is shown in Figure 1-1.

- Sensitive loads

e |: ‘W Tradltl‘crﬂ loads

Fast switch

T

Figure 1-1: Typical structure of a microgrid [14]

A Microgrid has two operating modes, grid connected and islanding mode which are
controlled by the main fast-switch breaker. In a microgrid, typically there is no

communication channel and power sharing happens through the frequency droop control.



The major features of the Microgrid are [14]:
1. Peer-to-peer environment
No explicit communications system
Plug-and-play

2

3

4. Scalable system
5. CHP to improve efficiency
6

Smooth transfer between island and grid-connected

1.3. DIESEL ENGINE GENERATOR SET (GENSET)

A diesel genset consists of an internal combustion engine (ICE) and a synchronous
generator coupled on the same shaft. Such systems are widely used as backup or
emergency power in commercial as well as industrial installations. Diesel gensets are also
heavily used in remote locations where it is impractical or prohibitively expensive to
connect to utility power. Diesel gensets used in prime and continuous power applications
are typically designed to operate at higher efficiencies since, in the long run, the fuel
costs will dominate the initial capital costs. The generator in the genset is typically either
a permanent magnet or a wound-field synchronous machine. In case of a permanent
magnet generator, the front end consists of a rectifier and a voltage-source converter to
provide the necessary AC voltage at the desired frequency. The presence of a switched
controlled power electronics front end increases the overall cost of the system and
decreases its fault tolerance. The presence of the inverter enables non-synchronous

operation of the engine which makes increased power density and higher efficiency [14].

Figure 1-2 shows structure of a typical diesel genset.



Synchronous |

A
Diesel T w Generator | B
engine ! Exciter C

Figure 1-2: Typical structure of a diesel genset

1.3.1. Automatic Voltage Regulator (AVR)

The AVR is a controller to regulate and keep the output voltage amplitude of the
generator constant. AVR consists of a bridge rectifier connected to the output winding of
the Synchronous Generator (SG) to detect available output voltage amplitude of the SG,
and a variable DC supply to adjust the exciting current to control the output voltage
amplitude using (-typically) a PI controller. This is to keep the output voltage constant
while the load or speed of the rotor shaft changes.

1.3.2. Speed Governor

The speed governor also is based on a PI controller to keep the rotor shaft speed constant.
Speed governor measures the rotor shaft speed and controls the torque applied to the rotor
of the generator through controlling the fuel injector valve of the ICE, which is connected

to the rotor via a coupling shaft.

1.3.3. Isochronous Mode of Operation

In the isochronous mode of operation, the shaft speed (hence the output frequency) is a
constant value, and after any turbulences, if the output frequency experiences any
transient changes (because of the inertia which is connected to the shaft, etc.) the
controller brings the frequency back to its reference value. In contrast to the droop
controlled mode, in isochronous mode the reference shaft speed is constant and does not

vary according to the output power. Since the output frequency is a fixed value, no
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additional controller is required and the governor speed controller could be used with a
fixed constant reference speed. The simplest speed governor would be the integral of the
speed error that drives the speed to its reference value hence also called integral speed

governor. Isochronous mode is used when no more than one generator supplies the load.

Figure 1-3 shows an isochronous controller behaviour. In Figure 1-3 (a) on can see that
the reference frequency is independent of the output power. In Figure 1-3 (b) the settling

frequency returns back to the reference value after a load turbulence.
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Figure 1-3: Isochronous controlled output frequency vs. power [15].

1.3.4. Frequency-Droop Controlled Mode of Operation (Active Power Control)

Changing the generator input mechanical power, so that the rotor phase leads or lags the
grid voltage phase, the true power output of the generator changes. Consequently the

active power can be controlled [17].

Figure 1-4 (b) illustrates effect of phase (input mechanical power) on output power

delivery for the circuit shown in Figure 1-4 (a) which can be represented as:

P=3XE;xI,cos® (1.1)

or can be represented as:
E, XV, 1.2
P=3 : X Esino (12)



where o is the phase difference between two sources, E; is the genset terminal voltage,

Vg is the bus voltage, I, is the load current and X is the coupling impedance.

Equation (1.2) shows when E; = Vg and only phase of the two voltages changes (by

changing the generator input torque) delivered power can change.

A,
\
\
\
E,VR v,
Iy
Et —> VB
Genset X Grid
Iﬂ
O _4—
(a)

(b)
Figure 1-4: (a) Synchronous Generator connected to the infinite bus (b) Effect of increased torque on

the output power [17].

For parallel operation of more than one generator, the output frequency of each power
generation unit are defined to vary according to its output power to facilitate the load
estimation and sharing between different generators. Different droop characteristics could

be defined for different sources according to the power capacity.

Based on the percentage of the droop, the shaft reference speed of the governor changed

linearly with respect to the output power.

Figure 1-5 shows a sample droop controlled genset frequency. In contrast to the Figure
1-3, Figure 1-5 (a) demonstrates dependency of the reference frequency on the delivered

power; Figure 1-5 (b) shows how the settling frequency is changed by a step load change.
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Figure 1-5: Droop controlled output frequency vs. power [15].

For two or more generators, the frequency for all of them would be the same thus the

active power will be shared based on the droop slope and base frequency [16, 18].

1.3.5. Voltage-Droop Control (Reactive Power Control)

Flow of the reactive power could be controlled with the output voltage amplitude using
AVR. If the genset output voltage amplitude in Figure 1-4 (a) changes, the resultant
voltage across x (V) and thus output current make a change in phase with respect to the

terminal voltage, so the reactive power could be controlled as could be concluded in

Figure 1-6 [17].

v, Va

(2) (b)

Figure 1-6: Effect of excitation (output voltage amplitude) on the output power (a) Increased

excitation, (b) Decreased excitation [17].



Figure 1-6 (b) shows effect of increasing the excitation current without further increase in
the mechanical input power. As can be seen, when E; is increased, Vy is increased and the

angle by which I, lags V5 is increased, that is the power factor is more lagging.

To summarize, a change in phase between E; and Vz changes I, amplitude which causes
a change in the active power; and a change in the magnitude of the E; changes phase of

the I, which then controls the reactive power.

In another analogy, the power output of the alternator is controlled by the angular
movement of the rotor, which is by changing the torque output of the prime mover. The
power factor (and consequently the reactive power) is controlled by the rotor excitation,
becoming more lagging as the excitation current is increased and more leading when the
excitation current is reduced [17]. In other words, the generator tends to supply O when

over excited and absorb Q when under excited.

Although active (P) and reactive (Q) powers can be controlled with the explained
methods, however they are coupled together and controlling one affects the other. It will

be shown how to decouple P and Q using dq-frame theory.

1.4. HKECS

HKECSs which convert the flowing water energy into electrical, are fundamentally
similar to wind turbine energy generation principle and are being used in remote areas.

HKECS is more reliable than the wind because of the continuity in the flow of the water.

Gear/

Coupling
Shaft

Figure 1-7: Typical structure of a HKECS



1.5. MAIN CONTRIBUTIONS

Following are the main contributions in the thesis:

1.

2.

4,

A novel methods to enforce the genset to operate in the ideal operating point
(IOP) which could be defined based on the minimum BSFC, maximum efficiency
or minimum emission. IOP tracking based on the minimum BSFC is studied in
the thesis. The method does not require additional communication channel and
detects the operating point based on the frequency behaviour.

A new method to detect BSFC curve of the genset without using an extra
communication channel using droop control method.

A generic PQ decoupling block is proposed which decouples P and Q works even
ify, # 0.

Compensation/control of the decoupled P and Q using a CCVSL

1.6. PUBLICATIONS:

1.6.1. Journal:

1.

H. Akbarian, P. Pillay, L. Lopes “Emulation of the Diesel Engine Generator in a
Microgrid: A Novel Method to Enforce the Genset to Operate Ideally-A Case with
Least Fuel Consumption per Unit Output Power” to be submitted in the Energy
Convertion Transaction on, IEEE.

H. Akbarian, P. Pillay “Induction Machine Parameters Measurement through
Processing Its Transient Current Response to a DC Step Voltage” submitted in
the Energy Convertion Transaction on, IEEE.

1.6.2. Conference paper:

1.

H. Akbarian, P. Pillay, L. Lopes, "Design of a Power Electronic Emulator for
Renewable Energy Applications” in Electric Machines and Drives Conference,
IEMDC, Idaho, 2015.

H. Akbarian, P. Pillay, L. Lopes, " Design of a Power Electronic Emulator for
Series Hybrid Electric Vehicle Powertrains” in VPPC, Montreal, 2015



1.7. SCOPE OF THE THESIS

The main aspect of the thesis is to develop an emulator for emulation of the genset and
HKECS output power to facilitate research for the purpose of an overall improvement of
the system including a reduction in the fuel consumption rate per unit output power,

decrease emission and increase efficiency of the genset.

Parallel operation of the genset and HKECS is discussed and verified in details and a new
method is proposed to enforce the genset to work with less fuel consumption per unit

output power, less pollution and more efficiency.

1.8. OUTLINE OF THE THESIS

The thesis is organized in the following manner:

In chapter II, the mathematical models of the major units in a typical genset are provided
and is shown how to use those models to control a VSI to emulate the genset. The droop
control method is explained and related experimental implementations are carried out for

verification.

Some important definitions including BSFC, emission and efficiency are provided to
asses operation of a genset in chapter III and the relation of those parameters with respect

to the output power are reviewed.

In chapter IV the HKECS principle is explained and is shown how to emulate the steady
state available power of the HKECS using a CCVSI to be operated in parallel with the
genset. It is also explained how to decouple the delivered P and the Q using dq-frame

theory.

Parallel operation of multiple generator and its considerations are discussed in chapter V

with a focus on the operation of the genset and HKECS emulators.
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In chapter VI a novel method is presented to enforce the genset to operate in an ideal
operating point using an alternative source of power and the method is applied on the

parallel operation of the genset and the HKECS.
Finally conclusion of the thesis is presented in chapter VII.

Experimental validations are provided in each chapter.
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Chapter 2. EMULATION OF THE DIESEL ENGINE GENERATOR

2.1. INTRODUCTION

Diesel engine generator sets (also called gensets) are vastly used in remote areas and
where the wired electricity is not available. A genset consists of two main units, ICE and
generator (typically SG) coupled on the same shaft. Figure 2-1 shows a commercial

diesel genset.

Figure 2-1: A commercial genset

A genset presents transient output voltage and frequency responses when its output power
changes. To emulate the transient and steady state responses of a genset, transfer function
of each components in a typical genset including electrical and mechanical parts are
derived mathematically, and these models are used to produce the reference signals (with
respect to the input mechanical power) for a VSI to generate the same behaviour as in a

real genset.

Figure 2-2 illustrates schematic of the emulator. As is shown ICE is the prime mover
which is coupled to a synchronous generator through the coupling shaft. Model of the

generator is used to control the VSI to produce the reference signals for the PWM
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generator and the resultant output voltage is filtered using LC LPF. Speed governor and

AVR controllers are also included in the model to maintain the speed and voltage.

. ®

@». » Load
Filter&Coupling

Figure 2-2: Connections and components in a commercial genset. Modelled components are marked

with the red circle.

2.2. MODELING OF THE DIESEL ENGINE GENERATOR

A diesel engine generator block diagram in parallel with the HKECS in a microgrid is
shown in Figure 2-3; consisting of five units: (1) Diesel engine; (2) Coupling shaft; (3)
Electrical generator-typically synchronous generator (SG); (4) Speed governor; (5)
Automatic voltage regulator (AVR).

In the following, each unit is modeled.

—— ———— — —— — — — —— — — — — — —

[

| Diesel Generator
: Engine (5G)

|

|

|

| :

Ref. Speed

Figure 2-3: Diesel Engine Generator incorporated in a microgrid.
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2.2.1. ICE Model

Modeling of the diesel engine (i.e. ICE) is well defined in the literature, which can be
classified into three main parts: (1) Fuel injection gain (2) Fuel injection delay (3)
Internal inertia. In this thesis for simplification, effect of the inertia is applied in the
coupling shaft model. The resulting transfer function which simply includes the fuel

injection dynamics and the time delay is [18-20]:

dTen

= bt (“Ten + keuy (£ = t2)) 2.1
kee—tds

= 2.2

he(s) t,s +1 (2.2)

where k. is engine gain, tq is fuel injection delay time, t, is fuel injection (engine) time
constant, u,, is governor reference speed (RPM), T, is engine produced torque and h,(s)

is transfer function of engine in the s domain.

2.2.2. Flexible Coupling Shaft Model

Based on the Newton’s second law for a rotational mass, dynamics of the flexible shaft

and associated inertia can be described as [20]:

dw
]en?en=ren_rr_TS_TD (2.3)
dw
Jge dfe =T+ Tp — Tge (2.4)

where /., and ], are diesel engine and generator inertia, we, and wy, are engine and
generator angular speeds, 7., and 7, are engine and reciprocating inertia torques, 7g and
Tp are the torsional stiffness and damping torque, and 7, is the transmitted torque to the

generator. Figure 2-4 shows the mechanical equivalent for (2.3) and (2.4).
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Figure 2-4: Diesel engine and generator mechanical models.

2.2.3. Synchronous Generator Model

The resulting output torque of the shaft produces the rotational speed on the generator
shaft which then converts the mechanical torque to the related output electrical torque. In
order to investigate the output electrical torque (i.e. electrical power), the exact model of
the generator (typically SG) should be known. Among many works which have been
done to model the SG, dg-modeling most precisely describes the transient behavior of the
machine in comparison to conventional models. In this thesis, SG is represented by the
dg-frame model 2.1 of IEEE Std. 1110-2002 [21]. Output of the SG, which is a voltage
signal in the dg-frame, will then be considered as the reference voltage signals for the

VSI to produce the output emulated voltage.

The well-known equations describing the SG model in the dg-frame are [22]:

Vg = —Rsig — wpdq + pAy (2.5)
Vg = —Rsig + we g + A, (2.6)
Vrq = Rrqlrq + PAsq 2.7)
Vka = Rialka + PAka (2.8)
Vkq = Riglkq + DAkq (2.9)
Aa = —Liig + Ling(iratixa — iq) (2.10)
lq = —Ljig + Lmq(ikq — iq) (2.11)
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Ara = Lifaifa + Lina(ipatixa — i) (2.12)
Aka = Likatka + Lma(ipa+ixa — i) (2.13)
lkq = leqikq + Lmq(ikq — iq) (2.14)

where, p is the derivative function (d/ dt)‘

The electrical and mechanical torque are also related in the following equation:

T, = —] (%) pwy + T (2.15)

where | is the total inertia (rotor and the load connected to the rotor) and P is the number

of poles. To solve this equation, T, can also be found as:

3 /P
T, = E(E) Aaiq—Agia) (2.16)

Figure. 2-5 shows the equivalent circuit for the above equations.

Figure. 2-5: SG equivalent model in dq-frame.
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For implementation, the input parameters to the SG model are the actual measured output

currents of the inverter in the dq-frame (i4, i;) which reflect the load and the desired

rotational shaft speed which is determined by the speed governor (and droop controller);
in addition to the value of the field winding voltage which is determined by the AVR.

The output parameter of the SG model is the voltage reference signal for the VSIL

2.2.4. Speed Governor

The speed governor is essentially a closed loop (typically PI) controller to drive the actual
speed to its reference value after the load changes. Since the frequency finally converges

to a fixed value, hence also called isochronous operation.

For the PI controller, the output speed signal to the engine which is the fuel injection

reference signal can be expressed as:

k:
Yoen = (kp + =) (@en,o ~ Wenge,) (2.17)

Figure. 2-6 shows the block diagram representation of the speed governor.

ywen

Figure. 2-6: PI controller for speed governor.

It is shown in “section 2.4 how to control we,, ; to implement a droop controller.

2.2.5. Automatic Voltage Regulator

Aim of using the AVR is to maintain terminal voltage of the SG regulated while load
changes. Similar to speed governor, a PI controller can be configured to control terminal

voltage of the SG. Since field voltage of the SG is assumed to be supplied with a thyristor
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controlled rectified voltage, the rectifier dynamics should be also included in the control
loop. The rectifier can be simplified as a first order filter with linear gain (k,..) and a

time delay (tze1)-

IEEE Std. 421.5 is used for the AVR modeling. The corresponding equations can be
obtained from [9]. The resulting block diagram is shown in Figure. 2-7.

k. + Fiv krec Vfd

s tyel recS + 1

Vtacr_RMS

Figure. 2-7: Automatic voltage regulator for the diesel engine generator.

2.3. CURRENT AND VOLTAGE CONTROLLED VSI

Voltage source inverters are widely used in power generation and grid connected
applications [8, 23]. Since the output voltage characteristic of the inverter is of interest, a
VSI with only a voltage control loop can be designed to emulate the output voltage, but
including an inner current controller speeds up the convergence to the reference value
and makes a much tighter controlled output voltage signal. Figure. 2-8 shows a block
diagram of a voltage source inverter with a main voltage controller and an inner current
control loop. The main parts of the inverter consist of: three-phase full bridge, LC low
pass filter and the load.

Vo Voltage L Current |:
¢ || Controller | | Controller | :

T

S S 'l[:-"--
----------------- | * .
| : i s
Power "'L":'T'T""TVO:' """""""
Controller |- —oiolio____ g

Figure. 2-8: VSI block diagram [24].
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As mentioned before, reference signals (i.e. amplitude, phase and frequency) for the VSI
are determined by the SG model in the dg-frame as in [25]. Having the input reference
voltage and frequency of the inverter, voltage and current control loops in the VSI
produce the required duty cycle of the PWM for 3-phase full-bridge switches so that the
output voltage emulates behaviour of a diesel engine generator. To emulate the output
voltage characteristic of a diesel engine generator, the SG output voltages and currents
are monitored and fed as the reference signals of the VSI. For the outer voltage controller

loop, inputs to the controller are referenced voltages (v*4, v*,) and the output are the dg-
frame currents (i*4,1",) which act as the reference for the current controller loop. The

current control loop on the other hand, determine the modulation voltage for the PWM to

generate the output voltage.

The dg-frame KVL and KCL equations of the inverter for the basic circuit of a VSI

shown in Figure. 2-8 are:

Lf% = Vig — Tylyzq — Voa t+ wailfq (2.18)
Lf% = Vig = Trli,q — Voq — Lrwiiq (2.19)
f dzzd = lipa — loa T WCrVyq (2.20)
4 d;zq bipq — log — @WCfVoq (2.21)

Based on (2.18-2.21), control diagram of the inverter is derived as is shown in Figure. 2-9

which is discussed in [24].

For a 5 kVA commercial genset a VSI with the same rated power is designed. Related

parameters are shown in Table II in the appendix.
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Figure. 2-9: (a) Voltage and (b) current controller loops block diagrams [24].

2.4. DROOP CONTROLLER

For parallel operation of generators, a droop controller should be included for proper
sharing of the load between generators. For a stable load sharing, the frequency of each
unit (i.e. governor reference speed) has to drop while the load (i.e. output power)

Increases.

The droop factor percentage can be defined as [26]:
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_ﬁ_wNL—wFL

p=-_~L= 2.22
A, o (2.22)

where wy;, 1s the no load speed, wp;, is the full load speed, and wy, is the rated speed.

Consequently the following block diagram determines the reference speed for the

governor based on droop percentage and the power.

ul ref gov

Figure. 2-10: Speed-Droop governor.

where G = %ﬁ and P is number of poles in the SG.

2.5. EXPERIMENTAL IMPLEMENTATION AND VALIDATION

For experimental validation, a test bench including one 3-phase IGBT switch pack, filters
and controller is built to emulate the genset as is shown in Figure. 2-11. The designed
inverter is rated at 5 kVA, 110 V — 60 Hz for continuous operation. The control algorithm
is first simulated in Simulink and then implemented in dSpace where the output of the SG
model and a simple P-F' droop controller generate the reference voltage and frequency for
the inverter. The controller design procedure is provided in appendix and the derived
parameters for the controllers are listed in TABLE I through TABLE VII. Input to the SG is
the rotor shaft torque and speed which are determined by the diesel generator model. The
controller is developed in dSpace, with the DS-1103 controller for capturing and
controlling the digital and analog signals. Since measured signals are contaminated with
noise, active filters are designed for noise reduction and phase shift (due to the voltage

and current sensors phase shift) compensation using AD analog filter design tools.
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Implemented Hardware setup under the test

Figure. 2-11: Implemented hardware setup of the Emulator under the test.

2.5.1. Individual Diesel Genset Experimental Test

Tests are conducted in two different modes; isochronous (Fixed frequency) and droop-

controlled mode.

a. Isochronous mode of operation

In this mode, the reference frequency of the genset is constant. The voltage and frequency
vary dynamically according to the disturbance hence the output voltage amplitude and
frequency behavior of the VSI is of interest while the emulator experiences a step load
variation. Figure. 2-12 illustrates the output V, versus V}, phase voltages to verify quality
of the sinusoidal voltage. The non-distorted ellipse with the 120° initial angle in Figure.
2-12 (b) generally shows the quality of the output voltage. With a 6 kHz SPWM
modulation a THD is measured to be 0.89 % for a 20€2 load.
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Figure. 2-12: (a) Measured output voltage in the abc frame (Scale=4.7:1); (b) X-Y graph to verify
the quality of output voltage (Scale=4.7:1).
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Figure. 2-13: Measured output signal of the Emulator in response to a step load change (a)

Measured output RMS voltage (Scale=20:1) (b) Actual shaft RPM of the SG (Scale=600/m:1).

Figure. 2-13 shows the RMS amplitude and frequency of the output measured voltage of
the implemented emulator for a sample step load changing from 900 W to 3.5 kW.

At t=8.7 sec, load decreases from 3.5 kW to 900 W. It is shown (due to the inertia) how
the SG shaft speed change while load changes. At t=14.3 sec, load varies from 900 W to
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3.5 kW. As is shown since the genset is working in isochronous mode, the settling value
of frequency before and after the turbulence is the same value, independent of the output

power.

To validate the results, they are compared with other publications results. Because of the
various system and controllers types, no two different configurations of genets behave

exactly in the same way, however the general behavior of the genset could be compared.

The same typical behavior is studied in [18]. It is shown in Figure. 2-14 how the speed of

the generator changes in response to a step increase in the load.

APm * Ai!)r

AP

m

APy

Aw,

Figure. 2-14: Response to a step load increase in isochronous speed governor [18].

The same behavior is also discussed in [15]. As is shown in Figure. 2-15, for the 0%
droop (Isochronous mode) when the load is increased by 50% at the time t=0.2 sec, the
frequency has dropped and then the speed governor controller has tried to bring the
frequency back to its original value.
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Figure. 2-15: Transient response of the emulator for different values of droop studied in [15].

For the voltage amplitude, no major publication is found to validate the voltage amplitude
behavior, however the behavior shown in Figure. 2-13 (a), is expected when the
equivalent circuit shown in Figure. 2-5 is studied. When the load increases the output
voltage drops temporarily and then the AVR brings the voltage back to its reference

value.

b. Droop controlled mode of operation

Based on the method which was discussed in “section 2.4”, for a 1%, 3% and 5% droop,
Figure. 2-16 and Figure. 2-19 show the output frequency and voltage amplitude of the

emulator. (The maximum power for the droop slope calculations is set to SkW, f; is 60
Hz and the no load frequency (fNL) is 62 Hz, which means at SkW output power, the

output frequency will experience 5% decrease for 5% droop (i.e. 3Hz) etc.). It is shown
how the output frequency changes in response to a step change in the output power from

1 kW to 3.5 kW while voltage amplitude does not change.
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Figure. 2-16. Output frequency change during a step load change from 1 KW to 3.5 kW for 1%
droop. (Power scale: 350:1, Frequency scale: 81/4m:1).

The Figure. 2-16 and Figure. 2-19 show how the transient behavior of the genset
frequency is when the load changes. As is shown when the load increases the frequency
experiences a transient change and settles to a fixed value. As is shown, frequency drops

to 61.9 Hz for output power of 1kW as is expected to be:

P 1kW
f=fNL—f0><D><SI:;It/=62—0.6XW=61.88 (2.23)

The droop line for a 1% droop is shown:

P(W)

0 1kW 5KW

Figure. 2-17. The droop line for a 1% droop.
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For the result validation with the other publications, the speed (frequency) behavior
studied in [18] is shown in Figure. 2-18. As is shown the typical behavior induces a
transient drop in the speed when the load increases. The settling speed depend on the

value of the delivered power.

The same behavior is shown in Figure. 2-15 for different droop percentages.

AP

. i /

t

¥ Af(PU) = Aw, (PU)

Valve position (power)

(a) () — Aw

Figure. 2-18. The response to a step load increase in a droop controlled speed governor studied in

[18]. (a) Frequency power droop (b) Response to step load power.
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Figure. 2-19. Output frequency change during a load step change from 1 KW to 3.5 kW for (a) 3%
and (b) 5% droop. (Power scale: 350:1, Frequency scale: 81/4m:1).

2.6. SUMMARY

A VSI is designed and controlled to emulate a genset. Mathematical models of the
different units in a genset are used to produce the reference signals for a VSI. Hence the
output signals of the VSI emulates behavior of a real genset. The VSI is designed with

the voltage and current controllers in the dq-frame.

Controller blocks which are typically used in commercial gensets including AVR, speed

governor and droop controllers are designed and included in the VSI controller algorithm.
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The emulator algorithm is implemented in the Simulink and dspace workspaces and
additional voltage and current active filters are designed and built for noise reduction
purposes in the controller. The filter time delay constants and transfer functions are

considered in the VSI controller.

2.7. CONCLUSIONS

The measured output waveforms of the emulator are observed to be compatible with the
other publications results and show satisfactory results in terms of the quality and
similarity of the generated output voltage with real commercial gensets studied in the
those publications. The transient and steady state responses of the controllers are

considered to be within an acceptable range.

2.8. CONTRIBUTIONS

1. A voltage and current controlled VSI in dgq-frame is designed. The input reference
signals are fed by mathematically modeled parts of a typical genset.

2. Additional auxiliary controllers including AVR, speed governor and droop
controllers are designed to control the desired parameters of the genset as is in a
real genset.

3. Some additional required equipment including voltage and current measurement
devices and active filters are designed and built for the feedback measurement of

the VSI controllers.
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Chapter 3. BSFC, EMISSION AND EFFICIENCY VERSUS

POWER IN AN ICE

3.1. INTRODUCTION

Internal combustion engines (ICE) are energy conversion devices that extract stored
energy in a fuel through the combustion process and deliver mechanical power. The
devices are also known as heat engines in a broader sense. Compromise is often
necessary to deliver acceptable efficiency, and performance through its performance
regime. The ICE could be employed in an operating range to enhance the fuel economy
and reduce emission. Fuel economy depends on the operating point of the ICE, while

emission control units target eliminating harmful pollutants from the exhaust stream [10].

There exists an optimal operating point for a genset to operate in, to have the best
environment impact. It will be shown how the output power delivered by the ICE affects
the operating point of the ICE in terms of efficiency, emission and fuel consumption.
Later in the next chapter will be shown how to control other parallel sources of energy in
a company with the genset to enforce the genset to operate in the ideal mode in terms of

fuel consumption efficiency.

In the following, some practical terms used to verify performance of an ICE are defined.

3.2. BSFC

In engine test, fuel consumption is measured as a flow rate-(mass flow) per unit

time, m (ﬂ). A more useful term is the specific fuel consumption (SFC) - the fuel flow
f sec

rate per useful output power. It measures how efficiently an engine is using the fuel

supply to produce work.

sfc=— (3.1)
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where m; is the fuel flow rate and P is the engine power. If the engine power is measured
as the net power from the crankshaft, the specific fuel consumption is called brake
specific fuel consumption (BSFC). The SFC and BSFC are usually measured in SI units
by the gram numbers of fuel consumed per kW power output per hour (g/kWh).
Obviously low values of SFC or BSFC are desirable. Typical best values of BSFC is
around 250 to 270 g/kWh [27].

This ratio (BSFC) is not constant and varies with respect to the output power. Except for
low (under 25%) and high (more than 75%) power levels (where is estimated as a linear
function as is shown in Figure. 3-1), this function is often well approximated by a

positive quadratic function of the type [28]:
BSFC(P) = k(P — Pyp¢)? + BSFCpin (3.2)

where P is the output power of the ICE, and P,,; is the power in which the minimum

BSFC can be achieved (BSFCp,ip)-

bsfc versus power dependency
1000 = . .

Quadratic
800 F —— Linear

600

400

bsfc (g/kWh)

200

0 3 r e e e £
50 100 150 200 250 300
Power (kW)

Figure. 3-1. Quadratic and linear approximations for BSFC versus Power dependency for a sample
ICE [28].

For linear operating ranges that correspond to a very high and a very low power level, a

linear approximation of the form:
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BSFC(P) = BSFCpgy + CP 3.3)

Is introduced where c is a negative constant for small P and is positive for large P [28].

3.3. FUEL EFFICIENCY VERSUS POWER

Normally, a dimensionless parameter that relates the desirable engine output power to the
necessary input fuel flow would have more fundamental value. The ratio of the work
produced per cycle to the amount of fuel energy supplied per cycle that can be released in
the combustion process is commonly used for this purpose. It is a measure of the engine

efficiency (fuel conversion efficiency) as is shown below:

W, P (3.5)
Ny = =

MeQuy  MQuy

where W, is work done in one cycle, my is the fuel mass consumed per cycle, and Qyy is

heating value of the fuel.

Fuel efficiency can be expressed by SFC as:

_ 1 (3.6)
sfc Quy

Ny

3.4. ICE EFFICIENCY VERSUS POWER

To predict the ICE efficiency in terms of the output power, and for the purpose of setting
the ideal operating point, the efficiency behaviour of the ICE can be investigated with

respect to the speed and output torque of the engine as is shown in Figure. 3-2.
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Figure. 3-2. Example ICE efficiency model. The high efficient region is highlighted by the shaded
green cap of the 3D model [29].
Efficiency map of the different ICEs varies by type and output power capacity but they
all have typically the same behaviour as shown in Figure. 3-2. Since the ICE in a genset
operates at almost a fixed speed, the output power and thus efficiency could be defined as
an intersection of a plane and surface in Figure. 3-2 which yields a quadratic function

curve. Efficiency versus power can be directly shown as in Figure. 3-3[1].
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Figure. 3-3. Efficiency versus power in three different gensets studied in [1].
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3.5. EMISSION VERSUS POWER

Levels of the emissions of oxides of nitrogen, carbon monoxide, unburned hydro carbons,

and particles are important engine operating pollutant characteristics. The concentrations

of gaseous emissions in the engine exhausts are usually measured in parts per million or

percent by volume (mole fraction). Specific emissions are defined as the flow of the

pollutant per output power:

sNO, = mg"x
sCO = %
sHC = %

sPart = @

Emissions of the ICEs are a function of the

typically increase with an increase in the output power as is shown in Figure. 3-4.

One can set the operating point of the genset to operate with the least pollute.

(3.7)
(3.8)
(3.9)

(3.10)

output power of the engine. Emissions
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Figure. 3-4. Sample emission characteristic which is studied in [30].

3.6. FUEL CONSUMPTION COST DURING THE OPERATION

Except for the transient operation, total fuel consumption cost during the operation of the

ICE in a genset can be approximated as:

Pmax
C = f Cr X BSFC(P) X p(P) X Tyopq X dP
0

(3.4)

where Cy, is cost of the fuel per gram, p(P) is probability of the engine producing power

at level P and T;,tq; 1S the total run time.
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3.7. SUMMARY

Some useful terms for the operation assessment of the ICEs defined in the literature are
reviewed. These parameters are to be used in the following chapters to control other
parallel sources of energy in a company with the genset to enforce the genset to operate

in the ideal operation in terms of fuel consumption, emission and efficiency.
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Chapter 4. HKECS STEADY STATE OUTPUT POWER EMULATION

4.1. INTRODUCTION

HKECS refers to conversion of the flowing fluid (e.g. water) energy into electricity.

Hydrokinetics energy has a tremendous potential to be considered as one of the

alternative sources to the conventional fuel based electricity generators.

The US wave and current energy resource potential that could be credibly harnessed (the
potential amount is about 2100 TWh/yr), is currently about 400 TWh/yr or about 10% of
national energy demand. Assuming an extraction of 15% wave to mechanical energy
(which is limited by device spacing, device absorption and sea space constraints), typical
power train efficiencies of 90% and a plant availability of 90%, the electricity produced
is about 260 TWh/yr or equal to an average power of 30,000 MW (rated capacity of about
90,000 MW). This amount is approximately equal to the total 2004 energy generation
from conventional hydro power (which is about 6.5% of total US electricity supply). The
Canadian wave energy resource was studied by Natural Resources Canada (NRC) and

found to be about 1,600 TWh/yr [31]. (Figure. 4-1).

AK 1,250 TWH/yr

Gy
f %Qa
L %ﬁ%&lamic Canada
1,250 TWH /yr
350 BC TWH/yr
'&\T

> WA, OR & CA
H' 440 TWh/yr New
England
Hawaii Mid Atlantic
330 TWh/yt 110 TWh/yr

Figure. 4-1. Wave energy resource estimation [31].
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There are various methods to harvest the fluid water energy; most of known are ocean

current, waves, and river in-stream currents.

The energy conversion devices needed to convert the kinetic energy in rivers are very
similar to those for tidal; the major differences being that river current streams are

unidirectional and composed of fresh water [31].
Hydrokinetic energy harvesting is fundamentally similar to the wind.

Hydrokinetic devices typically use vertical or horizontal axis turbines similar to those
developed for wind generation; however, because water is approximately 850 times
denser than air, the amount of energy generated by a hydrokinetic device is much greater
than that produced by a wind turbine of equal diameter. In addition, river and tidal flow
do not fluctuate as dramatically from moment to moment as wind does. This
predictability benefit is particularly true for tidal energy. It can be predicted years in

advance and is not affected by precipitation or evapo-transpiration [32].

4.2. PREDICTING THE AVAILABLE POWER AND TORQUE

For a water channel flow, available power in the cross section of a turbine is given by:

1
Peury = 5 Cp(DpwALYy’ (4.1)

where C,, (1) is the turbine power coefficient, p,, is the water density, A, is the rotor
cross section area and V,, is the water velocity.

Thus if the turbine is coupled directly to the generator, the produced torque on the
generators shaft is given by:

Pturb — Cp (A)prrVw3
wshaft 2wshaft

Tshaft = 4.2)

The dynamic response of the flowing water would depend on the torque transferred to the

shaft. Only the steady state response of the output power is studied.

38



Since the dynamic response of the system is typically faster than the actual power flow
and because the output stage of the system is driven by an inverter which regulates the
output frequency and voltage amplitude connected to the grid, the entire system has been
modelled as a power generation unit with an output PQ characteristic based on the
available water flow power. Some power loss in each unit is also defined, hence the
output power would be proportional to the available input power. Since the mechanical
inertia and time delay constants are not defined in the model, the model is valid only for

the steady state and with the assumption of the availability of the required power.

4.3. CONFIGURATION OF A HKECS

Since the available hydrokinetic power varies with time, the output voltage of the
generator must be regulated to be useful. Shown in Figure. 4-2., HKECSs consist of three

main units: 1- Energy harvest and generator, 2- Rectifier, 3- Inverter.

Figure. 4-2. A typical structure of the HKECS in parallel with a genset.

4.4. POWER DELIVERY TO THE LOAD

A HKECS operated in parallel with a Genset to supply a load, could be considered as a
grid tied inverter; as is shown in Figure. 4-2. For a grid tied inverter shown in Figure. 4-3,

flow of the P and Q are given by:

EV
P =3 —-sin(0; — 0y) 4.3)
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Q=32 (E~Veos(9 - 6,)) (4.4)

where E is the VSI terminal voltage, V' is the grid bus voltage, ® and ©are VSI and grid

bus voltage phases respectively.

As is shown, magnitude of active (P) and reactive (Q) powers delivered by an inverter to
the grid are coupled together and it is cumbersome to control them separately using

voltage amplitude and phase of the two sources.

PQ
E —» V

VS I Xﬁcvupling

Grid
Figure. 4-3. A grid tied VSI.

It will be shown how to decouple and control active and reactive powers through
controlling the dq components of the output current using dq-frame theory. Since the
decoupled current components are of interest, a CCVSI should be used. The iy and i,

components of a CCVSI is controlled in dg-frame to deliver the required active power

according to HK power profile.

4.4.1. Decoupled Control of the PQ

Active power (P) and reactive power (Q) can be represented in dq-frame as:
P =v4ig + v4i, 4.5)
Q =valqg — Vgl (4.6)
If the VSI shown in Figure. 4-3 being applied the feedback voltage from point V of the

grid instead of the point E, then the, v,; and v, are some known values determined by the
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grid; consequently the system of equations in (4.5) and (4.6) can be solved for a unique i 4

and ig-

With a proposed diagram shown in Figure. 4-4, for any arbitrary values of PQ, iy and i,

would be set for decoupled control of PQ.

Figure. 4-4. Power controller of the VSI; i; and i to decouple PQ.

4.4.2. Current Controlled VSI

The HKECS is placed close to the genset thus the bus voltage is close to the genset
output voltage and since the output voltage would be determined by the grid (genset), no
voltage controller for the HKECS is required, thus the same controller topology discussed
in “section II. B” is used without voltage controller loop. Output of the power controller
shown in Figure. 2-8 feeds the current controller shown in Figure. 2-9 (b). Related

controller coefficients are shown in TABLE III.

Genset determines output voltage amplitude and phase of the CCVSI and CCVSI injects
or absorbs some power through the current while the amplitude of the voltage is dictated
by the genset. The dq components of the grid voltage are added as a feedforward voltage
for strict tracking of the grid voltage and to decrease the convergence time of the CCVSI
controller to adjust its output voltage. This also enforces the inverter to track the grid

voltage at the start up and avoids the start-up inrush current.

Figure. 4-5 shows the resulting CCVSI topology.
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Figure. 4-5. CCVSI topology.

4.5. EXPERIMENTAL IMPLEMENTATION AND VALIDATION

During the experimental tests, the HKECS emulator is operated in parallel with the diesel
engine generator emulator in a configuration of shown in Figure. 4-2 which was

discussed in “4.4.1”Chapter 2. to show how the P and Q are controlled separately.

4.5.1. Coupled PQ control of the HKECS

Figure 4-6 shows the test results of the hardware paralleled emulators, as is shown a
change of the phase injects some active power to the load. A change in the amplitude also
injects some reactive power to the load, however it is shown how P and Q are tied

together and are not controlled separately.

Various events are taken as following:
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Figure 4-6- From Top to Bottom: Generator output active power (Scale 1:350); HKECS output
voltage level (scale 1:100); Generator output reactive power (Scale 1:350); HK source output voltage

1-

phase difference from genset(scale 1:36);

At t=11 Sec, the HKECS output voltage change from 70 V to 96 V. As is shown
since the HKECS output reactive power increases, the Genset output power
decreases to maintain the constant load power demand. P and Q components are
shown how are tied together.

At t=22 Sec the HKECS output voltage phase change from 0 degree to 90 degree.
As is shown some active power is introduced in the genset output. Depending on
the leading or lagging, Q is negative or positive.

4.5.2. Decoupled PQ control of the HKECS

The decoupled PQ controller for the CCVSI which is discussed in “4.4.1” and “4.4.2” is
designed for the HKECS. The CCVSI controller is configured for a decoupled PQ control

and is connected in parallel with the grid (i.e. genset) for PQ control tests. Figure. 4-7
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shows how the P and Q components of power are controlled individually. The droop

factor is 2%, fy = 62 Hz, Pyqy = 5 kW ; and load changes from 660 W to 910 .

Various events are taking place in the following order:
1. Att = 11 sec the HKECS injects P = 400 W.
2. Att = 21 sec the HKECS injects no power
3. Att = 31 sec the HKECS injects Q = 400 VAR.
4. Att = 41 sec the HKECS injects no power.
5. Att = 51 sec the HKECS absorbs Q = 400 VAR.
6. Att = 61 sec the HKECS absorbs no power.
7. Att = 71 sec the load is increased from 660 W to 910 W
8. Att = 81 sec the load is decreased from 910 W to 660 W
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Figure. 4-7. Decoupled PQ sharing between genset and HKECS for a 2% frequency droop (a)
HKECS output power (b) Genset output active power (¢) HKECS output reactive power (d) genset
output reactive power (e) Genset shaft frequency-there is an offset of -0.062V in the frequency
curve. (Power scale: 350:1, Frequency scale: 20/m:1).

Before the step No. 7, the load is a fixed value (660 W) and power sharing is in a
complementary fashion; at the point No. 7, the load is changed to 910 W and the genset
has picked up the extra load (since the HKECS is not injecting power any more) hence
the frequency drops from 61.83 Hz to 61.76 Hz (there is an offset of -0.062V in the
frequency curve). The frequency variations confirms the proper operation of the genset
and the settling frequencies in the genset shown how the droop controller is functioning.
As is shown a step change in P/Q does not affect the O/P and powers are shared in a
complementarily decoupled fashion. Frequency of the genset is only affected by injection

or absorption of the P (and not Q) which is because of using P-f droop control.
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4.6. SUMMARY

A CCVSI is designed and controlled as a decoupled PQ controller for being used as the

HKECS steady state response emulations with certain assumption.

Both decoupled and coupled controlling methods are validated and compared

experimentally.

4.7. CONCLUSION

The decoupled PQ controller shows independent control of the P and Q. the decoupled
control of the P and Q are desired for the parallel operation of the HKECS. The
Experimental validations show complementary load sharing between the genset and the

HKECS emulators.

4.8. CONTRIBUTIONS

1. An active and reactive power general case decoupling method is proposed.

2. A CCVSlis designed to be employed as a decoupled PQ controller.

3. Some additional required equipment including voltage and current measurement
devices and active filters are built for the feedback measurement of the CCVSI

controllers.
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Chapter 5. PARALLEL OPERATION OF THE GENSET AND HKECS

5.1. INTRODUCTION

The distributed nature of different energy resources suggest the distributed power
generation. If the power is to be generated from different sources, hence the power
generators should operate in parallel. For the parallel operation of different generators

such as HKECS and genset or multiple gensets some considerations should be taken.
The major reason for operating generators in parallel are:

1. The power demand exceeds the power output capability of one or more
alternators.

2. From the economical point of view, alternators should be operated at the
maximum efficiency. This is done by sharing the load among alternators.

3. Planned or emergency maintenance would be feasible in parallel operation.

4. Permits future expansion of the power generation and distribution.

Figure. 5-1 illustrates multiple genset operating in parallel.

Figure. 5-1. Parallel placement of generators in a power generation utility

As generator sets generate energy in parallel on the same load, they must be synchronised
properly (voltage, frequency) and load distribution must be balanced properly. This

function is performed by the regulator of each genset (thermal and excitation regulation).
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The parameters (frequency, voltage) are monitored before connection: if the values of

these parameters are correct, connection can take place.

5.2. CONSIDERATIONS FOR PARALLEL OPERATION
For parallel operation on the alternators, some considerations should be taken:
1. Synchronization

2. Load sharing

3. Protection

5.2.1. Synchronization

The alternators should be parallel through the circuit breaker switches and before the
breakers connect the alternators together, the output voltages should be synchronized in

the following manner:

1. The terminal voltages of the incoming alternator must be equal to the bus.
2. The frequency of the incoming alternator must be the same as the bus.

3. The phase and the sequence of phases should be the same.

Figure. 5-2 shows synchronization steps for two signals.

- . PHASE VOLTAGES
PHASE VOLTAGE MATCHED PHASE VOLTAGES MATCHED
MISMATCH LY " PHASE ANGLES MATCHED
L] \ ¥
vy RN PHASE ANGLE Y /
) Y MISMATCH 4 PHASE ANGLE
K N \ MISMATCHED
l’ ‘l
\
\
0 1 } } 0 0 + | }
v e 18 270, o o 920 1 e 0
\

SYNCHRONIZED

Figure. 5-2. Synchronization stages for two signals

Failure to meet any of the mentioned conditions an excessive circulating current could

follow through the alternators.
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The synchronization could be done with output signal comparisons using oscilloscope or

a combination of synchronization lamp circuits and mustimeters.

5.2.2. Load Sharing

Amount of the load could be shared un-symmetric with respect to the generators in a grid.
Depend on the power rating and the other considerations including efficiency and cost

per power production the load could be shared between sources un-symmetric.

For a proper load sharing, the alternators could sync the power demand through an
additional “load demand bus” in isochronous mode or operating in droop controlled mode

without the additional load demand bus.

In this thesis, the droop controlled mode which is well defined in the literature is

employed and discussed in “1.3.4”, “1.3.5” and “4.4”.

5.2.3. Protection

To avoid any fault transfer, reverse power and excessive circulating current in the parallel

operation of the alternators, proper protection circuits should be designed.

Protection must respond to both system and microgrid faults. If the fault is on the utility
grid, the desired response may be to isolate the microgrid from the main utility as rapidly
as necessary to protect the microgrid loads. The speed of isolation is dependent on the
specific customer s loads on the microgrid. In some cases sag compensation can be used
without separation from the distribution system to protect critical loads. If the fault is
within the microgrid, the protection coordinator isolates the smallest possible section of
the radial feeder to eliminate the fault. Most conventional distribution protection is based
on over current sensing. Power electronic based microsources cannot normally provide
the levels of short circuit required to open breakers and blow fuses. Microsources may
only be capable of supplying twice load, current or less to a fault. Some overcurrent

sensing devices will not even respond to this level of overcurrent, and those that do
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respond will take many seconds to respond, rather than the fraction of a second that is

required [13].

5.3. EXPERIMENTAL VALIDATIONS

For experimental validations of output power sharing and frequency behaviour, parallel
operation of a HKECS system with the genset emulator is verified. In this thesis the
output voltage of the genset is kept constant, however a voltage droop can also be
implemented to balance the reactive power based on the load sharing. The AVR can be

controlled in such a way that removes this circulating power.

In the loading scenario, since the output power of the HKECS changes versus time, the
diesel engine output power is controlled in such a way that compensate changes in the
HKECS output power, supplying a constant power to the constant load. It is shown that
the genset output power and frequency changes depending on the HKECS output power.

Various events which are taking place during the test are:
1. At t=5 sec the HKECS injects 1kW power, P;,qq = 1750 W.
2. At t=10 sec the HKECS injects no power, P;,,q = 1750 W.

3. At t=16 sec the load is increased from 1750 W to 3200 W.

4. At t=24 sec load is decreased to 1750 W.
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Figure. 5-3. Output power sharing and frequency of the parallel operation of the genset with a step
power generation of a HKECS for 1% droop (fj.c = 61 Hz, P,,,, = 5kW). (a) Genset output
power (b) HKECS generated power (c) Load power (d) Genset shaft frequency. (Power scale: 350:1,
Frequency scale: 20/m:1).

It is shown that when the HKECS source injects some power to the grid, the genset
supplies less power, the load is shared between sources and the output power is
maintained constant (Figure. 5-3 (c) not including points 3 and 4). At t=16 sec (point No.
3) the load is increased to show how does it affects the frequency and output power of the
genset and it shows how the genset handles the additional required power. The frequency
changes from 60.8 Hz to 60.54 Hz while the load changes from 1750 W to 3200 W.
Figure. 5-3 (d) shows the transient changes in the frequency of the genset.

To investigate the behaviour of the emulator in parallel operation, a real case of the

HKECS power flow is studied for a power plant [33] in the Point Evans, Washington;
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and the power sharing results are shown in Figure. 5-4. For a better observation, the time

scale of the power flow is changed from 24 hour to 24 seconds.

As is shown while the output power of the HKECS changes, power delivered to the load
by the genset adapts to deliver a constant power to the load (Figure. 5-4 (c)). The genset
output frequency also changes accordingly. It can be observed that at t=11.32 sec, the
maximum power is delivered by the HKECS which causes the genset to deliver the least
power, hence the genset shaft speed and output frequency increases. The frequency

changes from 60.98 Hz to 60.79 Hz while the HK power changes from 35 W to 770 W.

Zoom JTrngger Time: 201504702 05:14:53. 735168 Mumber of Data: 4,232,086
Group 1 I Sampling Imterval: 10.000us
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Figure. 5-4. Output power sharing and frequency of the parallel operation of the genset and a
HKECS with a power profile of a power plant in Point Evans, for 2% droop (fjux =
61HzP,,,, = 5kW). (a) Genset output power (b) HK source generated power (c) Load power (d)
Genset shaft frequency. (Power scale: 350:1, Frequency scale: 20/m:1).
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5.4. SUMMARY

Some considerations for the parallel operation of multiple generators and the genset are
reviewed. The HKECS and genset emulators are connected in parallel with those
considerations for the purpose of verifying the interaction between the genset and

HKECS.

A real case water flow profile from a power plant in Point Evans in Washington is being
used to verify the power profile of the emulator when the HKECS is being operated in a

variable power profile as in real applications.

5.5. CONCLUSION

The output power sharing of the HKECS and the genset emulators are observed to behave
in a complementary fashion which confirms the proper load sharing between the two

generator emulators.

The frequency variations are observed to be within an acceptable range which confirm
the proper operation of the droop controller that are employed in the control algorithms of

the two emulators.
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Chapter 6. IOP TRACKING OF THE GENSET USING HKECS

6.1. INTRODUCTION

Gensets are vastly used in remote areas where the wired electricity is not available or is
not economically justified. Fuel transportation is costly and fuel cost itself is an issue in
addition to the environmental impact of the genset including the heat and emission. For
the above mentioned reasons, it is desirable to enforce the genset to operate at a specific
operating point to satisfy (-some specific) ideal conditions. The ideal condition could be
defined as any particular operating point in different terms including the BSFC, emission,
efficiency etc., hence is called Ideal Operating Point (IOP) in this thesis. IOP is defined to

happen at the minimum BSFC, Maximum efficiency or minimum emission.

As was discussed in Chapter 3. operating point of the genset regarding the BSFC,
emission and efficiency are a function of the output power of the genset. In this chapter a
novel method is introduced to track the IOP of the genset using a second generator
(HKECS etc.) as a compensator through load sharing between genset and HKCES.
Assuming the required amount of power is available to be delivered by the HKECS, the
required power will be dictated by the genset through droop control to enforce the genset
working around the IOP. The designed emulator is used to validate the proposed method

experimentally.

6.2. GENERAL DESCRIPTION OF THE METHOD

Employing droop control, genset frequency varies depend on the applied load, hence
operating point of the generator could be estimated through detection and analysis of the
frequency. The idea is to inject the required power for compensation based on deviation

of the frequency from an ideal value (e.g. 60Hz).

When using PQ control and AVR in the genset to control delivered power to the load,

parallel operation of other sources of power (e.g. HKECS) affects the amount of the
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power (hence frequency) delivered by the genset to the load in a complementarily fashion
as discussed in Chapter 5. if the HKECS increase the supplied power to the load, the

output power delivered by the genset decreases and vice versa.

As is shown in 3, fuel consumption and emission of a genset varies with respect to its

output power.

It is proposed in this chapter, that the amount of the power provided by the HKCES be
controlled in such a way to keep the genset in a particular operating point in terms of its
output power, efficiency, emission or fuel consumption. Since the load and demanded
power can vary, it is required to determine and communicate between two sources how
much power is needed from the HKECS to keep the genset in the ideal operation without
any additional communication channel. A droop control method can be configured to set
the output frequency of the genset according to the demand operating point as an indirect

communication method.

6.3. A MODIFIED DROOP CONTROL SCHEME FOR IOP TRACKING OF THE GENSET

Voltage and frequency droop controllers are well defined in the literature and are
explained in section 1.3.4 and 1.3.5. In frequency droop control, the output frequency
varies with the output power linearly. In a similar way, the output frequency can be
defined to vary according to the other characteristic (BSFC, Emission, etc.) rather than

output power.

Using power-frequency (P-F) droop control for the genset, the amount of the power
delivered to the load by genset can be detected by HKECS side through analysing the
frequency; but to find the IOP of a specific genset, the power-operating map of that
individual genset should be known and programmed in to the HKECS. It is cumbersome
to meet this essential requirement and definition of such map is not desirable and

practical in real application.
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As is proposed in this thesis, to enforce the genset in the IOP and to eliminate necessity
of defining the power map of the genset to the second source (e.g. HKECS) with the
purpose of achieving a plug and play configuration, the operating point condition (BSFC,
etc.) of the genset is used instead of the delivered power of the genset in droop control.
The P-F droop scheme is proposed to be modified to reflect the operating point of the
system in terms of frequency. The IOP can be defined in terms of emission, efficiency,

BSFC in droop curve.

In other words, instead of the reflection of the operating point in the power and from the
power to the frequency, operating point (i.e. deviation from IOP) can be mapped into the

frequency directly as is shown in Figure. 6-1:

Operating Point —» Power —» Frequency

Figure. 6-1. Direct operating point mapping to the frequency

In this thesis, reference frequency of the genset would vary according to the BSFC, and
the HKECS (or any other parallel source) could determine the amount of the power
required to enforce the genset into the IOP through analysing the frequency and trying to
keep the operating frequency close to the IOP frequency (e.g. 60 Hz) using a PI
controller. In other words, the deviation from the IOP in the genset would be detected and
compensated with the HKECS. Assuming the IOP in a particular genset happens at the
base frequency as is shown in Figure. 6-2, for a genset operating at the output power of

P, the output frequency (which contains IOP information) with a linear droop is:

fgen =mX (P — PIOP) + fiop (6.1)
_ min_fNLz_DXfIOP (6.2)
Prun Prun
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where the P;op is the power at which the genset operates ideally, fiop = fpase 1S the base
frequency which the genset can be set to work at the IOP, D is the droop percent typically
less than 5%, and Pry,; is the genset full load power.

fen
~ g
~

\\
fNL

fIOP
(fbase)

fmin

P (W)
0 Piop Pfull

Figure. 6-2. Linear droop scheme for a genset to reflect IOP (BSFC in this case) in frequency (i.e. to
map the BSFC into the power)-the base frequency of 60 Hz happens at IOP in a particular genset.

6.3.1. The Real Case

If IOP does not happen at the base frequency (as in most of the cases in real applications)
droop line can be shifted so that genset operates at the base frequency while supplying
the IOP power as is shown in Figure. 6-3. This can be done by adjusting the no load

frequency.

fbase B Sy iy

f:EOP
fmin

0

Figure. 6-3. Linear droop scheme for a genset to reflect IOP (BSFC in this case) in frequency- a
case in which the IOP is not happening at the base frequency; Droop line is shifted to force f;op =

fbase'
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Equation (6.1) and (6.2) represent linear droop definition for the IOP in terms of BSFC as
is shown in Figure. 6-2 (a) while the IOP is defined to happen at minimum BSFC.

Some percentage of the normalized characteristic curve of the genset (BSFC, etc.) is
suggested to be multiplied with the linear droop line to modulate frequency in such to
reflect operating condition of the genset (BSFC, etc.) in the frequency. In this case, (if
required) it is possible to detect the exact BSFC curve of the genset without requiring any
additional data transfer (e.g. in the HKECS side if is required in any applications) through
monitoring the bus frequency by applying a linear power sweep load anywhere in the

grid. Experimental tests for this method is provided in Figure. 6-7.

Consequently, droop for the genset reflecting BSFC is to be defined in the following

manner:

FPYmoa = (F(P)iin — fiop) X (BSFC(P)norm) + fiop (6.3)

(1 —p) +p(BSFC(P) — BSFCipp) (6.4)
BSFCy0x — BSFCiop

BSFC(P)norm = <

where f(P);inis the linear droop line function (fgen) defined in (25), fipp is the
frequency at which the genset is in IOP, BSFC(P) yorm 18 the normalized BSFC curve, p
is the modulation index percentage, BSFC;op is the BSFC value at the IOP, BSFC,;,4, 1s

the maximum BSFC.

Value of the p could be determined based on the dynamics and response time of the
generators and is a value from 0 to 1. As p — 0, the droop line converges to a linear
droop line; for p = 1, the droop line more reflects the effect of the BSFC curve.
Depending on the BSFC curve, bigger values of p typically causes less frequency
variations around IOP when the output power changes; which causes the power sharing

being more sensitive to the frequency variations.
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Figure. 6-4. A sample modified droop line with 40% (p = 0.4) effect of normalized BSFC curve to
reflect the BSFC in the frequency.

6.4. COMPENSATION OF THE POWER

On the HKECS side, the controller should be programmed to bring the operating
frequency of the system back to the f;op(= fpase ) Value (e.g. 60 Hz) when the load
changes through injecting or consuming some power to keep the genset operating at IOP.
Assuming that there is enough power available in the HKECS side, if fyen < fiop,
HKECS increases its injected power which causes the operation frequency increase back
to the ideal point; on the contrary if fge,, > fiop the injected power could decrease or
some power could be consumed; the amount of energy can be stored in the battery or to
the water through heating and can be used for residential demand. A simple PI controller
could be designed to control HKECS for this purpose. The input to the controller is the

bus (i.e. genset) frequency and the controlling parameter is the active power (P).

The PI controller on the HKECS side to track the IOP is designed with the Ziegler-
Nichols Method, the stability analysis and more precise controller are recommended for

the future work.
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fIOP

f grid(gen)
Figure. 6-5. Frequency control of the grid through power delivery .

For the compensation of the power on the HKECS side it is assumed that the load power

does not exceed the maximum available power of the HKECS.

6.5. EXPERIMENTAL VALIDATIONS

6.5.1. Linear Droop

Value of the droop is typically between 1% and 5%. For the experimental results the

average value of 3% is chosen.

For experimental validations, the method with a linear droop of 3% with fy, =
61.2 Hz, P4, = 1200 W (Figure. 6-6) and the modified droop based on the BSFC with
fnr = 62 Hz (Figure. 6-7) is implemented to enforce the genset to work at the IOP. The
BSFC curve shown in Figure. 3-1 is scaled for the power rating from 200 W to 1200 W.

Results are shown in Figure. 6-6 and Figure. 6-7.

Various events are taking place during the test in the following order:
1. Att = 3 sec load increases linearly from P = 220 W to 1200 W to show how BSFC
changes vs P.

2. Att = 23 sec the load stops changing.
3. At t = 30 sec the HKECS gets connected to the bus through the circuit breaker and
starts injecting.

4. At t = 34 sec HKECS brings the genset back to the IOP by injecting P = 350 W.

5. At t = 43 sec the load increases from P = 1200 W to P = 2000 W and HKECS
starts to handle the extra power.

6. At t = 47 sec HKECS brings the genset back to the IOP by injecting P = 800 W.
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Figure. 6-6. Enforcing genset to the IOP using linear droop control scheme by HKECS. (a) The
genset output power (b) Scaled BSFC of the genset in Figure. 3-1 (c¢) Bus frequency with a linear
3% droop (d) The HKECS output power (Power scale: 350:1, Frequency scale: 20/m:1, BSFC
scale: 80:1).

As can be observed, the BSFC of the genset changes versus power according to the
Figure. 3-1, while the P,,, for the genset is scaled for 1200 W. Droop percentage is
defined to insure that genset and HKECS are at the rated power when operating at the

minimum frequency.

It is shown how the HKECS compensates the load and brings the genset back to the IOP

to consume less possible fuel per generated output power (point No. 4 and No. 6 in
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Figure. 6-6). In other word, the HKECS forces the BSFC to its minimum value. Amount
of the fuel saving according to a sample BSFC Figure. 3-1 (b) for a load with P =
1200 W is:

gr

BSFC; =5.25 x80 = 420 — 6.5

1 Wh (6.5)

BSFC, = 2.25 x 80 = 184 —— 6.6

=2.25%x80 = :

2 Wh (6.6)
17

Fuel consumption; = (BSFC, x f Py x dt = (5.25 x 80 x 1.2kW) X 0% E0 238gr (6.7)
17

Fuel consumption, = (BSFC, x f Py x dt = (2.25 x 80 x 0.84kW) X 0% 60" 0.71gr (6.8)

Fuelyypeq = Fuel consumption, — Fuel consumption; = 1.65 gr (6.9)

BSF(C,: BSFC of the genset before compensation

BSFC,: BSFC of the genset after compensation

Amount of the fuel saved in this mode is approximately 1.7 gr in 17 seconds (about 1 gr

in 10 seconds or 6 gr/min).

It should be noted that there is an assumption that the HKECS available power is less
than the total required power of the load. (i.e. Pykgpcs < Proap, Pyen > 0). Otherwise if
the total power could be produced only with the HKECS, the entire load could be handled
by HKECS.

It should also be noted that, if the HKECS is not injecting the maximum available power,
thus enforcing the genset to work at the IOP with the minimum BSFC, it does not mean
that the less possible fuel is consumed by the genset, however in this experiment the
purpose is to show how to enforce the genset to work at a particular (IOP) operating

point. If the method being adjusted based on the other desired parameters (e.g. minimum
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emission, etc.) rather than minimum BSFC, the HKECS would be used to achieve the

related condition (Minimum emission, etc.).

There are some advantages when the genset is forced to operate at the minimum BSFC.
Most importantly, the ICEs are designed to have the best performance around the
minimum BSFC point. Consequently the maintenance and other infrastructure cost would

be decreased.

In case which the HKECS injects the maximum power using MPPT, then obviously the
less possible fuel will be consumed, however it causes the genset not to operate at the
IOP. In this case from Figure. 6-6, amount of the fuel used for the previous scenario

would be:

Case 1 = (BSFC,, x fPl x dt = (3.62 X 80 X 0.525kW) X — 0718 gr (6.10)

60 x 60

=0.714 gr (6.11)

Case 2 = (BSFC_, X JPZ X dt = (2.25 x 80 x 0.84 kW) X S0 % 60

0.714 —0.718
%Increased Fuel = o7l - —0.56% (6.12)

Case 1: Fuel consumption in 17 sec when HKECS injects the maximum power.

Case 2: Fuel consumption in 17 sec when HKECS injects the required power to

track IOP.

As is shown from (6.12), when the HKECS operates to enforce the genset to work at the
IOP, it even decrease the fuel consumption of the genset by 0.56% in comparison to
when the HKECS injects the maximum power (e.g. using MPPT). In addition, operating
at the IOP brings other advantages such as increasing the lifetime of the genset and
decrease the maintenance cost of the genset. It should also be noted that the calculations
in (6.5) to (6.12) are based on an assumed BSFC curve. Depend on the BSFC in the real

applications the method could increase or decrease the fuel consumption.
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6.5.2. Modified Droop

In Figure. 6-6 is shown how frequency changes linearly versus power because of using a
linear droop. In contrast, frequency in Figure. 6-7 is shown how it changes according to
the BSFC as is discussed in “6.3.1” this also causes having less converge time for the
frequency (2.4 sec in Figure. 6-7 (c) instead of 4 sec in Figure. 6-6 (c)). More
investigations are required to explain details which is recommended for the future work.

In contrast with linear droop test, in this test HKECS is not injecting power with MPPT.

Zoom Trigger Time: 2015/06/16 07:56:19.562353 Number of Data: 5,038,488
roup 1 3 Sampling Interval: 10.000us
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Figure. 6-7. Enforcing genset to the IOP using modified droop control scheme by HKECS. (a) The
genset output power (Power scale: 350:1) (b) Scaled BSFC of the genset in Figure. 3-1 (BSFC scale:
80:1) (c) Bus frequency modified droop based on BSFC (Frequency scale: 20/m:1) (d) The HKECS
output power (Power scale: 350:1).
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The value of p = 0.4 is considered to be suitable for the experimental setup to avoid the

power sharing being sensitive to the frequency variations.

In a similar way the same power management strategy could be used to enforce the

genset to operate in the maximum efficiency or less possible emission by setting the ideal

operating frequency based on the desired parameter instead of the BSFC.

Various events are taking place during the test in the following order:

7. At t = 6 sec load increases linearly from P = 220 W to 1200 W to show how BSFC

changes vs P.

8. Att = 26 sec the load stops changing.

9. At t = 36 sec the HKECS gets connected to the bus through the circuit breaker and

starts injecting.

10. Att = 38.4 sec HKECS brings the genset back to the IOP by injecting P = 350 W.

Amount of the fuel saving according for this scenario is:

r
BSFC, = 5.2 x 80 = 416 —0—
KWh

gr
BSFC, = 2.3 x 80 = 184 —2_
KWh

17
Fuel consumption, = (BSFC, x f P1 xdt = (5.2 x 80 x 1.2kW) X AT 235 gr

Fuel consumption, = (BSFC2 X f Py x dt = (2.3 x80 % 0.91 kW) X =0.79 gr

60 x 60

Fuelg,,eq = Fuel consumption, — Fuel consumption, = 1.5 gr
BSF(C,: BSFC of the genset before compensation

BSFC,: BSFC of the genset after compensation

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

As was expected in (6.17), amount of the fuel consumption is not changed noticeably in

compare with the linear droop scenario.
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6.6. SUMMARY

A new method is proposed to enforce the genset to operate at the IOP. Two different
types of the method (using linear and a modified droop controllers) are implemented and
the experimental validations are conduct to validate the overall improvement of the

genset operation.

The method is implemented to yield the best operating point of the genset in terms of the
BSFC. It is discussed how to achieve improvements in the efficiency and emission

improvements using the same concept.

A frequency controller on the HKECS is proposed for IOP tracking of the genset using

certain assumptions.

6.7. CONCLUSIONS

The experimental validations show a decrease in the fuel consumption about 6 gram per

minutes for an assumed sample BSFC curve for a genset with a different power scale.

The modified droop control method shows shorter frequency convergence time in
compare with the linear droop control. The detailed analysis is recommended for as the

future works.

6.8. CONTRIBUTIONS

1. A novel methods to enforce the genset to operate in the ideal operating point
(IOP) which could be defined based on the minimum BSFC, maximum efficiency
or minimum emission is proposed. IOP tracking based on the minimum BSFC is
studied in the thesis. The method does not require additional communication
channel and detects the operating point based on the frequency behaviour.

2. A new method to detect BSFC curve of the genset without using an extra

communication channel using droop control method is provided.
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Chapter 7. SUMMARY AND CONCLUSION

7.1. SUMMARY

A diesel engine generator set (genset) is emulated using power electronic devices and
mathematical models of different parts in a typical genset are used to be included in the

control algorithms.

The thesis is defined to make a system (an emulator) which generate the same transient
and steady state response as in a real genset. A VSI with current and voltage control
loops is designed and controlled with some reference signals to produce the same output
as in a real genset. Reference signals for the VSI are the output of the SG model-(driven
by the engine and coupling shaft model). Having the input torque and speed of the
engine, the output generated voltage signal of the SG is known which feeds the VSI to

generate the output voltage; which makes an emulated version of the genset.

The controller and peripheral algorithms are implemented in Simulink and are compiled
to the DS-1103 dspace controller and a hardware setup is built to verify the emulator
response. It is shown that when the load or input power changes how the transient and
steady state responses (due to the SG and ICE inertia and time delay and other
characteristics of a typical genset) are compatible with a commercial gensets which are

provided in some paper publications.

Another version of the hardware setup is prepared and reconfigured to implement a
HKECS for the parallel operation with the genset. The parallel operation is studied and
different tests are conducted to verify the interaction of the sources. The emulation of the
genset has led to a novel method to enforce the genset to work with the least fuel
consumption per generated output power and the idea is implemented and tested for

verification.
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7.2. CONCLUSION

To conclude, the steady state and transient response of the emulated genset are compared
with the other publications which confirms the compatibility of the responses with the
other publications results. The emulator is designed in a reconfigurable manner using not
only a solid hardware but also control algorithm defined in the software which facilitates

emulation of the similar power generators, for instance HKECS, wind generators, etc.

A parallel operation of the genset with the HKECS is verified and the coupled and de-
coupled control of active and reactive powers are carried out which show how a CCVSI

can control or compensate active or reactive power individually.

A novel idea is proposed to enforce the genset to work at a certain operating point called
IOP, to have a genset with the less emission, more efficient and less fuel consumption per
unit generated output power. The algorithm is included in the genset emulator and results
show improvements in fuel consumption for a specific BSFC curve approximately 1 gr

in 10 seconds for a load of P=1200 W using the proposed method.

7.3. FUTURE WORKS

Following are the most important recommended works to do in the future:

1. The frequency PI controller on the HKECS side to track the IOP is designed with
the Ziegler-Nichols Method, the stability analysis and more precise controller
design could be carried out.

2. The IOP tracking of the genset is defined for the BSFC in the thesis. It is
recommended to design the similar approach for the IOP tracking based on
optimizing the emission and/or efficiency.

3. Effect of the modified droop instead of a linear droop on the performance of the
system could investigated in more details.

4. Since there are some similarities, the emulator could be reconfigured to emulated

series-HEV and wind turbine generator.
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APPENDIX A

The transfer function (average model) for a grid tied VSI shown in Figure. A-7-1
is well defined in the literature as [34]:

(A.1)

Ga(s) _ va 1
Vctrl(s) Vtri sL+R

Woltage Source Inverter with Zinuscidal PWM

(G Jﬁzuézuézs

malws

7]

P P
e

Figure. A-7-1. Schematic diagram of a grid connnected VSI.

Form of the transfer function (A.1 and Figure. A-7-2) suggests using a type-2 P

controller.

69



Gain@) h. | Gainfom)= Knoi

1/t 1T, [0
Phase |
0° @y
[ M
P l+s7 1 / ™ @
—>| Kpy —> 4 .
sT 1+sT, -90° Lo ’ R S—

Figure. A-7-2. Type-2 PI controller [35].

To design the controller, gain (P) at the w,, frequency should be defined so that

the net gain at that frequency be equal to 1 (i.e. P = 1 / Kpi)'

Amount of the required phase boost can be obtained from (A.l) at the wy =

60 Hz to form a phase shift between @ = 40°~60°.

® = —90 + boost (0° < boost < 90") (A.2)

boost
K = tan(

+45) (A.3)

And controller parameters (t and Tp) would be:

K
T=— (A.4)
wm
1
Tp = — (A.5)
Kwy, )
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Electric circuit shown in Figure. A-7-3 could be used as the controller in case of

hardware control.

Figure. A-7-3. Schematic diagram of a grid connnected VSI [35].

T =R;(; (A.6)
C,C,
Tp =R
P=2c0 4+, (A7)
K o—__ Gfe
P R1(C1 + () (A-8)
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APPENDIX B

TABLE I-SPEED GOVERNOR AND AVR CONTROLLER SET PARAMETERS

Parameter | Value | Parameter | Value
kye 5.6e-3 kyavr 0.305
kig 0.0064 Kiavr 1.782
kaG 639¢-4 kqavr 6e-3

TABLE II-VSI CONTROLLER SET PARAMETERS (5 KVA, 110V, 60 HZ)

Parameter | Value | Parameter | Value
Fs 6 kHz kg 1.8
Le 24 mH kivg 189
Cr 110 uF kavq 0.001
F 0.6 kpia 0.17
kpva 1.8 Kiia 0.005
Kiva 189 kaia 0.001
kgva 0.001 kpiq 0.17
F_3ap fite_avc| 180 Hz kiiq 0.005
F_sap fitc.aq | 18 Hz kaiq 0.001

TABLE III-CCVSI CONTROLLER SET PARAMETERS (5 KVA, 110V, 60 HZ)

Parameter | Value | Parameter | Value
F, 6 kHz kyia 6
Ls 24 mH kiia 213

F_3ap it apc| 180 Hz kyiq 6

F_zap fitt.aq | 34 Hz kiiq 213

ZCoupling 450

TABLE IV-PQ CONTROLLER SET PARAMETERS

Parameter Value Parameter Value
kpp 0.35 kpq 0.35
k 1.4 k 1.4

ip iq

kap, 0.00001 kqq 0.00001




TABLE V-FREQUENCY COMPENSATOR CONTROLLER SET PARAMETERS

Parameter

Value

Parameter

Value

kpf

2

kif

263

TABLE VI-DIESEL ENGINE PARAMETERS

Parameter

Value

Parameter

Value

Parameter

Value

ke

60e3

ta

22e-3

te

0.1

TABLE VII-SYNCHRONOUS MACHINE PARAMETERS

Parameter Value | Parameter Value
Prom 20 kVA Ry 1.6 Q
Vomll 230V L 4.56 mH
From 60 Hz Lina 108.6 mH
Inertia 0.0923 k{ Ling 51.6 mH
Friction 0.0125 N Rg 1.16 Q
Pole pairs 2 L 11.4 mH
Ria 3.66 Q Lia 9.16 mH
Ryiq 4.75Q Liq 10.06 mH
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