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ABSTRACT

A PROPOSED CONTROLUTION FOR THE

CAL POLY WINHENERGY CAPTBMSTEM

Kent Burnett

The focus of this thesis is to researamalyze, and desiga reliable and economical
control system for the Cal PoWind Energy Capture Syste(MVECS) A dynamic permanent
magnet generator model is adopted frofd] and [2] and combined with an existing wind
turbine model to create a notinear time varying model in MATLAB. The model is then used to
analyze potentially harmful electat disturbancesandto define safe operating limitdor the
WECS An optimal operating point controller utilizing a PID speed loop is designed with
combined optimization criteriaand the final controller designis justified by comparing
performance measwes of energy efficiency and mitigatiafi mechanical loadslhereport also
discusses implications for a WECS when blade characteriggcamsmatchedwith the
generator Finally possibleways to improve the performance of the Cal Poly WRBRGS
addresed.
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1. INTRODUCTION

1.1 Statement of Problem and Motivation

Wind energy is becoming a more attractiveenergy sourcefor the future world Growing
concern with the effects ofjreen house gasses arnlde uncertain future of nuclear energynakes
renewable sourcessuch as windh viable alternative. Wind energy is one of the leading renewable
energysourcesin the US with over 42G\lrrently installed[3] but the averagecost of installingNind
EnergyCapture System¢$WECS) is still much higher than tradibfossil fuel plantsof equivalent
energy output. Fortunately,larger production quantities and increasing power output are reducing
generation costs for WECS. In additimthnologicahdvances in power electroniesd innovative new
controller designsare enhandéng the popularity of variablesspeed WECS which can maintain electrical
synchronism with the grid while providing energy at different rotational spe&tiese advancements
are inmproving the economic vitality aind Energy Capture Systems jfmwer generating entities

The motivation of this thesis is to desigireliable and economical control system for the Cal
Poly WECS. The control system is a fundamental compoh&m: WECS which makes the wind turbine
a useful machine to capre energy from the wind. Modern WEE@S8ntrol systens are primarily
designed withtwo broad objectivesn mind reliability and energy efficiency The objective ofeliability
is realized by mitiging medanical loads whicincurs minimal maintenance costs aleds to donger
service life. However, the goal of energy efficiesoynetimesconflictswith the goal of reliabilityso a
balanced compromise between the two objectives must be achieyealwell designed controller.

One of the many challenges facing a WECS design is the uncontrollable nature of wind.
Traditional fossil fuel or steam power plants can easily adjust power output by increasing fuel flow or
steam pressure, but wind turbinesre limited by a highly variablsource of energy This means the
control action must adjust according to the current wind resourd@ecause the wind resource can
change quickly, dynamicWEC®nodelis requiredto study thetransienteffects.

In addition, the rated current of the Ginlong PM8500 imposes a restriction on the operational
range of the WECS. In literature, the rated power of a generator is usually the primary restriction for the
operational range of the WECS, but this is not theedas the WECS in this thesi$histhesisattempts
to make theCal Poly WEGSliable economicalandassimple as possible.



1.2  Thesis Objectives

1. To determine the parameters for a dynamic model of a permanent magnet generator.

2. To smulate a WECS modeled after the Cal Poly wind turbinéhattorque variations from the
bridge rectifier, and voltage transients from step load changgesbe analyzed

3. To determine generator electrical limitations based on simulation.
4. To determine stady state optimal operating points for the Cal Poly WECS

5. To design an optimal operating point controller utilizing a PID speed loop based on combined
optimization criteria.

6. To aalyze the performance of the controller by measuring energy efficiency targle
variations.

1.3 Thesis Outline

Chapter 2 is a brief introduction to fulhated, variablespeed fixeepitch wind energy capture
systemswith aliterature review covering the current methods ust controlWECSThree systems are
defined and explained which make up the WECS model. The aerodynamic and mechanical systems for
the Cal Poly WECS were created4jyas part ofa Mechanical Engineering Malil SNRa ¢KSaia |y
systems are the foundation for the WECS model used in this report. The electrical system is described in
detail which includes a dynamic permanent magnet generator model and an ideal load.

The second half of chapt@ describes tle control system structure, objectives, and strategies
used for the design of the Cal Poly WEC®Bjectives are described in the partial and full load region,
and energy efficiency, reliability performance, and combined optimization criteria are defifibe.
Optimal Operating Point controller (OOP) is described, as well as the PID controller in both continuous
and discrete time models.

Chapter 3 first explains hothe parameters for the dynamiPMG model were chosen and it
also explains assumptionsic limitations of the results. The modil then used to investigat®rque
oscillations produced from the bridge rectifier, and electrical transients which occur during step load
changes Finally, the dynamic generator model is used to analyze potgntizrmful electrical
disturbancesandto define safe operating limit®r the WECS.



Chapter 4 addresses the design and evaluation adbptimal Operating Point (OOP)D speed
controller for the Cal Poly WECS. First, the safe operating limnited generator and the aerodynamic
characteristics of the Cal Poly WECS are used to define the optimal operating points for all wind speeds.
The dynamic permanent magnet generator model is then combined with the existing state space WECS
model to createa nortlinear time varying system in MatLab Simulink. Next, an optimal operating point
controller utilizing a PID speed loop is designed with the combined optimization criteria. The final
controller design is justified by comparing performance measufesergy efficiency and mitigation of
excessive mechanical load&hapter4 alsodiscusses implications for a WECS when blade characteristics
are mismatched with the generator

Chapter 5 is a summary and conclusion of the work performed in this thidiscludes adt of
future work possibilitiesand possible solution® improve the operational range of the Cal Poly WECS.



2. BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

This chater is a brief introduction tdully-rated, variablespeed fixeepitch wind enegy capture
systemswith aliterature review covering the current methods wk® control WECSThree systems are
defined and explained which make up the WECS model. a&hmlynamic and mechanicMATLAB
simulation modés used by[4] are also usedn this report. The electrical system is described in detail
which includes a dynamic permanent magnet generator model and an ideal load.

The second half dhis chapter describes the control system structure, objectives, and strategies
used for the design of the Cal Poly WEC®Bjectives are described in the partial and full load region,
and energy efficiency, reliability performance, and combined optirumatriteria are defined. The
Optimal Operating Point controller (OOP) is described, as well as the PID controller in both continuous
and discrete time models.

¢KS /It t2f@ 29/{ Aa /It t2teQa FTANBRG SOSN O2

supervisedby the Mechanical Engineering departmenfThe Cal Poly WE@Soff-grid, with horizontal
fixed-pitch blades and avariablespeed3.5RV permanent magnet generator. The goal of the project is

to provide research and hands on learning for students interested in utility grade wind energy capture
systems. Significant progress has been made towards a sucoessduturbine designincludingthe

work performed by[5], [6]. Additional work is currently underway for the design of a blade pitch
regulator and a yaw regulator whichlirbe a significant addition to the project.

In 2010, a mechanical engineeriggaduatestudent presented a Thesis for théal POWVECS
which is titteda 5 S & IlWa@lgmEntation andTesting of aControl System for aSmall, Off-Grid Wind
TdzND A4Y. $4éany objectives were achieved in this thesis includaigulatons forthe mechanical, and
aerodynamic performance of the rotor, as well #i® development ofa MATLAB simulatiomodel.
Testswere performed on thegeneratorto develop asteady statedlook-up table forspeed, torque, and
resistance. In addition, a control strategy was designed for the partial load region

Asenior project fothe Cal PolyWECSvasalsocompleted in Jun€010.¢ KS NB L2 NI A &
t2f& 2AYyR ¢dzND A Y SThe{repist SoRuses anytiieNdBsighi &ndlEmplementation of a
Programmable Logic Controller which controls the speed of the doyoregulating the electrical load
with a DC choppdf7].
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2.2 An Overview of Three Fundamental WECS Systems

TheWECS can bmodeled aghree fundamental systems whiare shown inFigure2.1. This is
a standard practice in WECS control literatarel further explanations are given beloW. is the power
of the wind,0 is the output power of the generatofY and Y are the rotor torque and generator
torgue,m andm are the rotational speed of the rotor and the rotational speed generator.

Tr Tg
Mechanical |«

Electrical Pe

A
Y

Y

Pw | Aerodynamic

Y

<
<

M N. m 3

y
Y

Figure2.1 Aerodynamic, Mechanical, and Electrical subsystems of the WECS

2.2.1 Wind Turbine Aerodynamics

The aerodynamicsystemconvers wind energy into useful mecharicenergy A thorough
discussion about wind turbine aerodynamics can be found by reaf@hgr [4]. Many other helpful
resources existout the most important equations to understarade the torque and power captured by
the rotor blades. The torque produced by the rotor of a fixed pitch turbine is described by equation
(2.1) mis the density of air2 is the radius of the blade$, is the wind velocity, an& is the torque
coefficientwhich is a function of the tip speed ratio

Y ?m/g # 6 (2.1)

The relation for the power captured by the rotor blades is described by equéi@ o is the
power coefficient whichis also a functin of the tip speed ratio.

0 gmxz 66 (2.2)

The tip speed ratio is defineldy equation(2.3) wherenj is the rotational speed of the rotdn
[rad/s] and_is the tip speed ratio

0 (2.3)



The aerodynamiclesign of the blades isuch that amaximum power coefficient occurs an

optimal tip speedatio _ . The power coefficientiepends orthe tip speed raticandis usually in the
NI y 3S 626F &Mutl never greater than the maximum achievable valu@ ofhich is known as
the Betz Limit 6 O T™® w 8]. Figure2.2 shows thepredictedd vs.) curve forthe Cal

Poly WEC®hich was détermined bjA].
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Figure2.2 CpPower Coefficient vs<for the Cal POWWEC$4]

As seen irFigure2.2, the maximum power coefficienbccurs at the peak othe graph and
corresponds to aomptimum tip speed ratio of.

0 0 _ (2.4)

According to equatioii2.2)the power extracted by the rotor also depends on the wind velocity.
Power is related to wind velocity by the velocity cubed, so theaeted power changes quickly when
the wind speed changesFigure2.3 showsa family of curves relatinthe rotor power to wind speed as
well aspower vs. rotational speed
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Figure2.3 TypicalPower vs.Rotational speed (r/s), for given wind speedjith OR{JS8]

Figure2.3 also shows the optial regimes characteristic (OR€}he partial load regiomvhichis
the line thatintersects the power vs. rotational spé curves at the maximum power point for a given
wind speed.The turbine operates on the ORGhié tip speed ratio is held to the optimum tip speed.

_0 _ (2.5)
In conclusion, the aerodynamic systemiriberently nonlinear, most obviously because the

power coefficientd is a nonlinear function ofthe tip speed ratiq_, andd is highly dependent on the
constructive characteristics of the turbitfig].

2.2.1.1 MatLab Aerodynamic Model

The aerodynamic model developed p] is presented inFigure2.4. This modl usesinput
wind speedgequation(2.1) and a lookup table fo# to calculate the available torque from the wind.
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Figure2.4 AerodynamicMatLab SimulinkWECS modgH]

The model takes inputs from the rotor speed and the wind velocity to calculate the current tip
speed ratio. The torque coefficient is represented by adopkable ¢ vs_). The parameters ifable
2.1 are the aerodynamic constantsr the Cal Poly WE@Sed in equatiorf2.1).

Table2.1 Aerodynamic system constanfer Cal Poly WE(S]

Description Symbol Value Units
Air density M 1.22 kg/m®
Radius of blades 2 1.875 m

2.2.1.2 Wind Speed Input

Two basic wind speed inputs were used for this thesis. Bght groupsusesimple stepand
ramp functiongo represent the wind speed inpats shown irFigure2.5. The full load wind speed input
is shown irFigure2.6.

TT?TTT I

Figure2.5 MATLAB wind speed input

More complicated models exist, such as the Von Karman wind turbulence model, but they are
not considered in this thesis
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Figure2.6 Full load windspeed input 3.5m/s to 13m/s

2.2.2 Mechanical System

The mechanical systegonsideredin this thesisprimarily consists of the rotor whictransfers
energy from the aerodynamic system to the electrical systertt does not include structural
considerations such as tower and blade bending althotimse structural characteristics can play a
significant role in WECS dynamics.

The mechanical system of the Cal Poly wind turbine was extensively analyggdabypart of a
Y I & (i tBeNi¥)Te inertia constant* was determined by4], and * comes from[{11]. The values are
listed inTable2.2 below.

Table2.2 Mechanical System Constani4], [11]

0 6.906 (kgm)
6.84 (kgr) [4]
0 0.066 (kgm) [11]

CcC-

After modeling the systeni4] concluded that the shaft could be modeled as a rigid shaft. In
addition, [4] found it acceptable to model the system with a damping coefficient Fi@simplified rigid
shaft MATLABNodel forthe mechanical drive traiis seen irFigure2.7 below.
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Figure2.7 Rigidshaft MatLab SimulinkWECS model with constant inpufg]

The equation relating the rotor torque to the input generator torque is represented by equation
(2.6) This equation also includes the tef@which is the combined viscous friction.

5O
Q0

YO Ono YO (2.6)

The model fronf4] neglects viscous friction which yields the following equation.

0
— YO Yo 2.7
o 2.7)

0

Yo Yo (2.8)

Equation(2.8) represents the accelerating torque which is commonly used to relate the speed
acceleratiorbetween rigidly coupled torqusourceqg12]. Duing steady state operation at a given wind
speed, the mechanical torque whlle equalto the electrical torque and the turbine will rotate with
constant speed. If there is a difference of torques then the system will accelerate based on the inertia
and the amount of torque difference.Systems with large measures of inertia will experience smaller
speed accelerations for a given accelerating torque.
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2.2.3 Electrical System

2.2.3.1 Generator - Introduction

The operatiorof aWECS is highly dependent on the type of generator used. For example, older
style fixed speed WECS typically employed the usegafrrel Cagentuction Generators (SCI@jhich
were directly connected to the utility grid. These fixed speed SCIG requiefl starter to operate the
generator as a motor during startup. Eventually when the rotational speed of the generator exceeded
the synchronous speed of the grid, the generator would begin to produce power. Some SCIG also
containtwo winding sets(8 poles and 46 poles)which allow the generator to operata isynchronism
with the grid at twodifferent rotational speed§l].

Synchronous generator are also employed by many variable speed WE@SwoBod rotor
and PermanentMagnetGenerator (PMGlype are used, but the PMG is the most common synchronous
generator for wind turbinegl]. The PMG owes its popularity to the use of the permamaagnets
which allow the generator to be self excited. The mechanical gearbox can also be elinvifeed
using the PMG because a high numbemafgnetic polesan be used to produce the desired electrical
frequency at a slower rotor speed

Anyone who tudies power systems and electric machinery knows there are many different valid
models for the synchronous generator. The permanent magnet generator (PMG) is a major component
of the WECS and it is important to use the proper simulation model to givelésged simulation
results. This thesis briefly discas8 models of the PMGsteady state lookup tableequivalent circuit
model, and dynamistate space model.

2.2.3.2 Generator - Synchronous Machine Theory

In order to better understand the origins different synchronous generator models it is

important to understand the general operation of a synchronous generafdhen the rotor is turned,
the rotating flux density induces a voltage on the armature windings. The flux linkages of the armature
winding change with time and create a time varying electrical volfd@e The electrical frequency of
the voltage induced in the armature is directly proportional to the frequency of the rotor and is
synchrorized with the mechanical rotor speed. The electrical frequency of the synchronous machine
also depends on the number of poles as seen by the following equidh
n_

C

0 (2.9)

oT

Where Qisthe electrical frequency in hertp, is the total number of poles, and is the rotor
speed in revolutions per minute.
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2.2.3.3 Generator - Steady Sate Lookup Table

Thesteady state lookup table can also be used to show the relationship between rotor speed,
load resistance and output torque, and is typically obtaine@xXpyerimental measurementThe lookup
table is like the steady equivalent circuit model becausesfiresents the generator during normal
operating conditions only. This type of model is sufficient for steady state modeling

2.2.3.4 Generator z Steady State Equivalent Circuit Model

The equivalent per phase circuit model for a synchronous generatandgefal tool to shed light
on the steady state operation of a generator at rated conditions. The circuit describing thuh e
model for the synchronous generator is described below.

Figure2.8 Equivalent per phase model for synchronous generator

Where O is the phasor quantity ofinduced RMS voltage per phasg, is the equivalent per
phase reactance€Q is the phasor quantity of RMS current per pha%é is the eqivalent per phase
resistance, and is thephasor quantity of RM&rminal voltageper phase Following KVL, the circuit
of Figure2.8 is described by the following equation.

®@ YO O O (2.10)

The voltage induced in the armature winding depends on the frequency of rotation, the
effective series turns per phase, and the flux per pole as seen in eqyatid)

0 G Q% (2.11)
Vic

Where( isthe number of seriesurns per phaseb is the winding factor, anéko is the flux
per pole. The general point to take away from this simplified equivalent cincodtel is that the
induced voltage is approximately proportional to the rotational speed and highly dependent on the
number of series turns per phase. This equivalent circuit model can effectively model the steady state
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operation of the motor, but itignores the dynamic characteristics of the motor which are described
more thoroughly by the dynamic state space model.

2.2.3.5 Generator - Dynamic State Space Model

A dynamiayenerator models a powerful tool to closely represent the actual characteristics of a
generator by responding predictably to both steady state conditions dymthmicconditions. In most
WECS contradlesigns[1], [14], [2], a dynamiestate space model using differential equations is used.
Thedynamicstate space modék a powerful tool in control theorpecauset is readily implemented in
computer simulatiorand because it responds accurately to abrupt system changdse most common
model is derived from the (a,b,c) coordinates by means of the Park Transform. The transformation to
the direct¢ and quadratureaxis (dgq) equations allows for a simpler means to analyze AC machines.
Details and explanations of the Parks Transformation can be found from many sources indigdirig
addition, it is commonly assumed that the system will operate in balanegioh3e conditions with no
zero sequence components. Equat{@il2)is used to model the dynamic-) current characteristics
of the PMG with a parallel-R load. The model assumes sinusoidal distribution of stator windings,
electric and magnetic symmetry, negligible iron losses, and unsaturated magnetic citcoitist be
noted that that equation2.12)is not valid for short circuit analysis.

. ~ ~ — YQ o 0 0 Qomo "
(0] 1 9} 9} n m 2
CEY po YQo WO O Qom 6 % mo °
(2.12)
p T 1
o 0 2 Q0
11 -"-Q., \ OY O
11 T[ p i QO
u 0 O0U

Equation(2.12)is adopted fronm1], [2] which is the same model presented Bj}. The variables
are defined inTable3.4. In addition, generator torque is described by equaii2i3)

YO N% QO N0 D QN (2.13)

Whenthe permanent magnets are mounted on the surface of the rotor we assume 0 [2].
This simplifieshe equation forgenerator torque

YO % Q0 (2.14)
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From equation(2.14)the generator torque obviously depends on the pole paimshich can be
found by the following equation relating the rotational speed of the generator to the electrical
frequency.

Q hmﬂn (2.15)

There are 10 poles pairs in tl@&nlong PM&500 generator This result is consistent wifle]
and [4] as well as email correspondence with the manufacturer and experimental tests performed by
the ME departmentOne complete turn of the rotor results in 10 electrical cyclés.addition, br a
speedofm om®PI, and’Q v TG the pole pairs can be callated.

T U Tt
§ T 0T
m OTT

(2.16)

The load of the PM@odel is represented by a variable resistance in equati@ri2)with a
fixed inductive load, because it easily approximates a typical power electronics device which could be
attached to the generator output. The dynamics of the power electronics agéeced because the
switching frequency of most modern devices is significafatter compared to the dynamics of the
WECS and can therefore be neglected when modeling a control sy8tgii, [10], [2]. When the load
of the generator is assumed to k@ symmetric isolatedhree phase resistiveload, equation (2.12)
changes to becomthe equation shown below, which is the same equation used by the MATLAB model.

>

~ Uﬂ YOO D 'Qomo X

fo) " :
O P vos nQOm 6 A% mo
W A (2.17)
"'U—Q 0 mo
., VA
"o —pQ o
u Y v

2.2.3.6  Power Electronics z WECS Configuration

Thefully-rated variablespeed systems becoming a popular WECS configuratiobhe power
electronics for this type of configuration are rated to thel ftdpability of the generatowhich is fully
decoupled from the grid Allpower flows through the power electronics. This configuration allows for
the mog flexible range of operation.
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Figure2.9 Fully-Rated, Variablespeed WECS with PMG

2.2.3.7 Power Electronics - Full Bridge Rectifier

The purpose of the full bridge rectifier is to transforpi3ase AC voltage and current to DC
voltage and current. The rectifier connected to the Ginlong PMG is uncontroltedansists of 6 power
diodes Appendix H lists the data ftine MDS6016B full bridge rectifier which is connected to the
Ginlong PM&50Q The configuration of thdull bridge allows current to pass through in only one
direction. The diode with the most positive anode and or the most negative cathode conducts.

O+

N
O— O— oH &5
A A A

Figure2.10 Full Bridge 3Phase Rectifier

The voltage rel@gon for the 3 phase full bridgeectifier is as followg15]

O p®H UG (2.18)
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Wherew is the DC output voltage and is the peak phase voltage (line to neutral) from the
AC source. For a sinusoidal signal we know that the rms phase vditage is related to the peak
voltage by

W © (2.19)
‘ ic '
So equatiorn(2.18)becomes
©  pH LI (2.20)

For a purely resistive load ttRMSoutput current of the rectifiefO is related to the peak AC
input current’O by equation(2.21)[15].

O ™ Y tQ (2.21)
It is also interesting to note that the output current ripple for gBase full bridge rectifier is

6(n) times the fundamental input frequenayhere n is an integer from 1 tofinity. The most apparent
output ripple occurs when n=1.

Q e Q @puT oTith (2.22)

Theinput currentripple frequencyoccurs at ¢¢  p times the fundamental frequency

Q C¢E pQ ¢ pum uTH Eipu K (2.23)
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2.3 The Control System z Structure, Obijectives, and
Strategies

This section introduces the structure, objectives and strategies pertaining to -halted,
variablespeed, fixeepitch WEC®hich aremost similar tathe Cal Poly WECS.

2.3.1 Structure

Wind turbine control sgtems are broad and diverse. Té$teucture of theoverall control system
is a networkof subsystems that perform separasad sometimegparallel tasksFigure2.11 summarizes
the structureof WECS contraystems and lists possible contattategies

Microprocessor or computebased controller Hardwired relaylogic
(A = A
! Supervisory System ! Safety System
' !
I w_ .- I .
! i A A A v VY i
: Standby Startup PowerProduction Shutdown Stopped |!
|
' |
' |
' |
' |
! |
! Partial Load Region Full Load Region |
i 1 <tracking f  Maintain rated i
I 1  Rotor speed power :
proportional to wind I
' |
e 4y |
| // i \\ I
P ControllerStrategies \I |
i : Pl or PID OOP Frequency Separation : |
| : MPPT Feedback Linearization = OnOff Control |
| Gain Scheduling Stdy.State Optimization :
: : Fu_z_zy Logic LQ : :
| l\ Sliding Mode control QFT )
- |

S S S ——

Figure2.11 Structure of WECS Control Systems
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At the highest level of the controlstructure there is a safety systenand supervisorysystem
which changes the operational mode of the controller. Supervisory control changespérational
state between standby, startup, power production, shutdown, and stopped with fllf. The
supervisorysystemruns in the background during all modes of operation.

2.3.1.1 Safety System

The safety system is usually quite distinct from the main control sydtecause it typically
consists of hardwired relalpgic. Thesafety system prevestthe WECS from operating outside its safe
operational limitsandacts as a baekp if the main ontrol system fas.

Most robust safety systems do notly exclusively orcomputer based systemr primary
protection, but instead use independently hardwired normally open relay cirddi®. F any safety
relay contact is denergized, the safety system trips and the WECS stops or returns to aepsafding
condition.

Some of the most common safety circuits fgpical WEC$nclude the following:

Rotor overspeedc which is typically set higher than software rotor speed limit

Vibration sensot, which could indicate a major structural failure has occurred
Controller watchdog timer expiregito indicate if the main controller is active and running
Other faults¢ can include high wind speed, generator electrical faults, ect.

=A =4 =4 =

The current safety system in thal Poly WECSs designed to protect the wind thine from
severe damage It consists of a rotor over speed shutdowa high wind speed shutdownand a
yaw/wind direction mismatch shutdownWhenany of theseconditionsis detected by the onboard PLC,
the mechanical break is applied to stop the wind turbine.

2.3.1.2 Power Production Mode

The power production mode of operation is most commonly discussed in literature because it is
the mode when the WECS generates electricitnis modeis the main focus of this thesis. Within the
power production mode there are typicaltyo regions of operation which ardefined by the power
and wind speed The controller must satisfy different objectives in each region of operation.

2.3.2 Objectives

This section discusses the objectives in the power production mode of operafost the
regions of operation are defined and theabjectives are describedEconomic performance is arguably
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the most important factor driving all control system ebjives. The economic performance of the WECS
primarily depends on energy efficiency and reliability performance of the machine.

The ideapower productioncurve is presenteth Figure2.12 which shows ideadvailable power
for agivenwind speed andhe regions of operation.
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Figure2.12 Ideal PowerProductionCurvewith Regions of Operation

2.3.2.1 Region of Operation - Partial Load

Thepartial load region of the ideal power curvelistweenthe cutin wind speedy and
the nominal wind speedy (as defined by the area to the left of the dashed green linEigure
2.12). When the WECS operates in the partial load region, the pawgrut of the generator is below
its nominal ratingso the generation objective is to extract all of the auvagspowerfrom the bladesin
other words, the curve in thgartial load region icalledthe Optimal Regimes CharacteristioR§
which is equivalent to theerodynamic power equatio(2.2)with 6

W isusually determined by economic considerationBhe cuin wind speed is required for
the WECS to begufeliveling useful powemwhich is offset by poweconsumption from the WECS control
hardware is definedas the wind speed which producéise maximum catinuous power
output rating of the generator.
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2.3.2.2 Region of Operation - Full Load Region

Thefull load region is betweem and @ . The control objectivein this regionis to
maintain themaximum continuous power rating of the generatimr a range of wind speeds This
objective is accomplished by regulating the efficiency ofaBedynamicsystem Aerodynamic power
efficiency is typically adjusted by changinigde pitch, or by adjusting theip speed ratio When the
maximum continuous power rating of the generator can no longer be maintained, the WECS must shut
down to prevent damageShut dow occursat

2.3.2.3 Energy Efficiency

The primaryobjectivein the partial load region is to optimize operation witaximumenergy
conversionefficiency by extracting the maximum availabf@wer from the rotor for any given wind
speed 0 is the availablpower from the wind when the power coefficient is a maximum for a given
blade set.0  as defined in the equation belqvis the actual power captured by the blade set during
operation.

- 0, »
0¢ Qi 'O&’ZHS‘Q"Q(R)’J’QQ—C—@U E—6: (2.24)

Energy efficiencyan improve the overall economic performance afWECSecause power
producersprimarily earn revenue based on the total energyppliedto the grid (QoIQ . A WECS
GAOUK LIR22N) SYSNHe SFFTAOASYyOe gAaff y20 ad2NBAGBS Ay

2.3.2.4 Reliability Performance

The goal of reliability performance is important in both regions of operation. A reliable system
operates when called upormncursminimal maintenance costsind has a long service lif@he actions
from a controller can directly affect the reliability performance ofAECS A highly compensated
controller canimposesevereloads on themechanical systennwhich over time can leadbtmechanical
fatigue and broken parts. It has been shown thagxcessive generator torque variations can lead to
mechanical fatigue when energy efficiensythe exclusivebjective for aWECS controlldd 6].

2.3.2.5 Mixed Criteri on - Energy Efficiency and Reliability Performance

When energy efficiency and reliability performance become abjectives in the partial load
region,a mixed criterion approach is usedreeasure the overall performance of the WEJ®&e mixed
criterion approach seeksa balance betweerconflicting goals of energy efficien@and reliability
performance. Theonflict occursbecause energy efficientytypicallyimproved by tightly trackinghe
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optimum tip speed ratiavith high gain controllersbut thiscan leadto undesirabletorque variations.
The challenge of measuring the performance of a mixed criteria contr@dleaddressedwith the
followingequation from[16]:

00| _0 _ O34 0 (2.25)

Optimum controller performance can tachievedoy minimizing the valuef’O The first average
term (O D is the symbol for the statistical averags)a measure of energy efficieneaypd the second
average term is a measure afrgjue variations. In addition,numerical scalingpetween the two terms
Oy 0SS |R2dzaAUSR 6AUGK (KS ¢gSAIKGAYA O2STFFAOASY(H h o

2.3.3 Strategies

In order to achieve the objectives listed section2.32, severalstrategies can be employed.
Gontrol strategiesfor WECS vary from one mettmlogy to another because afssumptions about
known parameters, measurable variables, and typenofielused to describe the systenSome of the
common issues addressed by WEG&rol systems include:

Variablenature of wind

Life service reduction due to mechanical stress
Nonlinear behavior of WECS

Poor reliability of important measurement equipment
Unknownparameters/operating characteristics of WECS

a s wbhpeE

After reviewing literature surrounding variabpeed WECS control systems it is apparent that
there are many differenstrategies Some of the most populastrategiesinclude Gain Scheduling, Pl
control, and Maximum Power Point Tracking (MPPT). HowewstappliedWECS control systems use
only the most basic control strategies for generator side conamodl none of thetechniques have
become classical and widely useBummary descriptions of th@ost interestinggenerator sidecontrol
strategies usedor fully-rated, variablespeed WEC&e included in the Appendix.

2.3.3.1 Controller Strategy Choice

TheOptimal Operating PointQOB controller is the final design strategy proposed by this thesis,
but it was not the initial choice. The initial choice for the Cal Poly WECS was a Gain Scheduling
controller. The Gain Scheduling controller uses the well known tools of modern linearotdmeory,
but this requires linearization of an inherently nbnear system. The linearization process can be
achieved, but results in a large number of linear systems which are only valid for a single operating point
(an operating point is defined bdyo parameters- wind speed and rotational speed). This leads to the
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requirement for the gain scheduling controller which is essentiallyraup of manycontrollers, each
designed for a specifioperating point. The gain scheduling controller can provadeery elegant
solution for WECS systems, but this requires powerful controller hardware and a complex design.

The OOP controlleras choserinstead,as a simple alternative to the Gain Scheduling controller
and it does not require linearization of theB&ZS system. The gain values are determined as part of an
iterative procesausing the combined optimization critetiaThe OOP controlleis described below as
well as the PID controller which is a key component of the OOP controller.

2.3.3.2 Direct Imposing o f Optimal Operating Point (OOP)

The OOP controller forces the WECS to operate at the optimal operating point corresponding to
the instantaneous wind speed in the p@ftload region. Theontroller obtains aspeedreference based
on the measured rotor sped and instantaneous wind speed. h& torque referencealso requires two
known constants,  andd . The direct imposing of the optimal operating point can produce large
torque variations and high mechanical loads during fast wind speedtieagabecause of turbine
inertia. To reduce the influence of turbine inertia and parametric variations, PI filters are commonly
used(seeFigure2.13).

<0pt
Anemometer +
w » X
"Y dl
Controller

Pl m

m

Figure2.13 Pl Torgue reference block diagram for OOP

2.3.3.3 Continuous PID

The PID controller is one of the most popular controllers used for industrial control applications
and it is the key component in the OOP control stratedyhe classic continuous time PID controléer i
defined by equation(2.26) whered 0 is the control actionp is the common gainQ ¢ is the error
signal,”Yis the integration period, ant is the derivative gaifil7].
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A block diagram for the classic continuous time PID is presenteéidune2.14 below.

Q0o

\4

\ 4
2

Q
Qo

Figure2.14 Continuous time PID Block Diagram

The proportional term increases the loop gain of the system and therefore reduces its sensitivity
to plant parameter variations. The integral makes sure that the plant output agrees witietipmint in
steady state and increases the system order. The purpose of the derivative action is to improve the
closed loop stability by reducing the amount of oscillation on the response. Intuitively, the derivative
action predicts the error by multiging the slope of the error signal by the derivative gain. However,
sometimes the derivative term is used sparingly or not at all bectheselerivative term is sensitive to
noise. The transfer function for the derivative term in the frequency domads fellows

O i i 0Y (2.27)

If the derivative is included in the controller, a first order filter is commonly used to attenuate
high frequency noise.

ot =y (2.28)

The entire PID transfer function in the frequency domain with the first order filtered derivative
is listed below.

(Y

6i0p%(
P

(2.29)
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Sometimes it is a better option toter the measured signal outsidbe PID. This is commonly
y

done with the use of a"2 order filter with damping- e and’Y 0

P

5 i 0 op %{ iy (2.30)

p i"Y

Equation(2.30)is popular because the controller has high frequencyafiliwhich means the
gain goes to zero for high frequencies.

The application of the PID controller is useful when the transfer functiaihefystem is not
completely known. In this case it is may be possible to determine the gain constants of the controller
with an online tuning method such as the Ziegler Nichols frequency mefsed appendix D) When
the transfer function ofa linear tme invariantsystem is known, the gain constants can be determined
using a pole placement procedure.

2.3.3.4 Discrete PID

The discrete PID is derived from the continuous PID but it is different because it samples signals
at discrete time instances. The difémces are significant and the discrete PID must be carefully
implemented. The following list outlines the ideal sequence of operation for the PID conftdfler

Wait for clock interrupt
Read analognput

Compute PID equation
Set output

Update controller variables
Return to step 1.

o gk whE

Another important difference with the discrete PID controller is that the integral and derivative
terms must be approximated. There are a variety of approximation metHod the integral and
derivative terms, but they all produce the same general result. The block diagram for the discrete PID is
shown below.
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Figure2.15 Discrete PID Block diagram

The gain constantdor discrete PID controllersre slightly differentfrom continuous PID
controllersbecausethe gainsare not all multiplied by the common proportional gaifthe gains for the
discrete PID are described in terms of the continuous PID gains below.

0

0
. p

L 2.31
b5 (2.31)
o
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3. DYNAMIC GENERATOR MODEL
DEVELOPMENT ANDANALYSIS

3.1 Introduction

This chaptefirst explainshow the parameters for thedynamicPMG modéwere chosen and it
also explainsssumptions and limitationsf the results The model is then used tovestigatetorque
oscillations produced from the bridge rectifier, and electrical transients which occur duringostdp |
changes Finally, the dynamic generator model is used to analyze potentially harmful electrical
disturbanes andto define safe operating limiteor the WECS.

3.2 Determination of Dynamic PMGModel Parameters

In order to use thedynamicgenerator model discussed irsection 2.2.3.5 certain unknown
parametershad to bedetermined There were a few optins for how to obtain the required generator
parameters. One option was to perform additional open circuit and closed circuit tests on the generator
as described by IEEE standard -RDB9 for testing synchronous machingkg]. These testscould
produce the parameters directly, but would require additional laboratory time with the actual generator
which was not pursued Another method would be to determine the parameters algebraically, but this
would be difficult without having more information about the generator. The final option was to
determine the parametes from the known steady state characteristinthe generator manufacturer
data sheef11] (steady state torque vs. speed, and steady statgoltage vs. spe€d The steady state
characteristics fronj11] were also experimentally verifiday[4]asLJ- NI 2 F | al ai SNRa

The parameters for the MatLab Simulink dynamic generator model were chosen by an iterative
process which involved adjusting the parameter values of the dynamic generator model when operating
in a known teady state condition. This process assumes the following about the dynamic generator
model:

1. The dynamic generator model described in section 2.2.3.5 is valid for both steady state and
dynamic operation.

2. The parameter values used in the model are contstan

3. If assumptions 1&2 are correct, and if parameter values are valid in steady state, then
parameter values are assumed to be valid for dynamic operation.
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Theprocess of determining thealues ofTable 3.4are outlined in the following section.The
final parameter values in thdynamic modehre only assumedo be valid They have not been verified
for accuracy.

3.2.1 Procedure

The following procedure can be used with MatLab V.7.6 (R2008a).

1. The first stegs to build the MatLab Simulinkodel as sen inFigure3.1. This simulation model
is built around the generic permanemagnet generator from théowerSystem library and a
variable resistane current source load. The generator takes a speed irffadians/9 and
produces an electromechanical torq@lm), based on the condition of the logdee equation
(2.14). Frictionlosses are neglected so the input rotor torque applied to the generatprals
the output torquein steady state
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Figure3.1 MatLab PMG Generator model for parameter determination

2. Theparameters for the Simulink PMG are accessed by double clicking on the PMG block. When

the parameters tab is selected a window appears dsignire3.2. The first step is to specify the
voltage constant which is listed as VLL_peak/krpm. The voltage constenty & starting point
for determining thePMG parameters becausé is based on ideal calculations ftre open
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circuitrectified DC voltage vsspeed characteristievhich are shown below. The Simulink
voltage constant specifies peak AC voltage so equdfd)can be usedd relate DC voltage
to ACline voltage.

: —W W ,
®w P LUC—= PP LF—-——— TBOLWD (3.1)
Mo Vo '
W P8I T W (3.2)
From [4], when the speed is 250rpm, the DPen circuitvoltage @ 7 is 450 volts,

therefore thevoltage constant fobeginningiterations become

6 7 PBLT X 7 PELT R B 7
PAIrT X X vTmp YyYvu (3.3)

The calculated voltage constant in equati¢®.3) is only a starting valueof the iterative
procedure The final value for the voltage constant was adjusted %75 because it resulted in a
lower error calculation when the simulated model was compared to actual terminal voltage
under loaded conditions (se€igure3.3). It is also useful to note that the value for flux linkage
depends on the voltage constanfThe Simulink model automatically updates the flux linkage
value after closing and repening the PMG block parameter window.
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E Block Parameters: Permanent Magnet Synchronous Machinel Lé]

Permanent Magnet Synchronous Machine (mask) {ink) -

Implements a 3-phase permanent magnet synchronous machine with sinusoidal or
trapezoidal back EMF, The sinusocidal machine is modelled in the dg rotor reference
frame and the trapezoidal machine is modelled in the abc reference frame. Stator

windings are connected in wye to an internal neutral point.

The preset models are available only for the Sinusaidal back EMF machine type.

Configuration Parameters Advanced

Stator phase resistance Rs {ohm):
27

Inductances [ Ld(H) Lg(H) 1:
[0.010.01]

Spedfy: |Voltage Constant (V_peak L-L / krpm)

[ ]
m

Flux linkage established by magnets (V.s):

e
U.obao

Voltage Constant (V_peak L-L { krpm):
1575

Torque Constant (N.m / A_peak):
13.0251

Pole pairs p ()
10

Initial conditions [wmiradfs) thetam(deg) ia,ib{a) 1:
[0,0, 0,0]

[ 0K “ Cancel H Help ][ Apply ]

Figure3.2 MatLab Simulink PMG Parameters

The next important parameter to specify is the Ld and Lq inductance. The initial values for these
parameters were set between 0.02 to 0.0006 which are typical for a PMG of this size.

The number of pole pairs was found previously by equatihh6) and the stator resistance is
known from the data sheet to be 2.7o0hms.

An iterative process was used to determirectual values. The first sten the iterative
procedureis to adjust thevoltage constant, and this turns out to be a very important value for
the generator. The voltage constant was adjusted many tiemekthe final value was chosen
differently thanthe ideal calculation in equatio3.3).

After selecting a voltage constant, the model is simulated at 250rpm full load. At this data point
the generator should require 150Nm torque to produce 3.5&Wd 11A. This is stated in the
PMG3500 datasheet which is also listed in the appendir. addition, therectified output
should also match the voltage vs. resistance values record@t].by

After an acceptable combination of parameters is selected at 250rpm full load, the input speed
is adjused down and the corresponding voltagégrque and power are measured and
compared to the known steady state values for the PM@e results are listed in the following
section.
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3.2.2 Data and Results

Table3.2 Simulated and Specified Torque for the PMB500 with R=27.05

Tables 3.13.3show the simulated and specified values for the PMG usingriaéparameters
of Table 3.4nd aresistance of 27.06hms The Simulated AC power is measured directly at the
terminals of the PMG and the simulated torgisethe electromagnetic torquevhich is calculated
directly from the generic MATLAB PMG mod€he specified values of output power and input torque
were taken directly from the PMG data shddtl], and the specified DC voltage was approximated from
experimentally measured values between 24ohms and 36ohiich was recorded bjd]. The
specified voltage was used frod] because the PMG data sheet only specifies open circuit voltage.

Table3.1 Simulated and specified Power for the PM&00 with R=27.05

Speed SpecAG SIMAG %

(rpm) P(w) P(w) Error
250 3500 3515 0.43%
200 2333 2298 -1.50%
150 1375 1318 -4.15%
100 625 597 -4.48%
50 125 151 20.80%

Table3.2 Simulated and Specified Torque for the PM8500 with R=27.05

Speed %

(rpm) SpeeT (Nm) | SimT (Nm) | Error
250 150 150 0.00%
200 126.6 123.2 -2.69%
150 102 94.9 -6.96%
100 75 64.83 -13.56%
50 37 33.1 -10.54%

Table3.3 Simulated andYoecified Voltagefor the PMG3500 with R=27.05

Speed | SpeeDGV | SimDGV %

(rpm) V) V) Error
250 300 2978 | -0.73%
200 250 24124 | -3.50%
150 195 1832 | -6.05%
100 130 12355 | -4.96%
50 60 62.4 4.00%
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Table3.4 Simulated MATLABInlong GEPMG3500 Parameter Values

Description Symbol Value Units
Stator Resistance Y 2.7 M
d inductance 0 0.01 H
g inductance 0 0.01 H
Constant PMG flux %0 0.86834 Wb, Vs
Stator d current Qo - A
Stator g current Qo - A
Number of pole pairs N 10 Unit-less
Constant parallel load inductanc{ 0 0.0 H
Variable parallel load resistancg Y 0 - M

3.3 Torque Oscillations from Bridge Rectifier

During the process of determining the generator parametarsunexpected result occurred to
the electromagnetic torque.Figure3.3 showssignificant torque oscillations when using tMATLAB
simulation model ofFigure3.1. Figure3.1 uses equation2.14)in the generic PMG model to directly

calculatethe electromechanical torque. The torque oscillations occur when curtent oscillates
"Q 0 oscillates because the full bridge rectifier causes-oontinuous current in each phase of the

generator(seeFigure3.5 LineCurrent (l&c) at PMGterminals(250rpm, R27.02o0hm)).
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Figure3.3 Simulated PMG Torque Oscillations from rectifier (860rpm, step 50rpm, R=27.020hms)

Figure3.3 shows the electromagnetic torque oscillations frahe PMG when simulated with a
fixed resistive load across the rectifier at speeds stepping up from 50 to 250rpm. The magnitude of
torque oscillations increase with speed, and vary from approximately 10Nm-pgesskto 40Nm_peak
peak and occur at a frequepcof 6 times the fundamental electrical frequency. At 250rpm the
fundamental frequency is 41.6@lks seen in the calculation below for a 10 poéer generator

¢ viTn &

QPR TA® (3.4)

The period of torque oscillations at 250rpm can be seeRigure3.4 and calculated below

p

0 ’
T8 T T

e @ @@ ¢ L (3.5)
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Figure3.4 Simulated PMG Torque Oscillation (40[Nm_pp]) (250rpm, R=27.020hms)

The torqueoscillationsin Figure3.4 show how theMATLAB PM@&odel responds to the full
bridge rectifierwith a fixedresistiveload and constant rotor speedAt constant speed, the conservation
of power requiresthat torque oscillationson the output of the generator will also occur on the rotor
The full consequences of the torque oscillaticeguire further experimentalinvestigation because
they couldlikely hurt the long term reliability performance of thetor [10].

Simulation and researchonfirms that the rectifier connectionis the source of the torque
oscillationson the generator. PMG torque oscillations from a full bridge rectifier have bieemated
and experimentally measured technical papers bji9] and[20].

In [19] the peak to peak generator shaft torque oscillations from -@hase full bridge
uncontrolled diode rectifier was measured as 31% of the average tordue peak to peak torque
oscillations occurring iRigure3.4 are of similar magnitudés26)and found by the calculation below.

5o AN O ey \ Ty N Py e T e, by by vooN v "’Y‘
0 QM@ QGYR i nanoQaacporl}\e(—e (3.6)

The torque oscillation for the GinlomMGin Figure3.4 are calculated below

p Pc @ (3.7)

puLvEA

33



3.3.1 Proving the existence of Torque Oscillations

Torque oscillations in simulation can be attributed to the rmontinuous conduction of current
through the bridge rectifier. Figure3.5 shows the MAILAB simulated current at the terminals of the
PMG when connected to the full bridge rectifier. In each half cycle of the waveform, the current goes to
OA and stays there for approximately 2ms until the diodes allow conduction again.

Figure3.5 LineCurrent (ldc) at PMGterminals (250rpm, R=227.020hn)

To prove that electromechanical torque oscillations will occur on the generator, a separate
simulation was performed with ESpice simulation software. The simulation inSpice allows us to
create a more precise model for the full bridge rectifierodd MDS6016B listed in appendix H) which
is attached to the Ginlong PM&00. The LISpice simulation uses a steady state model for the
generator which consists of 3 ideal voltage sources operating at 250rpm or 41.66hz. Each phase of the
generator modelncludes the phase resistance R=2.7[ohm], and L=0.0I[H¢ voltage sources aset
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to the samevoltage specifiedby the MATLAB PMG mod&eeFigure3.2) and are ckulated below.
The voltage specified in MATLAB is peakllimevoltage per 1000rpm.

W 7 PLUX® (3.8)
The voltage per phase is calculated as

The voltage sources in4Spice simulatiomepresenting operation at 250rpm are calculated as

cu i é CuT G
W

— X 3.10
snmmha CPFmmmna ¢ CXe (10

The LTSpice simulation model is shownFkigure3.6 with a fixed resistive load of 27.05 ohms.

D1 D2 D3

EC 4

| R1

27.05

D5 D6

EA EB
CP yaN

Figure3.6 LT-Spice Steady State generator model and MDSI&B Rectifier

The results of the L-$picesimulation are shown in thEigures below.
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Figure3.7 LT-Spice Voltage sources EA, EB, EC

The voltages irFigure 3.8 are measured at the positive terminals of Ea, Eb, and Ec with
reference to neutral.

IR4) IR3)

10A~

t f f t t
O0ms 4ms 8ms 12ms 16ms 20ms 24ms

Figure3.8 LT-Spice Phase Currents la, Ib, Ic

The currents are measured for each phase through the phase resistor and inductor before
entering the bridge rectifier. As expecteBigure 3.8 closely matchedrigure 3.5. Noncontinuous
conduction occurs 2 times in each cyldeapproximately 2ms eaatycle
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Figure3.9 LT-Spice Rectifier output Voltage and Current

The output voltage and current of the rectifiershown inFigure3.9 with the voltage scale on
the left most axis and the current scale on the right most axis. The output voltage oscillates between
313V and 272V with a peak to peak voltage rippfed T pw. The output current oscillates
between 11.6A and 10.1A for a peak to peak current ripfl@  p® 0 .
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[V(nDO2)*I[R5)+V[n0D4]"I[R4)+V[nDO7JIR3])126.18
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128W- f f t f t
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Figure3.10 LT-Spice Electromechanical Torque

The electromechanical torque is calculatedAgure 3.10 from the following equations for
power, torque, and speed. This is a simple alternative method to calculate the torque directly from the
phase voltages and currents.
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00 00 00 00 0
T OQ T ©OQ (3.11)
l l

Figure3.10shows the torque oscillations in units of [wattsh the Yaxisbut this is misleading
because the actual units are [Niog¢cause e power is divided by the speed in radians when operating
at 250rpm

leC i Qupa c“‘lec p 1 0wQ

—_— vV A— — - VT— —

i a Iy I Qu wd Lo

‘ld')(pQ p (3.12)
C@wi—

N B & 00 OO0 OO0 00 v
1 0Q T OQ (3.13)
1 CG—‘bqjl

The torque oscillations from the 9pice simulation irfFigure3.10 closely match the torque
oscillations from the MATLAB simulationkigure3.4. The peak to peabrque in Figure3.10for a
speed of 250rpm and R=27.02ohimfound below.

Y 04 poegpldad pcE#VOAE o@OU A (3.14)

The percent rippldor the LTSpice simulatioms found as before

o @0 &

(o] 3.15
"Hrasa @ (319

The LTSpice simulation with actual full bridge rectifier model shows the same
electromechanical torqgue oscillations as the MATLAB simulation which uses a dynamic gemecsbr
and a generic full bridge rectifier. This leads us to conclude that the generic rectifier model is acceptable
for further simulationsand it proves the existence of electromechanical torque oscillations

Another way 6 prove that the rectifier ishe source of torque oscillations on the generai®by
replacing the rectifier with an equivalent balancegbl3ase load (se€igure3.11) and resimulating the
MATLAB systemThe results of the simulation are seerFigure3.12, wherethe torque oscillations are
eliminated.
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Figure3.12 Simulated PMG Torque withbalanced 3phase load (€250rpm, R=16.7 ohms-donnected)
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3.4 Voltage Transients from Step Load Change

Abrupt changesto the load could cause harmful electrical disturbances to the generator.
Section 3.4 analyzes potentially harmful electrical transients with occur during step load changes to the
PMG. The following simulations use the dynamic PMG Simulink model wideltermined in section
3.2 andconnected toa full bridge rectifier and variable resistance loatihe generatois operated at a
constant speed of 250 rpm because the generator speed changes much slower than the electrical load.

> »
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E= Universal Bridge —|<|—
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sqrt(3)

SR

R Divide1
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Figure3.13 Dynamic PMG Simulink model with rectifier and curresburce variable load

3.4.1 Variable Resistive Load

As with most simulations, some challenges are expected. One such challenge was creating a
variable resistance loadoff the generator. While this task seems simple, it is actually difficult to
implement with the MatLab Sirpower system library. There is no simple variable resistance element
which is compatible with the generator or rectifier. A dynamic load does exibie library, but it is
designed to function at a constant frequency and voltage, so it does not withkthe PMG which
operates at variablérequencyand variablevoltage.

To overcome these issues, many solutions were investigated, including ttielingpof a PWM
DC chopper using an ideal switch, and two different models of switched resistive loads. The best
solution was created by using a variable current source to model a dynamic resistive load. This model
can produce any resistance value doventhe thousandths of an ohm. The model is showrrigure
3.14.
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Figure3.14 Variable resistance loadsing current source

As seen irFigure3.14, an idealcurrent source is used to create a virtual resistance for the
generator using ohms law.

)
0 — 3.16
0) v (3.16)

3.4.2 StepLoad Increase

First the effect of loading the generator from low load to full load was simulated. The variable
resistance was adjusted from 500 27w mdrepresent a change from a light load to full load.
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Figure3.15 PMG stepoad increase Vdc, Idc,and torque (250rpm, Rdc=500 to 27)

As seen irrigure3.15the Rectified DC voltage has a fast transient spike when the load is
increased atimed  1i. Afastbut low energyoltage spike of this magnitude not likely to harm
the generator In addition, the current does not exceed the continuous rated limit of (sk®Table 07
in the Appendix).

3.4.3 Load Decrease

This section shows the effect of loading the generator from full load to low load. The variable
resistancdoadwas adjustedrom H T ¢ mpdn niédwl Be results are shown below.
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Figure3.16 PMG stepoad decreaseVdc, Idg and torque (250rpm, Rdc=27 to 500)

Figure3.16 shows a large voltage transient during teeep load decrease The voltage spike
reaches a peak valuefw v T Tt This is a concern for the safety of the generator and the
rectifier. The voltage spike is due to the relatively large inductance of the generator and the abrupt
change of current. An abrupt current change cause a large voltage spike in an inductor because the
voltage for an inductor ieepresented by equatiofB3.17)

. QQ

22 3.17
Qo (3.17)

&)

3.4.4 Optional Solution for the Voltage Transient

Adding a capacitor across the DC output of the rectifier reduces the voltage transient as seen i
Figure3.17. The capacitor was choseas 0 1 & "Ofrom a trial and error process The capacitor
reduces the voltage transient to T T @, and this is within the acceptable limits for the
generator The capacitomlsoreduces the output DC voltage ripple
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Figure3.18 Capacitor added across the output of the rectifier to reduce voltage transient
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3.5 Generator Electrical Limitations

The electrical limits of the generator must be defined so the contrakiéion does not cause the
generator to exceed safe operating limité controller driven power electronics load connected to the
generator has the ability to cause external disturbances in the form of voltage trangssm@ssection
3.4). It is importantto recognize that a properly designed control system is only the first step in
ensuring that the generator is protected from electrical hazards.

3.5.1 Generator Characteristics on the 11A limit line

As discusselly [4], one of the concerns for the design of a controller is the dddified current
limit which is specified in the Ginlong PMG00 data sheet. This is indeed a valid concern because the
maximum current does limit the operatioof the generator. Before the optimum operating points for
the WECS can be chosen, the generator characteriataosy the 11A current limit must be further
analyzed to determine if it will be acceptable to operate the generator along this Tihe. sinulation
model ofFigure3.1 uses the rectifier and the variable resistive ldadextract key details about the safe
operating limits of the generator. The results are summarizethinle3.5 below. The generator is run
at constant torque anaurrent, and resistance is adjusted match a desiredpeed. The input power is
calculated from torque and speed, and tbetput power is measured at the 3 phase terminal of the
generator. The efficiency measurement includes all losses internal to the generattudng the
2.7ohm/phaseanternal resistance

Table3.5 SimulatedPMG 11A Limit Generator Characteristics

Speed(rpm) | I-DC (A) | Torque(Nm) | Resistance(ohm)| PMG P out(W)| PMG P in(W)| P Loss (W)| Efficiency
300 11 150 33.5 4338 4712.0 374.0 92.06%
250 11 150 27.02 3520 3926.7 406.7 89.64%
200 11 150 20.7 2687 3141.4 454 .4 85.54%
150 11 150 14.4 1856 2356.0 500.0 78.78%
100 11 150 8.1 1030 1570.7 540.7 65.58%
50 11 150 1.85 230 785.3 555.3 29.29%

Before performing this analysis it was not obvious that torque would be constant for a DC
current of 11A, but this is correct based on the following observations for the PMG. The equation
relating torque, power and speed is listed below, and for DC sigpaler equals voltage times current.

0 wO
100 1 ®wQ

| l

Y (3.18)
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Speeds proportional to voltge for a PMG with fixed current.

m | (3.19)

So the torque in equatio(B.18)becomes

w0 O

Y=, (3.20)
[ W |

The input torque can also be used to express 11\ current limit in terms of power. See
equation(3.21)

1 0Q
p LITGD —— (3.21)

C

3.5.2 Power loss and efficiency on 11A current limit

Another important characteristic ifable3.5 is the power loss and efficiency calculation. The
data shows that power loss increases as speed decreases. This is an unusual relationship because power
loss in electric machines is usuallyminated by OY power loss from resistance in the stator winding,
so we expect constant power loss when the current is fixed at 11A. Some other factor must also
contribute to increased power loss at low speed. Increased power loss can also beedbatien
looking at the experimental generator data frddj.

Generator power loss is a concern because thermal damage can occur if the generator
continuously operates with large loss. The power lost in the generator will be transformed to heat
energy which increases the temperature of the generator. As seen Trante 3.5 the power loss at
250rpmfull load ratedconditions is 406.7(W) and the power loss at 50 +pbA is 555.3(W). This is an
additional 150(W)of energy that must be absorbed by the machine at low speed, which may be
acceptable if the generator promptly returns to normal operating conditions, but this assumption may
not always be valid because of the unpredictable nature of the wind.

A conservave approach to protect the generator is to limit the continuous operation to a fixed
power loss. It is safe tassume that power loss of about 400(W) will be acceptable for continuous
operation of the generator at any speed@lable3.6 shows a select list of data for rotor speeds below
rated, and with power loss around 400(W).
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Table3.6 Simulated PMG &wer loss data below rated speed

Speed(rpm)| Resistance(ohm) Torque(Nm)| Pin(W) Pout(W) | Ploss(W)| IDC(A) | VDC (V)
50 3.00 129.25 676.70 265 411.70 9.34 28.01
50 3.50 118.75 621.73 272 349.73 8.76 30.65
50 4.50 112.50 589.01 278 311.01 8.80 35.09
50 5.00 103.40 541.36 278 263.36 7.40 36.55
50 5.50 98.50 515.71 278 237.71 7.03 36.68
50 6.50 90.00 471.20 274 197.20 6.41 41.65
100 10.00 133.25 1395.29 974 421.29 9.64 96.38
100 10.50 129.15 1352.36 958 394.36 9.33 97.98
100 11.00 125.30 1312.04 943 369.04 9.04 99.45
150 16.00 140.2 2202.09 1770 432.09 10.21 163.3
150 17.00 134.25 2108.64 1718 390.64 9.75 165.70
150 18.00 129.00 2026.18 1669 357.18 9.35 168.30
200 22.00 143.80 3011.52 2598 413.52 10.51 231.30
200 23.00 139.2 2915.18 2532 383.18 10.15 233.1

From the simulated data we can select data points to get an approximate relation for the input
power to the PMG as a function of rotor speed when the power loss is about 400(W).

4000
y = 16.669x% 302.72 /
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=
'~ 2500
=
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a 1500
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0
0 50 100 150 200 250
Rotor Speed (rpm)

Figure3.19 PMG Input Power vs. Rotor Speed for approximate power Loss=400W

Equation(3.22) represents the safe continuous operating limit of the generator below rated
speed. The equation is represented by a lireggroximationof the data points irFigure3.19).

0 PHOw oTX P (3.22)
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3.5.3 Low Resistance Limit

Table3.6 also shows @ interesting characteristic of the generator at low speelfghen the
speed is 50[rpm]decreasinghe resistance does not always lead to larger power out@ssve would
intuitively expect For example, when speed is 50[rpm] and output resistance is 5.5[ohm], the power
output is 278[w]. When the speed is 50[rpm] and resistance is dropped to 4.5[ohm] the power stays at
278|w], and when resistance decreases again to 3.5[ohm]ptiput power actually decreases. At
these low values of resistance thieltage decreases by a larger amount than the curgamt increase,
S0 output powerdrops.

From an energy efficiency perspective, there is no reason to operate the generator with a
resistance lower than 5[6hm] because the generator produskess power as resistance decreases
below this point. Decreasing resistan@waysrequires moreinput powerto the generator, and at
5[ohm] thepower losgsbecome approximately equab the output power. A low resistance limit of
5.5[ohm] will be used in future sections to help define the controller action.
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4. CONTROLLER DESIGN AND EVALUATION

4.1 Introduction

This chapter addresses the design and evaluation of an optimal operating Plinspeed
controller for the Cal POWWECS First, he safe operating limit$or the generatorand the aerodynamic
characteristics of the Cal Poly WECS are used to defingptitaal operating pointgor all wind speeds.

The dynamic permanent magnet geatr model isthen combined with the existing state space WECS
model to create a no#linear time varying system in MatLab Simulimkext, an optimal operating point
controller utilizing a PID speed loop is designed wlith combined optimization criteria The final
controller designis justified by comparing performance measures of energy efficiency and mitigation of
excessive mechanical loads. Lasthis chapter discusses implications for a WECS when blade
characteristics are mismatched with the geator.

4.2  Steady State Optimal Operating Points

Thesteady stateoptimal operating points for th&Cal Poly WEGS8e the points describing the
control reference signal The reference signal is the desired rotor speed, which depends on the wind
speed andthe actuator signal sent to the generator is the desired output resistarégure4.1 below
showsa family of curves describing the available povirem the rotor blades for a given wind speed
Thedashedlines describe the ORCtime partial load regior{see section 2.3.2.8nd the safe operating
limit of the PMG(see section 3.5) The 11A current limit isalso shown on the graph with the safe
operating limit directly below it.
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Figure4.1 Available Power vs. Rotor Speed for given wind speeds

The 11A current limiand more importantly, the safe operating limit-gafe) create a unique
challengefor the selection of the optimal operating pointsecausenost WECS are only limited by the
rated power and rotor speedsee Appendix E for thdassicalmethod of determining aerodynamic
limitations).

Available power regulatioffior a fixed pitch WEC&n be accomplished bglowing down or
speeding up the rotar As discussed in section 2.2.1, the power coefficiént depends on the tip
speed ratio_ , which depends on the wind speed and rotor speed. The rotor speed is dependent on
the electrical lad of the generator, so by regulating the electrical load of the generator, the available
power captured by the blades can also be regulated.

The most effective way to reduce available power from the blades is to reduce the rotor speed.
This is the pferred method because the rotor speed should not increase without limit. Additionally,
the 0 U B_characteristic is noisymmetrical (sedigure2.2 CpPower Coefficient vs:for the Cal Poly
WECSE because he slope to the left ofo is muchsteeper than the slope to the righifo
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4.2.1 Limited Range of Operation up to Rated Power and
Speed

One possibleoption is to follow the ORC until it intersects the safe operating limit and then
travels along thesafe operating limiuntil the WECS reacheated power and speetseeFigure4.2).
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Wind Speed (m/s)

Figure4.2 Limited range of operatiorg, AvailablePower vsWind Speed

This selectin of pointswould allowone operating point athe full load rating of the generator,
but it would be very difficult to maintain operation at wind speealsove 10.5m/sbecause the speed
reference signal would be a discontinuous function of the wind spé&ashsider the following example;
the WECS is operating at nominal wind speed and rotor speed when the wind increases above 10.5m/s.
As shown irFigure4.1 the rotor would have to decelerate back through the ORC to the leading edge of
the wind speed where the safe operating limit intersects the available power from the wind. The WECS
would experience a large power and torque spildore settling at thenew operating point. This is not
a reasonable action for the WECS.
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4.2.2 Improved Range of Operation Below Rated Power and

Speed

Anotherstrategyto capture energy over a wider range of wind speed® limitpower capture
below rated power and speedThe optimal operating points fahis scenario again follow the ORC
curveuntil intersecting the safe operating limit, but this strategy does not reach rated power and speed
(seeFigured.3).
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Figure4.3 Improved range of operationrt Available power vs. wind speed

Improved range of operation is possible with this scenario because the control refesigmed
is continuous from cut in wind sed to cut out wind speed. In this scenario the cut out wind speed is
determined by the limit of the linear approximation fiigure4.4.
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Figure4.4 Rotor Speed vs. Windpged along safe operating limit

The linear approximatioonf Figure4.4 was determined by fitting two points to a line. The first
point intersects the ORCp ® — h¢ & YO D i and the second pointp & t— fp ¢ @D | was
chosen fromFigure4.4.

m @ C® Yap T LEIL U N a (4.1)
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Figure4.5 Optimal operating points on available power vs. rotor speed
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Table4.1 lists the values for the important optimal operating points as shown in Rigaire
above. The following section 4.2.2.1 shows example calculations for the safe limits. Appendix E shows
the calculation for cut in speed. The cut out speed was determibgdthe limit of the linear
approximation inFigure4.4.

Table4.1 Summary of important optimal operating points

Veutin 3.5m/s Meutin 71.3 rpm
Vsafe 10.1m/s Msare | 205.85rpm
Veutout 14 m/s Meutout | 111.45 rpm

4.2.2.1 Example Calculation of V safeand msafe

Vsate CaN be calculated by setting the available power along the ORC equal to eq(&afaip
The power along the ORC is found by substitutiegmaximum power coefficient and optimal tip speed
ratio into equation(2.2)

5 p,, I3 J 14 !Y
0 =" % o — (4.2)
q -
1 0Q
W —  oTm ‘
pa@o ml &P P, o B Y (4.3)
v C =

Graphically solving for the intersecting rotor speed gives

i ©Q
) Ui_ (4.4)

It is important to note that the rotational speed in equati¢®.2) has units of (rad/s) and the
rotational speed in equatio(B.21)has units of (rpm). Conversion between the two is possible by:

i 0oQ p
— ——1iné 4.5
i wu ¢ (4-3)
The wind speed can be found from the tip speed ratio

Y

a
PB— (4.6)

54
























































































































