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ABSTRACT

The extraction of maximum power from the wind ,
in @ windmill power system, requires adjusting
windmill shaft load as a function of wind velocity.
A method to maximize wind power extraction, when
the load consists of battery storage cells coupled
to the windmill through an electromechanical -
converter, is introduced. :

However, the development of a windmill simulator,
also presented, demonstrates the effects of power
losses in a windmill power system. These issues and

their effects on windmiil control criteria are
discussed,

Thesis Supervisor: John G.Kassakian
Title: Assistant Professor of
Electrical Engineering




N

ACHNOWLEDG EMENT:

The author wighes to express his gratitude to
Professor John. G, Kassakian for his continued
enthusiasm and guidance in the research.

Also thanks go to Messrs, Trevor Creary and
Dave Otten for their help and ideas.

lastly, I wish to express a deep thanks %o
my parents, especially my father, for their

continued interest in my education.




TABLE OF CONTENTS

Fage

INTRODUCTION--nnoltl!l-n'-lolvsnvn-nn'l!lisagﬂvv! 1

CHAPTER I: SYSTEM DESCRIPTION AND MODELING.,.... 3

1

i.3=

CHAPTER

2

3.3:
ST
3.5:
3.6:
CHAPTER
biol:

4,2

4

L
2.2:
2.3:

CHAPTER
3.1
3.2

o 31

1
1.2:

Input Subsystem{windmill characteristics) 3

Output Subsystem (SEP characteristices
and constmints)..ll'.llll.ll"‘illDll 8

Cutput Subsystem (battery charging
System)bllﬂlﬂﬂl.l.!l.ll"".D"lﬁ!."Q 10

II: OUTPUT SUBSYSTEM ANALYSIS.......... 14
Simplified Chafging System Analysis..... 1L
Charging Circuit Constraints.......ce... 18
Generator Poﬁer Cutput. . eieioerrionnness 22
II1T: STEADY-STATE SYSTEM OPERATION..... 27
The Coupled System., . vvviivernnnneennnss 27

Electrical and Mechanical System
Con tI‘alntq.n.ll.ll.'t!..ll.lliosn.!l 30

Limits on Generator Power Output (Pg).,. 32
Coupled System Operation...vu.eeee®sovens 36
Battery Switching Criteria..,..evvenss.. .1
System Operation with Power Losses..,... 42

IV: POWER SYSTEM OBSERVATTONS AND
MEASUREMENTS 4 v s nes s veennenss Lo, b8

Charging Circuit Observations..,..e..... 48

Generator Power Output Measurements....., 52

‘Further Considerations. veierseorooeenn, .. 57

iv



Table aof Contents (continued) . Page

APPENDIX A+ SEP BATTERY SECTICN DESCRIPTION
AND INTERNAL REISTANCE
[’J[E.ASIJREPV‘IENTS R EEE 551
APPENDIX B: GENERATCOR CHARACTERISTECS......... 61
APPENDIX C: WINDMILL SIMULATION...vveovvnoce.s 65
C.l: Simulation ObjectiveS.vvvivveensnrnosnes 63

C.2: GSteady-State Motor Operation
(no-lDSS MOdEl)..-.,.........-...‘.--.. 66

C.3: Motor Specifications...veveevevrrvoennnss 72
C.lb: Desired Requirements of Motor........... 74
C.,5: Motor Power Lésses.............,.,...,!. 75
C.5.1: Loss Clasification and Modeling.,... 75
'C.5.2: Loss Measurement.ssvececrservsnovrens 77
C.6: MNotor Power-Loss Model.;....,......,.... 79
C.7: Windmill Simulation Objectives(revisited) 84
C.8: Procedure for Windmill Simulatioh....... BRE
C.9: Implementation of Windmill Controls..... 97
C.9.1: Armature Voltage Control Circuitry.. 99
C.9.2: Field Current Control Circuitry.....104
C.10: System Testing and Evaluation.,.........105

APPENDIX D: SCURCES OF POWER 10SS IN A
WINDMILL POWER SYSTEM..........118

REFERENCES.".lQl’.l..Q..ll.!'.llll..!.Ivgthiliulllzj




Figure
Figure

Figure

Figure

Tigure
Figure
Figure

Figure

Figure
Figure
Flgure
Figure
Figure

Figure
Figure

'Figure

Flgure

=
e

o M

-

L

9
10:

11:

121

13:
14
15:
16:

17

Ci:

3implified Windmill Power System......
Windmill Characteristics.......vv.vurs

Wind-Power Extraction as Functions
ot Wind Velocity and Shafispeed.......

Battery Circuit Model....vvevirvevnenes

Dishcharging znd Charging Profile for
a2V Lead_ACid Cel.lvulvn.---.:lntu'

Generator,Charging Circuit and
BatteryModeliinﬂﬂi‘ﬂ'lliin!lin!‘.v!

Battery Charging Circuit and
wa.lIEmeS"..!lll..l.r"'.‘!..‘.'.d

Plot of 5 D= T
Plot of f{sin®) vs. sind. ... .o neern.
Limits of Generator Operation.........
Mere Detailed View of System Uperation
Charging Circuit Waveform.............
Charging Circuit Waveform.............
Charging Circuit Waveform.......c.uun.
Charging Circuit Waveform...oevvevoens

Systém Power Tnput & Cutput as a
Function of Wind Veloecity.........

System Power Input & Output as a
Function of Wind Velocity........

Generator Open-Circuit Voltage and
Short-Circuit Current as a Function
of Field Current.....covvrcuinvrsinnns

DC Motor Circuit Model....veomoeeonanse

vi

o

pary
AN

51



List of Figures (continued)

Pagg
Figure C2: Typical DC Magnitization Curve for
aDC Machinei"I!BBI!!II...'QA!.IF 68

Figure C3: DC Motor Power-Speed Characteristiec.. 71
Figure Ch4: DC Machine Magnitization Curve....... 73
Figure C5: DC Motor No-Load Torgque-Speed Curves, 78

Figure C6: No-Load Power as a Function of the
Square of the Motor Field Flux.... 80

Pigure C?Q Normalized Nonideal Peak-Power
Shaftspeed(as . a.function of field
current)Ill.l.ll.!lll'.l‘!'l&.ihtl! 89

Figure C8: Normalized Nonideal Peak-Power
Shaftspeed{as a function of wind
velocity)l'.....ll'l.'.'.ll.l’illl 99’

Figure C9: Peak Power Efficiency......eeeeeee... G4

Figure C10:Ideal vs, Nonideal Peak Shaft Power.. 95§

Figure Cli:Ideal vs. Nonideal Shaft-Control..... 96

Figure C1Z:Actual and Approximated Magnitization
Curve--...-.----.-p'nnr-----.--.... 98

Figure C13:Windmill Simulator Cireuitry.........100
Figure Ci4:1Basic Optical Isolator Cireuit...,,.,101

Figure C15:Calculated vs. Simulated Motor »
Armature-Terminal-Vaoltage......,.,106

Figure Cié6:Calculated vs. Simulated Motor
' Fileld Flax.,iiuieeiirnennnennsnnnns 107

Figure C17:Square-Root Function...vvvnsrvnnnes..109
Figure C18:Three-Halves Power Function.,...,.....109

Figure £19:Nonlinear Function-Generator
Cnaracteristic. s cnrennnsenninne. il

Figure C20:Input-Output Characteristic for

square-fioot, Nonlinear &
Isolation Circuits.....vueunvrn,.119

¥ii




List of Figures {continued) Page

Figure C21¢ Pawer at Different Points Of the

Figure

Figure Di:

Figure DZ:

Figure D3:

Table

Tadble

Table
Table
Tadble
Table

C1l:
g2:
C3:

Windmill System. . iesesrsrvssoaesa.112

Cz2: Power at Different Points of the

Windmill system..... P

s
o] \ad

Generator Mechanical Losses .. ewsvsesi

ot} b
—*

Generator Core LoseesS. veivssno-nensl

‘Generator Short-Circuit Load Losses.122

LIST OF TABLES

Make-Up of SEP Battery Section,.... 59

Internal Resistance Measurement of
L2V SEP Battery Section...e..... 60

Generator Ratings and Specifications 61
Motor ParameterS....cesevsescoss ess 67
DC Motor Specifications.......v.... 72

Determination of Power-Less
Constants Cy through Ch........ . 83

 peer———— A | e et




INTIRCCUNTION

The variable nature of the wind may not allow a
windmill system %o instantan@ously aupnxy the power demands
of a load. Thus some form of energy storage becomes necessary
to filter out the effeets of variable wind-derived power .

The development of the Stored Energy PrOC°SSGT {SEP)

-

may be one solution to the énergy storage probtlem. The SEP,
firstly, can be supplied power from a variable source and
stores that power in. battery banks, Secondly, the SEP
switeh these batteries in series combinationg to produce =z
variable~voltage variable- -frequency cutput adaptable o
many load applications Because of these characteristics
“he SEP has also been referred to as the AC Battery.

The power supplied to the SEP must be in the form of
electricity. Yet a windmill is g mechanlcal source of power,
Thus coupling the two systems requires an electromechanicsl
converter. It is the purpose of this thesis to propose a
technique to prerform this electromechanical conversion. It
is also desiregd that a control scheme be implemented that
will tfansfer maximum power from the wind to the electrical
system.

The testing and evaluation of the steady-state and

an actual w1ndmlll to nrov1de the d931red power input

characteristics. Since it is difficult te Ering a windmill

1




into a laboratory snvirosnment, then scme means of windmill
gsimulation is required. Thus it is also the purpese of this

thesis to introduce a method of windmill simulation.




CHAFPTER I
SYSTEM DESCRIPTICN AND MODELING

A simplifiéd block diagram of the proposed windmill
power system is shown in Fig.l. The steady-state opératian
of the cﬁerall system is determined by the nature of both
the input (windmill) and output (SEP) subgystems. Note that
the electromechanical converter performs the coupling
between the two subsystems and thus is a part of both.

To achieve maximum ?ower transfer, from the wind to
the batteries, it is necessary to understand, and thus
model, the charactefistics of both the input and output
- subsystems of the overall power system,

1.1 Input Subsygstem (windmill characteristics)

The total power available in the wind is prorortional

to the kenetic energy of the wind and is given by
Wind Power = 3pAv,~ (1)

where p is the density of air, A is the area swept bty %ihe
blades of'tﬁe windmill and v, is the velocity of the wind.
211 units are in mks.

Typlcal power-gpeed characteristics for a windmill are
shown in Fig.2. The axes are normalized power (power ratic)
and normalized shaftspeed (velocity ratio).

The poWerwbatio, "is the ratio of windmill shaft-

o
power, or wind-power exiracticn, to the total wind-power,

3
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Egq.i. Simple windmill theory shows a fundamental reastric-
tion on Che This restriction limits the wind-power extrac-
tion by a windmill to 60% of the available wind-power.

| Tip speed is defined.as the product of windmill shaft-
speed, wg, and windmill radius, i.e. blade length, R. The
velocity ratio is the ratio of windmill tip speed.to wind
velocity, wgR/V,. | |

The family of curves in Fig.2 are for a typieal '
windmill With.blade pitch, 9, the varied parameter. Fig.2
also shows how © is measured. | |

Using e¢_, windmill shaft-power can be related to

p
available wind-power.

Shaft-Fower = cp + Wind~Power
= wsR . L 3
= cp[égr”.] SPAVy
_ wgR . 1., WsR "33 3
= epl3E0] - 4T Rwg?  (2)

For a given windmill of radius R and pitch 6, if the
velocity ratio is maintained constant then Eq .2 shows
that the shaft-power is proportional to the cube of the
shaftspeed. Using Eq:.2 ard the ¢p cur&e. in Fig.2, with
optimum pitch, ©3, the windmill characteristic can be
replotted on a power-speed curve for different values of
wind'velecity. Fig.3 shows this plotifor three values of
wind veloeity, vy, 1.5vy;, and 2vyq » Notice that the

shaftspeeds where maximum ppwer is extracted from the wind

_5 |
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WIND-POWER EXTRACTED {Py)

I ay3
_E?) Pmol V=2V
(windmill
radius=R)
3
L |

1 1.5w 2w
sl ‘sl SHAFTSPEED (w.,)

Fig.3 : Wind-Power Extraction as Functions
' of Wind Velocity and Shaftspeed
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are, respectively, wgy, 1.5wgy, and 2wg; . Thus corresponding
to the peak of the power-speed curves is the particular
value of the velocity ratio, wgiR/vy;. If the velocity
ratio'can be held at this value, by controlling shaft

load ag a function of wind velocity, then steady-sfate
windmill operation occurs at the peak of the power-speed
curve. In this way maximum power can be extracted from

the wind. |

1.2 Qutput Subsystem (SEP characteristics and constraints)

The battery banks to be charged consist of four 42-volt
battery sections. This nominal voltage was picked so that,
when discharging, these batteries can be switched in
series combinations to produce a 168V-peak or 120V-rms,
60-hz stepped sine wave. The SEP system has other voltage
and frequency capabilities tut the abové requirement is
mandatory for any home application. The harmouié content
of +this waveform is approximately 8% and is acceptable
for most power applications.

Under the designed SEP systeﬁ these batteries can
be charged only in 42V sections, and multiples thereof,
up to 168V. Also the peak charging current is restricted
to 18 amperes. These constraints are set by the design
and limitations of the power switching electronics.

A battery cell may be modeled as = voltage behind
an internal resistance, Fig.4. The internal battery
voltage varies as a function of the state of charge of

the cell., A typiecal profile of a tattery discharging and

L . —_——— .
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Fig,4 : Battery Circuit Model
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Spec. gravity
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160—— l

{‘specific. gravity' refers to specific gravity
of battery acid)
{*a-h'z amperes-hours, refers to quantity of
' charge removed or added to cell)

Fig.% : Discharging and Charging Profile
for a 2V Lead-Acid Cell
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charging is shown in 'Fig.5% for a unit 2V lead-acid cell,
Noté that the btatitery tefminal voltage varies from 1.8
to 2.6 volts as the cell is discharged and charged.

The internal resiétance of a battery cell 1= dependent
on several factors. Theée factors include the capacity of
the cell, its state ¢f charge, the current flowing through
the cell, and whether this current is flowing into or
out of the cell, |

Further description of the SEP battery section
and detailed ﬁeasurements of its internal resistance

and open-circuit voltage can be found in Appendix A

1.3 Qutput Suggxggem (battery charging system)

The proposed-electroﬁechanical'powerconverter is
a single-phase synchronous altenator with a full-wave
reetifiéd output. A synchronous machire is used,
instead of a dc machine, because it is a simplier and
more efficient mechanical device, Full-wave rectification
of the altenator output has two advantages cver half-
wave rectification., Firstly it allows charge‘to be supplied
from thé machine twice every electrical cycle, instead
of once as 'in a half-wave rectification system. this
leads to =& higher average current, for the same peak

current, in the charging system.

10




Secondly, in a half-wave rectification system, a de current
component flows in the power, or armature, circuit of the
machine. This current puts a dec bias on the flux level in
the machine. Conversely, in a full-wave rectification
system, current is allowed to flow in both directions of
the machine's armature winding. The subsequent lower flux
levels in the machine increase generator efficiency.

The generator and charging circuit may be modeled as
seen in Fig.6. E; is the open-circuit terminal-voltage
of the generatoer and Lg the inductance seen behind the
armature terminals of the generator. Vb and Rb are,
respectively, the open-circuit terminal-voltage and internal
resistance of the batteries being charged. The full-wave
bridge, as discussed previously, is used to rectify the
alternating voltage produced by the generator. The effect
of the series inductance, L, is to alter the output-current
waveform such that a lower peak and higher average current
is attained.

‘Voltage applied to the field terminals of the generaior
produces a magnetic flux density in the air-gap of the
méchine; The forced rofation of the machine's rotor causes
magnetic flux lines to be cut by the generator' 8 armature
winding. Thls induces a voltage in the armature winding

that is proportional to field exc1tat10n and shaftspeed, 1i.e.

Ep = Kfwgsin(wgt)

11
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where ¢ is the flux level in the machine and ¥ is a constant
dependent on the characteristics of the machine and the

units of measure used. We is the elec¢trieal frequency of

‘the armature voltage and is directly proportional to

rotor shaftspeed, wg.
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CHAPTER I
OUTPUT SUBSYSTEM ANALYSIS

This chapter is concerned with determining the power
output of the electromechanical converter, or generator,
as a function of the parameters in the charging system, Fig.6.
However, the analysis of this circuit model is difficult.

To simplify the analyéis it is assumed that the effects of
the internal battery resistance, Rbi-and generator armature
inductance, LS, are small. Thus, as a first approximation,
these circuit elements will bhe ignored. Their effects,
however, will be discussed in a later section.

2.1 Simplified Charging System Analysis |

The simplified battery charging circuit and appropriate
wavefbrms are shown in Fig.7. ‘

When the diodes are conducting, one pair at a time,
then the current can be considered to consist of two
COmponeﬁts: one due to the source and one due to the battery
emf. The analytical form of the rectified generator voltage,
Fig;7a, is different in the two time periods, O&wtd<mr

and r{wet<27. Thus the circuit must be analysed separately

‘for both regions of time.

If o is the angle measured from Ef=0 to when. Ep=Vy,
and ¢ is the angle for which a pair of diodes are conducting

8

then the source component of current, i_. is given by

Jﬂ(ﬂ disle
Kowg Sin(wigt) = |28 | dis(e)
el ‘f’t -‘Ji" e G‘(Wef)

14
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' et
Lg{t) 251.?.5 S)N(W.ﬁ)#ﬂweﬂ = Kiﬁ ((_‘agm—- Cog Wc-{-) } %< wet g ¥
o

The bvattery compenent of current, ib’ is given by

~Ve =L C’Lb(‘f.’) - W'c{_ s“g('ti

dt dfwzjt}
S We t
. - -V
(t)=_\/n- ) =2 (Wt-«
e ng.-“ dtvet) Wel ( ¢ )

The total current, i(t), is thus

Lirr= ()40, (¢) = &g(ﬁofﬁ“ﬂﬂb’w‘:‘t)“v (Wt —=) jx<weterr (3}
| Wel

at
or wyt=m-a. Substituting this value of wgt into Eq.3 gives

Maximum current occurs when the derrivative

the peak curreﬁt
L(u}étgﬂ-u);ﬂm’“{ = &EQ £oS & HWY:-L ( - 2x)
=£l-.i£ [aCaSo(—(TT-'ﬂ"‘) SMWJ (L”

where Vb/kﬂwe = gin« hag been used. This latter relationshi?
can be seen from Fig.?7a, where,at wgt = &, Kfwesink = Vy.
From Eq.3.the value of i(%) can also Be found for

wet =1,

WWet=n) = &g (1+¢05) = \:/_i (77 -=) | (5)

Eq.5 provides the initial condition for i(t) when
wéwaté+2#. In this region of time the source component of

current is given by

le




7)o wol dkslt]
K@ We Sim{wet =7r) = we )

we T
[s{t)= fﬁfij _es;u(uet—’ff“) d (Wet)

qr
= iiﬁ[iucos(wcnrrﬁca L et LA
=T

where Cy is a constant of integratison and depends on the
initial conditions of the current, at w,t =7 . For Trdw i<+«
the battery component of current is given by

diﬂeﬂ
y, [ v
b)) = = diwet) = 7 =)+ e AT LT+
Lb( WeLJﬂ We L. (W‘ ) 2 J

where Co is again a constant of integration.
The total current is again the sum of source and hatizry

somponents,

L) = fsm*tb{tb*@'[i*ios(wet*"’ﬂ -2 (=) + 01 TRt Tk
L We L

where C; and Cp have been combined into the constant C'.

From the initial conditions given by Eg.5, C' can be

determired. The result is
K . V,
C'= K& (1+cose) — Yo (97~
L WdL( )
Thus : )

' K ‘ V ~ . |
L(t} = %(24-405‘54-(05109.1‘) -_\’.4/_'!.;.1 (th—“) ) IY £ Wet {77+ (6)

Fig.7c ghows the source and battery components of

17




current. Their sum is shown in Fig.7d.

2.2 Charging Circuit Constraints

Fig.? shows that the charging current falls to zero
when the shaded areas are equal. This ig btecause the average
voltage across inductor must be zero over an electrical

ceycle. Thus asl
fﬂJ (t) dwet) =O

"”‘4‘ et T

i w+T
;;Lv;m d(wet) =Vb (7)
The left side of Eq.7 is the average value of v,(1t),

{see Fig.7). This quantity, as stated by Eq.7, must equal
the battery voltage.

If 'the amplitude of Ef is increased then the average
value of vgo{t) will eventually become larger than Vi -
The average voltage across the inductor is now finite
and positive. This means that fhe inductor current will
now monotonically increase. In a practical circuit this
rampingvcurrent is limited only by intermnal battery
resistance and stray resistance in the wire connections.

“To prevent the charging current from exhibiting this
instability the average value of Ef must be held less than
the battery voltage. The average value of 2 full-ﬁave
rectified sine-wave is 2/ftimes the peak value of the

sine-wave. Thus for stable charging current

ol
” E’FPEM < Vb

16




or glﬁggié £ Vb

o2 2
K@ We T
S 2 7-27' [8)

If Eq.8 is satisfied then the current will fall to
zero, as seen from Fig.7, when w,t =« +{. Replacing this
quanfi‘ty ihto Eq.3 & 6 gives two equations that relate the

conductance angle { to the angle o .

) = cos ot g 4T (4}
J—Su\)ty

taN X =

A+ ( ,"HﬁoSJ) loSx v-(fw:ff-”‘s/ua( =
s rtearl turr (10)

Eq.7 & 87may bé solved ‘mumerically to find { as a

. function of « . The result is plotted in Fig.8 Note, again,

the unallowable values for « . The figure also shows that

Y is limited té the maximum conductance angle of 7% radians

or a fuli cycle of the rectified source-voltage waveform.
The limitations of the battery'switching electronics

of the SEP system cannot allow for a charging current

- greater than 18 amperes (see section 1.2). Thus, from Eq.4,

LPEAK = %(2@5«-(77-2@ smu) L 18 ane | (u}

19
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At the conductance limit, §¥=7W,Eq.11 must still be satisfied.
From Eq.lb or Fig.8, sina=2/mr for (=7, Substituting the

corresponding value of & into Eq.11 results in

42 kTQ L }§ AP

or Wel 2 K3 KPWe HENRIES (12)

The above relation between the effective impedance
of the series inductor, wgl, and the amplitude of the
open-circuit armature voltage, K@we, must be satisfied if
the peak charging current is to be limited to 18 amﬁeres
when the current is conducting over the full electrical
cycle.

High flux levels in the machine decreases gererator
afficiency and the resulting heating can lead to machina
deterioration. Thus the flux level, K¢, is constrained to
a maximum:_This maximum flux level is usually chosen in
terms of a maximum field current excitation. For the
proposed generator* the field current will be limited to
0.7 amp. From the generator's magnitization curve®* and the
relation between open-circuit armature voltage and field

flux*, the maximum flux level, Kﬁm; of the machine is
Kfm = 0.098 V-secH

Thus, from Eq.12,.

*see Appendix B
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L 243K0, = 2.3x1077 henries

This irductance is rather small. At the synchronous
speed of the generator the equivalent impedance of L is
Ewe(syncthnous)LT or approximately 12 ohms.

Considering this fact, the neglectance of the battery
resistancs may not have been a valid approximation. A way
to test the validity of the approximation is through
sbservations of the charging-circuit waveforms. These

observations are discussed in section 4.1.

2.3 Generator Power Output

The power output of fhe generator may be expressed as
the sum of two éomponents. The first is the power atscrbed
by the batterieg. This power is simply the preoduct of the
open-circuit battery voltage and the average charging
current. The second component is the power leost in the
internal resistance of the batteries. This'power is rot
only given off as heat but also goes into dissociating
the water in the battery cells.

For the following analysis the effects of batter&
resistance will again be ignored. The issues involving
battery resistance will be returned to in another section.

The average current in the charging circuit is
A+l

igve = ;'r-j i(t)d{wgt)
u -

Using 9.3 4 & ; for «<x+f<sy

* The factor 6f 2 in the impedance is because the lowest

harmonie in the rectified armature voltage 1s 2w,.
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. _ Yy o
lave = &coom coswet)-wgi(n -mi} wet;

=7%~ed f(sinx) | (13)
where - |
f( sino() = _{L('SinX)CQS?"’(I‘COSLJ’lSi'ﬂa - _{f_

sine 2
‘ol bt f LAy (14)
and Vy/Kfwe=sin« has been used. Also, in this case the

relationship between o and § is given by Eq.9.

For a+72a+l2r

e .
iave-=;F [%1(cosx -coswet)- ._z(wet a{‘d(wet)
LGOS 4
#! [ (2+cosx+coswet) - WEL(wetnqﬂ dlwgt)
o ,
= 4erL © fisina)
We
where
f(sinx) = ﬁ(+81nl)cosd+(ézng3)31nn+2’«+¥ -%) {?

[ REFRZASTEY (15)

Again Vb/Kﬁwe=sianhas beert used and the relationship
between « and § is now given by Eg.10. |

With the use of Eg.14 & 15 and Eq.9 & 10, f{sin«)
can be plotted as a function of sinx. The plot is shown
in Pig.g. |

It is of interest to calculate the maximum average-
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current output 6f the generator. When sina=Vy /Kfwg=2 /1y
then , from Eq.10, {=% , This situation corresponds to
an averge rectified génerator—armafure-voltage equal %o
the applied open-circuit battery-voltage. Here the current
is finite over the whole rectified voltage c&cle. except
at‘the'ﬁoints of time wgt=nW(n=0,1,2...), where the eurrent
is zero for an instant. As was seen previously, any
further iﬁérease in source-voltage leads to current
instability in the charging circuit. Thus, it is for the
| above'generatqr voltage that stable maximunm average-cgurrent
occures.

Substituting sin«=2/» and ¥=Wfinto Eq, 13 & 1§‘gives

the avérage current
laye = L21KE amp (16)

It was previous calculated (section 2.2) that a
series inductance of 2.3x1077 nenries will limit the peak
current to 18 amp when the generator flux level is at its
maximum, i.e. X@=Kgf,=0.098V-sec. Thus the maximum average-
current possible in the charging circuit, hav1nc ignored

battery reslstance is

The generator power output, ignoring power logses
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‘in the battery, is again the product of the averagze

charging current and the the open-circuit battery»voltage.

Thus, using Eq.13,

Generator Output = Pp = Vyiaye

Vb2

wel f(sin) (17

where f(éin«) is given by Eq.14 or 15. However, for
convenience, the power output of the gernerator will be

represented as a function of all the circuit parameters,

i.e.
Generator Power Cutput :vPe[we,Vb,Kﬂ,lﬁh .(18)

where X¢ has been used as the machine flux parameter.
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CHAPTER III
STEADY-STATE SYSTEM CPERATION

In‘chapter 2 the power output of the generator
was calculated {Eq.17or 18). However Eq.17 does not, by
itself..define the electrical oufput of the generator.

An operating point is defined for the generator where
mechanical-power input and electrical-power output are
identical. This is assumihg total cénversion, i.e. no
power losses within the system. Thig chapter is concerned
with thevsteady-state benavior of the electromechanical
cenversion system.

3.1 The Coupled System

The mechanical-power input to the conversion system
ig dependent on the characteristics of the mechanical
system (the wiﬁdmill) énd its source of energy (the wind}.
The windmill couples the wind energy to the energy of |
a rotating shaft. In this form the mechanical energy is
easily converted, via a-rotafing machine,'to the desired
electrical ehergy for storage in batteries.

For system efficiency it is also desired to maximize
~the energyltransfer from the wind to the electrical
system. Thus the problem is to operate the overall power
system,'windmill, generator, and battery loéd, at fhe
point where maximum power transfer is achieved. |

As a first approximation, the mechanicazl and electrical

subsystems will be considered free of any power-loss
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mechanisms. This assumption is a very rough one., However
it leads to a much more simple discussion of the problem
and gives a starting point to the analysis. The effects
of loss mechanisms will be discussed in a later section.
The characterlstics of a w:ndmlll were previously
discussed (sectlon 1.1). It was found that the power
extracted from the wind is a function of the wind veloeity,
the density of the alr, the characterlstlcs of the windmill
and thew1ndm111 shaftspeed. For a given windmill ir
variations in air density are neglected then the power
transfered fme the wind to the windmill shaft can be

written as, from Eq.2,

Mechanical Shaft Power = Pm[vw,wS] (19)

‘The electrical-power output of the generator was
previously discussed (section 2.3) and is given by Eg.18.
| From Newton's second law'gteady-state operation of
the electromechanical conversion system occurs where
Eq. 18 and 19 are identical. If Py is not equal to P,
then the system is not in equilibrium. Provided the
system is stable, the independent and/or controlled
parameters‘would read just themselves until equilibrum
is reached. | |

If the generator field exitation, battery voltage
and series inductance are not control parameters, i.e.

are held fixed, then the only varying parameters in P
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where

and Pe are wind velocity, w,, and shaftspeed, wg,

w, is directly proportional to electriecal frequency, wg.

Thus in equilibrium the system operates where

Pm["w'ws] = Pei“’S] | (20}

Eq.20, provided that it is solvable, shows that,
for a specified wind velocity, a steady-state operating
shaftspeed is defined for the system. Stated previously
{section 1.1) was the fact that maximum power extraction
from the wind requires the operating windmill shaftspeed to
be proportional to wind velocity. The actual operating
shaftspeed, obtained from Eq.27, is, howevér, generally
different thén-this desired shaftspeed, Thus maximum
power extraction from the wind is not achieved,in this
case.

The ability to adjust generator field excitation,
battery voltage and charging-curcuit inductance how
aliows the shaftspeed to operate §ver a range of values

given by
Pm{ws.vw] = P, {ws.vb,xﬁ,fj (21)

where Eq.18 & 1% have been ysed.

For maximum power extraction from the wind the
desired operating shaftspeed is proportional to the wind
veiocity, i.e. wg=avy, where 'a' is a2 constant. Thus for

s given wind velocity, Vi and/or Kg, and/cr L theoretically
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can be adjusted until
Pm[yw,ws=avé] = Pe[ws=avw,Vb,K¢,i] (22)

In other words, the load on the electrical system can
be altered until the desired shaftspeed is attained.

More than one combination of values for Vy, Kf,and
L may exist to sdlve Eq.22. However, these parameters
have engineering limits to their ranges of Operatioh.
Thus any solution to Eq.22 cannot have these parameters
take on values that exceed their practical limits.

3.2 Electrical and Mechanical Sysiem Constraints
It is important to know the steady-state character-

istics and limitations of the proposed electrical and
mechaniecal systems. Otherwise proper implementation of
Eq.22, to maximize electromechanical power transfer,
cannot be achieved,

The series inductance, L, is a parameter that cannot
be easily varied in the charging circuit. Thus L was
chosen, because of circuitry limitations, to 1limit the
peak charging current.

The battery voltége. Vi can be varied but the
variation can only be partially controlled. In the SEP
system, battery voltage can be applied, to the charging
circuit, in four discrete stebs. Thé nominal voltage of

each step has been previously stated (section 1.2) to be
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42 volts, with an approximate 10% variation due to battery
state of charge. Since the battery state of ctharge is
totally dependent on the SEP  system's power input-output
profile, the only possible battery voltage control is
through the diécrete stepping of the batteries.

The flux level, K#, of the generator is limited by
the magnetic flux saturation of the machine iroh. This
flux saturation results in iron-core power losses which
lower generator efficiency and may lead to machine over-

' heatlng.

The'cohstant, K, is dependent on the physical size
of the machine and the design of its windings.

The K# 1imit is related to the voltage, speed and
power ratings of -the machine.

Lastly, centrifugal forces on the generator rotor
set a2 limit on shaftspeed, Ws. This alse sets a 1limit on
the corresponding electrical frequency, Wg -

Orie important assumption has been made throughout
the text that will be made referenbe to at this time. It
has been assumed that a windmill can operate at the shaft-
speeds fequired to extract'maximum power from the wind.
In today's technology, large-scale windmills still have
a problem opefating at certain shaft speeds. This problem
results from rescnances within the structure of the
windmill, These resonarnces maj, eventually, physically

'destrdy‘the windmill,
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For the purpcves of this paper it has been assumed
that this problem w111 have been solved in a few years
and therefore puts no constraint on the mechanical system.

3.3 Limits on Generator Power Cutput (Pe)

Now that the limitations of the electrical and
mechanical systems are known, the task remains to vary
the control parameters, V, and KZ, until the desired
shaft speed is attained. This can be done for as long as
there exists a solution to Eq.22 that will satisfy the
constraints on Vy, K¥, and wg. When Eq.22 can no longsr
be satisfied then maximum power can no longer be extracted
from the wind. This situation will definitely occur for
high wind velocities since the limitation on generator
shaftspeed will no longer allow the desired relationship,

Wg=avy ,to hold.

In view of the electricalvand mechanical constraints,
~the electrical power output of the generator, Pe; can
be plotted ag a function of electrical frquency, wg, |
and the possible operating valueé of Vi, and K¢. L is
held fixed at the value calculatéd‘in section 2.2.
The greatest rate of energy transfer to the batteries
was shown (section 2.2) to océur when Vy/Kgwe=2/7r, or
~ when the conductance angle‘g=TT. Any smaller values for
Vb/Kﬂwe; or larger values of {, led to charging current
instability. | |
One can plot Pe (Bection 2.3, Eq.17) with Vy/Kdw_=2/sv

32




and with the flux, X#, equal to its recommepded maximum,
K@,=0.008V-sec {see Appendix B). This plot results in a
curve that'defines the steady-state 1imit of power-output
operation for the given generator and charging system.

For Vy/KPwe=2/, or ¥=%, then from Eq.17

2 .
Pe = zo £(2/m) (23)

2
Nib._. n.;Vwae

grwel
The dotted line in Fig.l0 shows this stEaﬂy—state
operating-limit of the electrical system. All operating
- points of generator powér»output and electrical frequency
must occur below this line otherwise charging current
instability or machine flux saturation will result. This
'power-limit line is also marked for the battery voltages

that normally appear at the generator output (see Apendix A).

The curves Py to Pgly, in Figl0, are plots of

2
= BA2V) 5 p(pb2Y)  ne 2,3,k (20)

p n-42v
en 7}’ WeL K mwe

These are plots of Eq.17 with 1) the battery voltage, V.,
taking on its four possible discrete nominal values,

i.e, Vb=n~42V;n=1,2,3.h, and 2} the flux, Kﬁ, equél to

its maximum value, KZ,. The plots Pé3’and P;3 show the
ranges of Pe3 as the voltage per battery section changes
from 38V to 46V. Similar curves also exist for FPeis Pe2

and Peu_ .






These curvesaﬁﬂdefine operating limits for the
system. If, for example, Vy=2.U42V then system operatisn
cannot ocecur te the left of curve Peg. This is because
the machine flux cannot be further increased above its
already maximum value, XKf .

~ lastly curves Pgy to Pgy are plots of P, with
Vy/Klwe=2 /4, or the conductance angle /=7%. For each

curve V, takes on one of its four possible discreote

nominal values. Thus

o m-hZV)z, oy _ 2
Pem:= %v-e-L— f(%ﬁ.@e—_ ;) | (25)
3 m=1(a),2(b),3(c),4(d)
oy
o~ -We/\_/ K¢

Note that the only other varied parameter in Eq.25,
begides We, is K#. As K¢ is varied steady-state Operation
occurs below a Py, curve because any attempt to inecrease
the current conductanceuéngle, ¥, leads to charging-
current instability. The decreasihg characteristiec of

the P curve’,with increasing frequency,is not obvioue

at firstvglance. It is because the average charging-

current decreases with inereasing frequency due to the

increasing impedance of the inductor in the circuit. .

The shaded area of Fig 10 shows an example of 'a power-
speed operating region for the electrical system; here

the battery voltage is 2-42V. Any power-speed operation
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outside this region 1) results in charging current instz-
bility or 2) is beyond the limit of machine flux satur-
ation or 3) is beyond an acceptable max imum speéd for the
generator, in this case taken %o be at 3600 rpm, or an
electrical frequency of about 2640 sec”l(see Appendix R).

3.4 Coupled System Operation

Steady~state system operation, for the lossless
electromechanical.system, occurs when the sum of the powers
into the system is‘zero. Fig 10, so far haé shown the
possible values of generator‘powér oufput as a functioh
of the eléctrical system parameters. To locate the system's
smeady4staterperatiné points. it is now necessary to plot
the power-input to the system as a‘funetion of the same
parameters.

The characteristics of the power-input system (wihdmill)
were discussed in sebticn 1.1. There it was stated that
the maximum power extractable from the wlnd is proport;onal

to the cube of the wind VelOClty} vy, 1.e.
Maximum Wind-Power Extraction = Py, = bvw3 (26

where b is a constant of the windmill.
It was also stated in section 1.1 that the windmill
shaftspeed,at which this maximum power is extracted

from the wind, is proportional to the wind velocity, i.e.

Maximum-Power Shaftspeed = Wgo = AV, (27)




where 'a' is alse a constant of the windmill.

It is desired that system operation occure at this
maximum-power shaftgpeed. Using the fact that shaftspeed
is related to the elee¢trical frequency by a constant” ,

Eq. 26 can be plotted onto Figil0 in the form

N 5,5 Wy 3
= b g, (28)
(7a)3 °° -

where wgo 15 the corresponding electrical frequency of
the generator—armatdre—voltage where maximum power is
extracted. from the wind, Also Eq.27 was used. The plect
of Eq.28 on Fig.10 is with a=180/7 and b=0.45. The choice
of *a' and b was made under the assuﬁption that a 15 mph
wind velocity*will supply enough power tc the generator
to drive the generator to its maximum power output#** This
is also under the condition that none of the mechanical
or electrical system constraints'is exceeded. 7
Now that both the desired-input and output power-

curves are plotted on the same axes, one can see how the
control parameters, béftery voltage and generator field-

flux level, can be driven to achieve desired steady-state
*wa=7wg for the proposed machine (see Appendix B)

**The desired peak generator output is the product of
maximum battery-voltage and maximum average-charging-
current. The maximum chargeable battery voltage is approx-
imately 170V(see section 1.2). The maximum average-charging
current was calculated to be abtout 9 amp(see section 2.3).
Thus the maximum average-power output of the generator,
ignoring power losses, iz 170VX%9amp®l 500 watts.

T These units for wind veloctity are chosen for convenience.
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operation. As an example consider a wind velocity of 10 mph.
The shaf*szpeed,for which maximum wind-power extraction
occurs, is thus avwﬁ(180/7)xlazzéosec”1. The corresponding
electrical frequency is ?avw=1806*sec'1. Maximum wind-power
extraction will occur when, in Figi0,a P, curve intersects
the Pp, curve 4t this desired electrical freguency {poiﬁt

A in figure). If the SEP battery voltage is 42V/section
then, with two battery sectiohs'on sharge, the region of
system operation is the shaded area in Figl0. Since point

A is in this shaded area then maximum power extraction from
the wind can be achieved. An easy way to accomplish this

is by monitoring the electrical frequency, or shaftspeed.
and adjusting the flux level in the machine, via field-
current eontrol, until thé desired frequency is attained.

Notice when three batterybsections are on charge
then point A also lies in the allowed region af system
operation,'defined by curves Pgg and Pg.. Thus thefe.are
two ways maximum wind-power extraction can be achieved,
with either two or three battery sections on charge.

For the ﬁind velodity of 12.5 mph,point B, in Fig.io,
is the desired operating point of the system., The figure
also shows that this operating point can be achieved
only with three battery sections on charge. This is
because point B is outside the regionsg of operation for
any other numﬁér of battery sections on charge.

An interesting situation occurs at the wind velocity.
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V.q+ Again consider the SEP battery voltage to be 42V/section.

From Fig.10we see that the desired maximum-power shaft-

- gpeed is wed/7. or an electrical froguency wggq- Poipt D is

thus the desired operating point. Yet point D is outside
the operating region for any number of bvattery sections
on charge, since point D lies above Pee aﬁd to the left
of P,y . The situation is showed in more detail in Fig.11.
Pm(vwd) is the power-speed characteristic of the
windmiil with the wind velocity at v,5. From Fig.11l it can
be easily seen that point D is not within a possible
region of operation'bf the electrical system, defined by
the shaded areas for 3 or 4 battery sections on charge
System operatlon must now occur away from the shaftspeed
where maximum wind power extraction is zchieved. Operation
will now have to occur at a pseudomaximum-power point.
With three battery sections on charge points 2 and 3,
Figli, are the two possible pseudomaximum-power operating
points for the system. Since there are two possible points
of system operation the question of stability arises, - The

ablility to answer this question requires further analysis

- of the coupled electromechanical system and is not

discussed here,
If four Eattery gsections were on charge for the
situation in Fig.11 then point 1 is where maximum wind-
cher can be extracted w*thout exceeding the llmltatlons of the

electrical system.Whether points 1,2 or 3 is the most desirable,
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i.e, where mést wiﬁd.power is extracted, depends en‘the
‘shape of Pp{vya) and on‘thé proximity of Pgy with respect
to Pgq. As drawn, Fig.ll shows that operation at point 1
offers greatest wind-power extraction. However, if Pay
had been actually located at P,u* then point 3 becomes
the most desirable operating point; power extraction at
point 1* is less than power extraction at'poiht 3.

The above discussion has shown that more than one
way of varyiﬁg the electrical-system control parameters,
i.e. battery voltage and generator field flux, is possible
to obtain maximum or pseudomaximum power extraction
from the winé. The problém is to know when to switch
battery sections in or out of charge. A method will now
be suggested for performing these operations.

3.5 Battery Swi*tching Criteria

Reconsider operation at point A, Fig.10, for a 1C mph
wind and two 42V battery sections on charge. The shaded
area defines the range of operation for the conversion
gystem. If the wind veloﬁity increases then a field .
current adjustment is necessary tec keep operation at
maximum wind-power extiraction. If the wind velocity
increases above vy, then maximum power cannot be extracted
from the wind. This is because operation is not allowed
above curve Peb,‘Switching another battery section into
charge would redefine the region of.system operation. In

this way maximum wind-power extraction is again achievable
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through just field-current control. This battery switching
criteria can be implemented ty switching another battery
section. into eharge when continuous charging-current is
sensed.

Now consider three battery sections on charge and
the wind vedicity decreasing from 10 mph; Fig.10. If the

wind velocity becomes lower than v, . then generator flux

e
can no longer be increased,due to flux saturation in the
generator, such that desired maximum-power operation can
occur to the left of curve Pej' Switching a battery section
out of charge is now necessary to allow system operation
again to occur at maximum wind-power extréction.

In summery the previous discussion suggesfs possible
methods of controlling the operation of the electromech-
anical conversion'system such that maximum wind-power
extraction is-obtainedu These control methods were intro-
duced considerein negligible battery resistance and
negligivle power losses in the system, The effect of

power losses and battery resistance will now be discussed.

3.6 System Operation with Power Losses

Appendix D sumarizes the sources of power loss within
the windmill power system. Considering these loss mechanisms,
steady-state windmill operation will now occur where the
power extractgd from the wind is egqual to the sum of the
power stored on the batterieé and the power consumed by

losses. The object of the conversion system is no longer
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the extraction of maximum power from the wind. The goal

is now to maximize the power stored in the battery banks.
To do this it will be necessary to model all the sources
of power loss in the system. If it is possible to express
all these losses as a function of windmill shaftspeed then
the power being stored in the battery banks can be totally
expressed as a function.of the same shaftspeed and wind

velocity, i.e.

Power Stored = P, = Pm[ws.vw] - Pltws] (29)

where Pm is the power extracted from the wind and Py is
the power lost. It would now only be necessary to maximisze
P,, with respect to shaftspeed, to find an expression
relating wind velocity to a shaftspeed where maximum power
is absorbed by the batteries. With no losses the objective
was to control the windmill Shaftspeed in a linear rela-

tionship to wind velocity (see section 3.1, i.e,
wo T W T avy, - {30)

At this shaftspeed maximuﬁ power was extracted from the
wind. However; if losses have been totaily related to the
shaftspeed of the windmill. then the objective now will
be to control the shaftspeed as a different funcfion of

wind velocity, i.e.

= wi = alwt r
We = Wgq = asta}vw or ahv@}vw {31)

<]

e
where w is the shaftspeed where Egq.2% is a maximum, or
S0 :
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where maximum power is being absorbed by the batteries,

The task now is only to relate the iosses in the
system to the operating shaftspeed. This task, in itself,
is difficult. The losses in the system, as discussed in
Appendix D, are a function of not only the operating
shaftspeed but also the flux level in the generatlor and
thé battery resistance., Steady-state system operation
will again occur where the power extraction from the wind,
P, equais the sum of the power instantaneously being

m , _ .
stored in the batteries, P,, and the power lost, Pl,i.e.

Pmtvw.wsj = Pe[Kﬁ'wS'Vb'Rb] + PJ_[Kﬁ.Vb,Rb]
or Pe[Kﬁ.WS.Vb’Ra = Pmtvw.ws] - Pl[Kd'Vb'R‘J (3155)

where the infernal battery resistance, Ry, and flux, X¢,
have been added as variables in the expression for power
losses, Rb has also heen added as a variable in the power
absorbed by the batteries, P,, since 1t has an effect on
charging current.

thimizing Pg, in Eq.jm, with respect to shaftspeed
resultsfin a desired shaftspeed that is a function of Vb
and Ry,. Since V. and Ry, are partially dependent on the
state of charge of the batteries, on-line meaéurementlof
theser variables is necessary to maximize the powér into
the battery banks. However, this on-line measurement of
Vy, and Ry is a difficult task and the added expence may

b
not be worthwhile.

iy
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There is, however, a compromising alternative. “he
mechanical losses in the windmill shaft can be totally
expressed as a function of shaftspeed and have no dependence
on generator flux level or battery parameters. Thus the

power in the shaft can be written

”

’ I" I ! ‘l .
Ponart Ws: vyl = Pmiwge Vil - Pl[wé] (32)

where Pi representé only the mechanical losses in the
shaft.

Ponart ©a8n now be maximized with respect to shaft-
speed. The resulting maximum shaft-power shaftspeed can
be expressed in the form of Eg.31 . Ey making measurements
onn the windmill, coupled to the generator shaft, and with
the generator unloaded, Pi{ws] can be calculated. Knowing
this and Pp[v ,w_], the power extracted from the wind as
a function of wind velocity and shaftspeed, a[vw}can be
calculated. Knowing a{ij, we now know at what shaftspeed,
as a funetion of wind velocity, to operate the coupled
windmill-genefator to maximize the power in the shaft.

Due to ldsses;the power in the shaft will be less than
ideal yet it will be the maximum achievaﬁle by the system.
The effects of power losses may also change the
battery switching criteria presented in thé previous
section for a no-loss system, One important effect is

that of the internal battery resistance, Rb. Measurements
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on‘the charging circuitff*showed that this resistance had
the effect of limiting charging current when the average
rectified generator voltage became larger than the battery
voltage. Previously the suggested scheme was to switch iﬁ

an additional battery secfion for charging when the charging
current tecame continuous. Now, however, we may wish the
system to;Wait until the peak charging current reaches the
electronic limitations of the SEP charging circuitry before

another battery section is swithed in for charge. Bechuse

~when this section is switched in, the flux level in the

generator must be inereased. This increases the peak
generator terminal-voltage to a value greater than the
increased battery voltage sﬁch that power can again be

fed into the batteries. The higher flux level, however,
produces increased core losses in the generator thus
.decreasing the net power into the batteries. Yet waitihg
unitil peak charging cﬁrrent reaches the current limitations
of the of the SEP circuitry, before switching in another
battery for charge, will keep generator flux levels lower,
tﬁus decreasing core losseé. On the other hand,the resulting
increagéd charging current produces greater 1°R lbsses

in the internal battery resistance and thus alsd decreases
system efficiency. A sophisticated control system would

be necessary to estimate machine and battery losses and
decide on how many batteries.to charge based on which

configuration produces the least power losses.
*zee gection 4.1
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As a final point; the issue of system stability is
important, especially in terms of battery switching. It
is‘still not well understood how the system would dynamieally
react when a battery section is instantaneously added 1o
or removed from charge. These considerations have %to be

further studied.
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CHAPTER IV

PCWER SYSTEM OBSREVATIONS AND MEASUREMENTS

4.1 Charging Circuit Observations

Obsrevations were made on the charging cireuitry
to'sée the effects of battery resistance, Ry and synch-
ronous inductance, LST Fig. 13 shows the voltage . vo(t)
and current i(t): (defined in Fig.? )f The battery
voltage is approximately 80V and the peak rectified
generator voltage is approximately 95V. The high fréquency
ripples in the voltage waveform is due to the nonuniform
distribution of the windings in the generator. Notice
that these waveforms are what one expects when batféry

resistance and machine inductance are ignored. One effect

-of battery resistance is, however, the partial phase

shifting of the current waveform. With no circuit resis-
tance the peak of the current waveform occurs exactly
where v, (t) equals the battery voltage (see section 2.1).
With circuit resistance this is nolenger true. Yet, 'in
Fig.t2 , hardlj any phase shift in the current waveform
is noticable, thus battery resistahce must be small compared
toithé'iﬁpédance‘of,thé inductor.-

Fig.13 showé a similar waveform as in Fig.12 but now
the peak generator voltage. is approximately 115V. Notice
when the voltage waveform comes to zero, it does not again

increase as we might expect. Instead the voltage stays =%
*the value of 1. used was 2.3 mh,as calculated in section 2.2

t see Fig.6



zero and theﬁ steps up to the reetified voltage, before
normally stepping up ﬁo the battery voltage when the
current goes to zero. This effeet of vo(t) remaining zero
before confinuing to follow the rectified voltage is due
the machine inductance, Lg. At the time v _(t) goes to zero
the current through the bridge want to commutate from

one pair of diodes to the other such that the direction

of the current is réversed in the generator. However, the

inductance, L does not allow the current through it

s?
“to change instantaneously. It will thus take time for

the current to commutate from one pair of diodes to the
other pair. During this time all four diodes are conducting
thus shorting the voltage v (t).

Fig .14 shows the same waveforms again but now the
average value of the rectified voltage waveform is being
forced to becémé larger than the battery voltage. Here
the current becomes continuous, never going to zero, and
is limited by the battery resistance,.

Fig.15 shows the same situation as iﬁ Fig.i4 but
the current waveform is ofrthe generator armature circuit.
Notice again that the armature circuit inductance forces
the current to cross zero before one pair of dioded turns
off to let the voltage, v_(t), again follow the rectified

generatof voltage.
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4,2 Generator Power Dutput Measurements

A dc motor was used to simulate the power-speed
characteristics of a windmill {see Appendix C).

The plots to be presented in this section show

(1) the measured power output of the generator,

(2) the measured wind-power extraction (or
power input to windmill simulator),

{3) the calculated power in the windmill
{(or simulator) shaft (see Appendix C),

(4) the estimated power being stored in.
the batteries, |

(3) the ideal generator-power-output for
the no-loss power system { see section 3.3 & Fig.10).

 These plots were made with

(a) a constant number of battery sectiens
on charge, and

(b) the flux level in the generator at its
acceptable maximum(see Appendix RB).

Thus, in making the following plets, the only varying
input parameter wzs wind velocity. ‘

If ‘“the system contained no sources of power less
then the power-speed curves generated in (1},{2),{3),(4)
and (5), aboﬁe, would all be identical. Also, under the
conditions of (a) and (b) these curves would be identical
to curves Py, to P, in Fig.lb. Since there are power
losses in the system, the plots mentioned will show not

only how well the actual generator power output correlates
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to the ideal chérging system discussed in Chapter 3,
but also where the power losses occur in the systém.

Fig.16 and 17 show the five plots discussed above
with, respectively, two and three battery sections on
‘charge. Also, as stated in condition (b), the generator
flux level is at a maximum.

It should also be stated that these plots are not
made under the condition of maximﬁm power tfansfer from
the wind to the electrical system. These plots only show
the power-speed charactetistic of the generator output
and how this characteristic relates to the power ét other
points in the system under the same conditions.

‘The data points in Fig.16 & 17 were taken by
measuring the power extracted from the wind (or power
into the windmill simulator) and the power output of the
generator.

The power in the shaft was calculated by subtracting
the estimated power losses of the windmill simulator
(see Appendix C) from the power supplied to the simulator
under a certain wind condition.

The power output of the generator is identical to

the power entering the batteries and is the product of

the battery-terminal-voltage and average charging-current.

The power stored in the batteries was calculated

by subtracting'the estimated'losses'in the battery internal

resistance from the power entering the batteries. The

size of the battery resistance was estimated by observing
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the change in battery terminal voltage as 2 function of
the average charging current.

The dashed éur#es, Poss Pej’ in the plots, are
the power-speed curves one would expect to see had the
system been loss-free (see Fig.10),

Note that the curves showing the power entering the
batteries do not risé-as sharply, with wind velocity,
as does the ideal generator-output curve. One factor
this may be atiributed to is finite battery resistance.
As wind velocity increases; battéry chargirg current
‘inCreases due to increaseslgeneratof voltage. This
increased charging curreni causes an increase in battery
terminal voltage due to the finite battery resistance.
Thus the generator sees an effective higher emf at ite
output. This higher battery emf coes to reduce the average
qhérging cufrent outﬁut of the generator to an extent
that the power entering the batteries is less than
expected.‘This effect can be further understood from
| Fig.10. Consiéer curve Pej with the battery ldad of
3442V, If battery terminal voltage increamses then Pe3
will move toward PéB thus reducing generator power output
‘per given shaftspeed. However, this increaée in effective
battery voltage Was_hdt found to be a substantial reason )
to0. explain the total diserépeﬁcy between Pgq and. the
measured generator output. Fﬁrther analysiS'of the:
genEfatpr charging system will thus be necessary in any

further study.
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4.3 Further Generator Power Output Considerations
One other observation, shown in Fig.l7, is of intérest.
The dashed vertical line in the figure represents the
threshold ﬁhere the charging current became continuous.
Thug all power-speed operating pointsvabove this thres-
hold ha#e a'cqntinuous current flowing into the batteries.
It was previously discussed (section 2.2) that a continous
charging current meant that an average voitage was across
the series inductor in the charging circuit. This would
have led to a monotonically increasing charging current.
However, it is seenlfrbm Fig.14, and Fig.15, fhat current
instability does not occur in the case where the average
rectified—generatorjvoltage is forqed larger than the
battery.volfage. It was also s{ated (section 4.1) that
the'internal batfery'resistance was limiting the current
in this situation. This may be true. However, further
consideratioh must also be made in terms of system
stability. A monbtoﬁically increasing charging current
would load'down the generator. This leads to a decrease
in generétor shz ftspeed which, intern, decreases generator
armature-voltage and tﬁus also limits charging current.
Further study is necessary to fully understand these
issues of system stability.

HoWever{ the single-phase generator used in this
scheme can be replaced with é three-phase generator and

six~-pulse rectifier. In this way the series inductor
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can be removed from the charging eircuit sinecs the
rectified three-phase output acts almost as a dc saufce

to supply the batteries. The charging current will now

be limited by the battery resistance. Thus this current
will depend on the state of charge‘of the battery ceils,
However, the'great advantage of the three-phase system
over the single-phase system is that a larger average
current, per given peak current, can be supplied to the
batteries.Thus more power can be supplied to the batteries
if the peak current is to be limited by the electronics

of the system.
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APPENDIX A
SEP BATTERY SECTION DESCRIPTION
AND INTEENAL RESISTANCE MEASUREMENTS

The SEP 42V battery sections consist of four lead-amcid
batteries. The voitage and capacity rating of each battery

is listed in Table Al,

Eatterv‘Voltase Capacity*

124y cell 17 a-h*
1-12V cell 25 a-h
2.6V cells *** LO z-h

Table Al: Make-up of SEP Battery Section

Measurements were made of the internal resistance
of a 42V gection. The variations in this resistance were
noted as a funetion of battery state of charge and
charging current. The measuremeﬁts were taken as a sourcs
voltage was instantaneously impressed on the battery |
section., Thus no change in battery opern-circuit voltage
or intermal resistance was allowed to oécur as a function
of time.

The results are zummarized in Tabtle A2, The resistarce
measureménts.are approximate, +10 to 20%, the worse

case being for the smaller resistance values.
*taken at an 8 hour rate

**amperes-hours )
¥*%*the added 6V is used in the SEP output waveform to keep

5%

O mp— L




Table A2: Internal'Resistance'Measurememt of
42y SEP Battery Section

W W W

Battery Section Open-Circuit Charging Internal
Capacity Voltage Current Resistance
Fully Charged Lsvilv Less than 0.70hm.
, 20% variation
3 amps out for by » in resistance 0.3chm
1 hour ‘ measurement
amps out for hay » over 2 to 10 0.3ohm
2 hours ‘ amp charging
amps out for iv ‘current range 0.3chm
3 hours
amps out for 39y " - C.50hm
hours
amps out for ' 2amps 2 .750hm
5 hours 30V-358Y S5amps 1.75%0hm
10amps 1.250hm

In the last set of readings, Table A2, the variation
in open-circuit fpltage was due to the quick rise in that
voltage as the batteries were'charged such that the
readings could be made. Also note that the open-circuit
battery voltage remained in the range of h2Vt10%vfor

nearly thé whole éapacity range.

section) when the state of charge of the batteries 7§

the outgut voltage nomimal (approximately L2V /battery
low, _




APPENDIX B
GENERATOR CHARACTERISTICS

The synchronous generator used as the electromech-
anical converter was a lLong Island Altenator. Its ratings

and specifications are listed in Table BR.

Table B : Generator Ratings and Specifications

Rated Shaftspeed "~ 3450 rpm

Rated Armature-Voltage 115V ms

Armature-Voltage Frequency a 400 hz
(at rated speed) :

Rated Armature-Current 17.4% amp

Rateﬂ Power Output ‘ 2 kw

Field Re31sganca (a) 300 ohm
{at 25°C (b) 150 ohm

Armature Beglstance .25 ohm
(at 25°¢C)

Notice that there are two field windings on the machine,
each with a.different resistance."'

Fig.B shbws shows the magnitization curve for the
generatdr. To obtain the curve, the open-circuit armature-
voltage was measured at the rated speed of the machine,
The relationéhip between this voltage and the machine
shaftspeed is |

OUpen-Circuit Armature-Voltage = Kﬂws V-rms

| (OCAV}
where w, is the shaftspeed, ¥ is the flux produced by

the field current excitatian. and k is a constant




; /a/f‘??fof:' # 9‘)‘02/—

r_____../ﬂ-s A Fomersa 0F F7E10 CURRENTT
T (HFhsIeES A7 RArED GENEINTIR SPEZD)
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dependent upon the size of the machine and the design of
its windings¢ All units are in mks,

Hysterisis effects caised a variation in open-eircuit
voltage of no mdre than 5 volts(rms) over the measured
voltage range. The finite flux at zero field current
- {Fig.B} is due to residual magnitism in the machine iron.
Fig.B also shows the short-circuit armature-current,as a
function of field-current excitation, for thalmachiné.
From this curve and the open-circuit voltage curve it is
possible to calculate the éynchronous inductance of the
machine, which comes to be about 12,5 millihenries.

If k' is defined as/2+k then k*'¢w, is the peak open-
cirecuit armature-voltage. The armature-voltage waveform

can now be described as
OCAV = k'@wg -sin(wet) (B.1)

where wg is the electrical frequency of the armature-
voltage waveform. By converting rated shaftspeed and
armature-voltage frequency(at rated speed), from Table B,
into mks units, i.e. radians per second, the relationship

between the two frequencies comes to be

Wy = 7wS (B.2)

Thus the machine is a 2:7=14 pole device.

Substituting.Eq. B.2 into B.1 results in

CCAY = k'@we°sin(wet)
.7 A

- Kﬂwe-sin(wet) = Ey _ (B.3)
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where K=k*'/7 and E¢ is the symbol used, in the main text,
for the open-circuit armature-volfage.

The open-circuit armature-voltage iz limited by the
maximum allowable speed of the machine and the flux satur-
ation of the machine iron. The former can be taken as the
rated speed of the machine. The latter is restricted
by machine core-power -losses which can lead to machine
overheating and deterioration. Because of this the field
current of the machine will be restricted to less than
Q.?lamps. Thus the maximum value for the flux variable,

K§, will be, from Fig.B and Eq. B.3, and with field current=0.%amp,

K@ ( maximum) = KB, = Peak OGAV(synchronous speed)
~ _ we(synchronous
=32- g e Vv
Qﬁ-kOth

= Q.098V-gec
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APPENCIX - .C
WINDMILL SIMULATION

The purpose of the work described in this apbendix
is to simulate, with a dc machine, the power-speed
characteristics of a typical windmill. The dc machine is
chosen because of its wide range of operating speeds. An
analysis will e presented followed by system implementation
and system testing and evaluation.

C.1 Simulation Objectives

The properties of a windmill were discussed in section
1.1, There it was stated that the maximum pOwer‘extraétable
from the wind is proportional to the cube of the wiri
i.e. |

velocity, v,

Maximum Wind-Power Extraction = Pro = b\rw3 (C.1)

where b is a constant of the windmill.
It was also stated in section 1.1 that the windmill
shaftspeed, at which this maximum power is extracted from

the wind, is proportional to the wind velocity, i.e.

Maximum-Power Shaftspeed = Wgo = av,, - {C.2)

where 'a' is also a constant of the windmill.
In section 3.4 it was shown that in a lossy systenm

the best that can be easily done is the maximization of the
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power in the windmill shaft. To achieve this the windmill

shaftspeed must be contrclled as in Eq.31, i.e.

s = Wag = a[ﬁﬁ]vw (31

The méximum power in the shaf*t will now be, from substi-
tuting Eq.31 into Egq. 32,
Pshar(max) = Ppo = Pm[ws"'w;o*"w] - P WS"'WZCJ
| (C.3)
The power loss mechanismes of a de machine, however,
are not only of mechahical origin. In this machine losses
also arise from the magnetic flux excitation in the machine.
Yet the objective of the simulation is to model the dc
‘machine in a way such that an equation similar to Eg.32
can be calculated, where Pm is now the power entering

the machine and Py is the power lost in the machine.

c.2 Steady-State Motor Operation(nofloss model)

The scematic repreéentation of.a separately excited
dec motor is shown in Fig.Cl. Table.C1 defines the variables.

The field current excitation produces a magnetic
flux, 4, in the air-gap of thé machine. The relation
between air-gép flux and field current is shown in the
dc magnitization curve! Fig.C2. It is assumed thaf the
flux produced by the armature current has no effect on
the field flux because the axes of the two fluxes are

orthogonal.




FIELD CIRCUIT

iil + V¢ - ' &2
Ry
ARMATURE
. CIRCUIT
Le
Fig.Cl DC Motor Circuit Model
Table C1 : Motor Parameters
Rg - Field Circuit Resistance
»Lf - " " Inductance
R, - Armature Circuit Resistance(winding & added circuit
' : : . resistance)
Ly - " " Inductance
Vi - Armature Circult Terminal Voltage
Vf - Field u. " ‘n
i, - Armature Circuit Current
if —‘Fiel@ o "
Wg - Shaftspeed
Tm -~ Shaft Torque

e_ - Speed Voltage or Open-Circuilt Armature Voltage
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As seen in Fig.C2, field flux is linearly related
to field current for a limited range of current. The
nonlinear effect is due to the magnetic saturation of
the iron within the machine., Residual magnitization of
the iron accounts for‘the_finite flux with no field
current excitation.

The instantaneous torque produced by the interaction

of the field and armature fluxes is given by

T, = kdi, | | (C.b)
where k is a constant of the machine. The back emf, or
gpeed voltage, produced by the rotating coils cutting

magnetic field lines, is given by

G
A
po—g

e, = kgw g | B (

where k is the same constant as in Eq.C.4,
In steady-state operation no voltage is induced

across L_. The equation for the armature circuit is then

vy = Raia + ey
Rearranging ig =Vt - €
Ra
- and using Eq.C.5,
i, = Ve T kg (C.6)
.-Ra

The power in the shaft.‘Pm. is the product of torgue

and éhaftspeed,




or Pp = kg1 wy (c.7)

where Eq.C.4 has been used.
Substituting Eq.C.6 into Eq.C.7 gives a relation
for shaft power, in a no-loss motor, as a function of the

terminal variables and the shaftspeed.

b 2y (c.8)

2
= (kd) ¢
Ra

Vi ow, - w
m ga s s

Eqg.C.8 is plotted in Fig.C3. Maximum shaft power
occurs at the shaftspeed, Woor wWhere the derrivative

—CE-E-FQ = 0, or where
dWS

= Yt
Wa o T (C.9)

Substituting Eq.C.9 into Eq.C.8 results in the maximum

motor shaft power

; 2
—w T= = Vi

As an observation, the speed voltage, e_, at this

a'!
maximum power shaftspeed is

e, = kdwg,

vt
Z

which means that only half the power delivered by the
gource, vy, makes it out the shaft. The rest of the power
is dissipated‘in Ry

For the dc motor to simulate the characteristios
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of an ideal, no-loss, windmill, then %3.C.1 & C.2 have
to be satisfied. Relating Eq.C.2 & C.10 to Eq.C.1 & C.2

results in the motor terminal constraints:

Vi _
o2kg  2Vw
2
and v
VE - by
LR,
or ¥ 3/2
' Vi T 2(bRa) Vi (C.11)
and kg = (bR -
. . aa Vit (C.12)

C.3 Motor Specifications

The motor used for the windmill simulation was a
Long Island DC Motor, The'motor'slratings and specific-

ations are in Table CZ.

Table C2 : DC Motor Specifications

Rated Armature Voltage 115V
Rated Armature Current 32 amp
Rated Speed 3450 rpm{ 360 sec™l)
Rated Power | 4 hp(3 kw)
| Field Resistance(25°C) v 75 ohm
Armature ResistancekESOC) 0.1 ohm

Fig.C 4 shows the dc magnitization curve for the
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motor. To obitain the curve the open—circuit armature
voltage was measured at the rated speed of the machine.

This voltage is, from Eq.C.5,

ea=kdws - {(C.5)

and thus a direct measure of the flux variable, kd.
_ Hystérisis effects caused a variation in open-circuit
voltage of no more than 3 volts over the measured range.

C.4 Desired Requirements of Motor

The battery charging circuitry of the SEP system
(section 1.2), willlallow a peak charging current of
18 amperes to flow into a peak battery voltage of
approximately 170 volts. Analysis-bf the dharging~scheme
(chapter II) shows that constraining the peak charging
current to 18 amperes will constrain the average current
to sbout 9 ampé (section 2.3). Therefore the maximum
power output desired of the generator is 170V:9amp or
about 1500 watts (note that the power loss due to the
internal battery resistance has been neglected).

The dc motor, coupled to the generator, must supply
enough power not only to charge the batteries at this
rate but also to cover all mechanical, magnetic and .
electrical power losses in the coupled system.

For efficient use of the generator, its maximum
power output should be delivefed at rated generator speed.
Measufements on the generator (Appendix D) show that

if 1500 watts is to be delivered to the hatteries,at
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rated generator speed and with generator flux level at

a maximum% then 1800 watts of power.must be supplied from
the shaft. Hysterisis énd eddy current power losses in

the generator iron, copper losses in the generator armature.
windings, and stray losses in the machine account for the

. 300 watts power loss. Windage and bearing losses in the
generator will be lumped in with the dc motor's mechanical
losses. Since 1800 watts of net shaft power is desired, then
it is necessary to lump together all éhéft power losses,
those produced in the motor and coupled‘generator.

C.5 Moitor Power lLosses

If the power losses in the dc machine are signified

as Pl then thé shaft power can he Trepresentsd as

Shaft PowerEEP; =(Power into Mofor)-(Power Lost)

= P, - Py R (C.13),

where Pm is given by Eq.C.8.

C.5.1 Loss Clasification and Modeling

The two major components of power losses in a dc
machine'are:
and bearing friétion,windage and the power required to
circulate air through the machine. These losses are

measured by noting the power input to the machine as a

*the generator flux level must be at its maximum to provi@é
enough armature terminal voltage with which to charge the
‘batteries.
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function of shaftapeed,with the machine unloaded and
unexcited. These losses Qary linearly as well as with
the square of shaftspeed.
eddy current and hysterisis power losses arising from
changing flux densities in the iron of the machine.
These losses are measured by noting the power input to
the machine as a funétion of field current excitation.
The measufements arevmade at a particular value of shaft-
speed and friction and windage losses,occuring at this
speed, must be deducted from the results.

Eddy current loes ig dependent on the sguares of
flux density and shaftspeed. This léss can be represented

as

= b oAl £
Ple - keﬂ( ws

where ke igs a function of core lamination thickness,
volume of iron in the machire, and the resistivity of the
iron.

Hysterisis loss ci.n be empirically expressed as
Plh = khwsdn

where ky, is dependent on the characteristics snd the
volume of fhe iron. The constant, n, alsc dependent on
the characteristics of the iron and rangés from 1.5 to 2.5

with the value 2 often used for the purposes of estimation.
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Other power loss mechanisms in a dc¢ machine include:
3) Stray Losses which arise from nonuniform

current distributions in the copper windings, and core
loss produced by the distortion of the magnetic flux
when the machine is running a load. For a dc machine
these losses are usually taken as 1% of power output.
present in the armature windings of the machine. These
power losses are small due to the small value of armature
resistance.

I°R loss algo exists in the field winding of the
machine. But if the field current is driven from a sep-
arate source then thése losses have no beariﬁg on the
armature-power-input te shaft-power-output chafacteristic
of the machine.

C.5.2 Loss Meagurement

Loss measurements were made by noting the de¢ machine's
power input under the described conditions.

'Fig.C5 shows no-load torque-speed characteristics
for the coupled dc motor and generator. Measurements were
made‘wifh the two machines coupled so as to lump together
all mechanical losses. The measurements were also made
at two.diffefent'field flux excitations.

Note thét the amount of torque necessary to overcome
mechanical losses 1is approxiﬁately linearly related to
shaftspeed. Thus‘mechanical power losses, the product

of shaftspeed and no-load torque, have both a linear and
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square dependence on shaftspeed,

The guantity to express flux, from here on, will
be kg, as defined in Eq.C.7. k4, as a function of field
current, can be obtained direectly from the dc motor's
magnitization curve, Fig.C4, by dividing the open-circuit
voltage by the operating shaftspeed. The units of kg are
thus volts-sec. |

Fig.Cé shows a linear relationship vetween no-load
power losses and the square of the field flux intensity,
i.e.(kﬁz). the two curves represent measurements made at

two values of shaftspeed. The loss measurements were

plotted in this manner so that the readings can be encor-

porated into a power-loss model to be described in the
following section.

C.6 Motor Power-loss Model

To simplify the analysis stray losses and armature

lIER losses will be considered negligible and thus ignored.

From the discussion in section C.5 thé power losses: -

in the dc machine can be modeled as the sum of three

components.

{

- Power Losses (Eddy Current Loss)+(Hysterisis Loss)

+{Mechanical Loss)

i

P

2 2 ' |
1 (keﬁews )+(khd ws)+(ktlws+kt2wsz)

where ktl ard ktz are thechanical loss constants.

Py can also be represented as
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o a2 2 2 . A 2 X
Py o= Cylkd) ws™ + Calkd)“wg + Cqwg + Cywg (C.14)
where 01.02,53, and Cy are constants of the machine and
k4 has been used as the measure of flux.

The task now is to estimate Cy through C; from the

measured losses depict in Fig.C.5 & C.6. This will be

" done in three ways auch that an average value can be

picked for sach of the four constants.
Method 1) Relating loss model to no-load torque-

gpeed curve

From Fig.C.5:
for kf=.36V-sec  Pp=T;w =0. 0033w82+0.u9ws watts
for kg=.25V-sec  P;=0. ooz7w 240. 30w, watts
From the model, Eq.C.14
for kd=.36V-sec Pl=(0f13C1+C4)w32+(0'1302+03)ws wathz
for kg=.25V-sec P1=(o.oéucl+c4)w82+(o.oéuc2+c3)wg watte

Equating coefflclents, C1 through Cu can be determined.

Method 2) Relating loss model to power-vs- (flux)

curve,

Prom Fig.C.6
for wssaéosec'i p1=2500(kg)? +300 watts
for ws=180secf1 P1=900(kd)2 +90 watts

From the loss model,
-1 _ 2 ‘ 2
P,=((360) C,+360C,) (k#)

+((360)%Cy+360C,)  watts

for w_=360sec

-1

for w ~180sec £1=((180) ci+180c2) (kg)?

+((180)7 “e, ,1180C;)  watls




Again Cy through Cy can be determined.
Method 3) WS=360,1_80sec'1 and kﬁﬁo.36,o,25v-sec
are common points to both Fig.C5 and
C6. From the curves the power loss
corresponding to these points can be

read. The results are summarized below.

wo(sec'l)  kd(V-sec) Py,Fig.C5(watts) Pp,Fig.Cé(watts)

360 0.37 : 610 €00
360 0.25 - bss Lés
180 0.37 . 200 | : 190
180 0.25 145 . 1l4s

‘These readings can be encorporated into the powef-
loss model, Eq.C.14, and when the average of the readings,

from Fig.C5 and Cé are used, the following equations result:

Rl k=093 ws=360]
.-:(340‘}‘,2(”5}(,+(34c)(w./3)cz + 360C3 +f6e)(y = 425 WATTS

"BLkd =029, we= 192]
= (190)"(0.138¢s + (190){0.03) ( + /1894, +.&g¢)z£.,, = /55 waTls

RLK#= 0.26 e = 3¢2] . |
= (%ofl.0om) G + (3c0)(0-to) Oy 3608y +(3¢2) &y = Y60 warrx

AlLkd =0.25, b= 180 |
= [180)%0.064)(, +(340){0.08)C; + 360¢; +<T:3£o)ga, =195 W ATTS
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Through row reduction 01 through C; can easily be deter-

mined.

The results of Solving for C, through Cy» in the

three methods above, are summarized in Table.C3.

Table.C3 : Determination of Power-Loss
: Constants Cq through Cy

Method L G Cq Cyy
1 0.0095 3.0 0.11 ~0.0021
2 0.011 3.0 0.17 0.0019
3 0.010 3.4 0.09  0.0020

When the values 01=o.01,02=3.o,'33=o.1 and Cp=0.002
arg&eplaced into Eq.C.14 then the cashed curves in Fig.
€5 & C6 can be plotted. These calcﬁiated curves correlate
well with the measured losses. |

Again substituting C1 through Cj into Eq.C.1k4 and
then substituting Eq.C.1% and C.8 into Eq.C.13 results
in an equation that relates the shaft power of the machine
to the armature terminal voltage, Vi the series resistance,

R,, the field flux, kg, and the shaftspeed, w i.e.

S 1

3¢
_ 2
Py = L%gl (%% Wg - wsz) - (O.Ol(kd)zws2 + j(kd)zws

+ 0.lwg + 0.002wg?)  (0.15)

s
Maximum shaft power occurs at the shafispeed where
dP?’n:o

dw a

the derrivative or
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V+k£{ 2
* —ﬁ—— - - 0.
w,(maximum power)Z w_, = a 2(kd) . {(C.16)

50 -
(% + 0.02) (kg)2 +0. 00k
a

For the measured ranges of shaftspeed and field flux
EQ.C.16 may be considered a good approximation of the
maximum power shaftspeed. Theée measured ranges are, aé
seen from Fig.C5 & C6, 180sec'1£wséjéosec-l and 0.25V-sec4
kg<0.36V-sec. The flux ranges‘éorrespond to a field
current range of O.?ampéifél.#amp.(from Fig.C4).

To find the value of the peak shaft power, as a
function of the parameters in Eq.C.16, would entitle
replacing Eg.C.16 into C.15, a sizeable task for any

sane person.

C.7 Windmill Simulation Objgctives(revisited)

At this point of the discussion it may be a good
idea to step back and see what we have, and refresh
our minds on where we want to go.

A model has been developed for a nonideal, or lossy,
de machine. This model relates the peak shaft power of
the machine, and the corresponding shaftspeed, to the
machine's terminal variables. Eq.C.15 & C.17 are the
results‘of'this model,

Our objectives are two fold. Firstly, it is desired
to simuléte, on a proposed dc machine, the steadY—state
behavior of a windmill. To simulate an ideal windmill |
would be impractical for, due to losses, no windmill

is ideal. Thus the objective is to find the shaftspeed
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where shaftpower is at 2 maximum, 2and not where power
extraction from the wind is at a maximum. Therefore we must

. *
solve for values of w

i in Eq.C.3 &.31; over the

desired range of wind velocities.
Secondly, it was previously shown {section C.4) that
1800 watts of shaft power is necessary to supply 1500
watts of electrical power fo-the generator load. Eq.C.3
& 31 show that, in a windmill system, a particular value'
of power can only be achieved at a particular wind velocity.
Thus 1800\watts of shaft power can only be achieved at
the wind vglocity. Vym: where the maximum power, for a

lossy windmill, is given by Eq.(.3, i.e.

» , _ * *
Prolvwn] = 1800watts = P Jvym.weon] - P1[Weon)]

where, from Eq.31

* - * '
WSOm = a[wsom]vwm , OIr a[vwm]vwm

The task now is to find values of 'a', b, and Vo
and relate them to the motor terminal variables to accom-
plish the simulation. The eguations that relate ideal
windmill behavior to the dc motor terminal variables

were derived previousiy (section C.2) and are reproduced

here as a reminder of what has been accomplished:
. 5. 3/2
vy ® E(bRa)sz / {(C.113
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1
and bR, )"
n ke = ( aa

ol

(C.12)

Vi

where 'a' and b are constant of the windmill to be simu-
lated and Ra is the series resistance in the armature
circuit of the dc machine.

c.8 Procedure for Windmill Simulation

As a starting point the assumption is made that
1800 watts of power is in the shaft of the coupled motor-
generator when the de motor is running at its fated
voltage and speed. It was stated (section C.4) that 1800
watts of shaft power was necessary, at rated generator
speed and maximum generator flux, to supply 1500 watts
to the batteries. The difference of the two powers is
consumed by losses in the generator.

The dc motor's veltage and speéd‘ratings are, from
Table C2 {section C.3), a speed voltage of 115V and
shaftspeed of 36Osec'1. At this shaftspeed the field
flux level necessary to attain this speed voltage of

115V is, from Eq.C.5,

g = % = 115V o - c.1
g e 380%sc-1 0.32V-sec (C.17)

The dec motor power losses, at this speed and flux
level are, froﬁ Eq.C.14 and Table C3, approximately 550
watts., Thus to put 1800 watts into the motor shaft requires,
from Eq.C.5'& C.?. the product'of speed voltage and

armature current to,bé 2350 watts. Since the speed
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voltage has been stated to be 115V *then an armature

current of 20.5 amps is necessary to supply this power.
The relation between armature terminal voltage, Vi,

terminal curréht, i,, series resistance, k., and speed

voltage, e is shown in‘Fig.Cl. This relation is

a'

Usung the values for e_ and ia calculated above

a
and defining Vi 88 Vi, the armature voltage necessary
to put 1800 watts onto the motor's shaft, results in a

relationship between Vip 8nd armature resistance,R,,
Yim = 115 + 20f5Ra volts (C.18)

For the windmill simulation it is necessary that the
shaft power of 1800 watts be at the peak of a shaft-power
versus shaftspeed characteristic. Therefore the rated
shaftspeed of 360 s.r—zc:“l must be a maximum-power shaftspeed
and thus satisfies Eq.C.ié, where kg is given by Eq.C.17
and vy is now vyp, the terminal vcltage necessary to put

1800 watts into the shaft. Then, from Eq.C.16

0-32vtm - 3(0.32)% - 0.1
=1

360sec™! =

(2 +0.02)(0.32)%2 + 0,004

2
Ra

or 0.32vyy = 2.6R, + 73 (C.19)

Solving Eq.C.18 & C.19 results in
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Vim = 305V

R, = 9.25 ohm

New that R, is known, the maximum-power shafispeed,

N ,
Wge in Eg.C.16, is only a function of armature terminal

voltage and field flux level.

% _ 0.11vy(kd) - 3(kg)? - 0.11 o
Y's0 — 0.3{xg)% + 0.00L (C.20)

Since the field current is directly related te
field flux, w:o can be plotted as a function of terminal
voltage and field current. This is done in Fig.C?7 where
the vertical axis is the nonideal, or lossy system's,
maximum-power shaftspeed, w:o' normalized to the ideal
maximum-power shaftspeed, Weeor given by Eq.C.9. The
family of cﬁrves is WZO/WéO plotted for different values
of.terminal voltage, vi. The dashed curve will be referred
to later. |
-=-Finding*'a', b and Vom ™~

The ideal windmill simulation equationsg, C.11 & C.12,
can now be used to‘relate ta', b and Viem® When vt=vtm=3057,
kg=.32V-zec, R =9.250hm and w_=360sec™! then 2350 watts
is expected to be supplied to the dc motor. If Vym 18 the
wind velocity, in ﬁiles perlhour? at which this émount
of power ié extracted from‘the‘wind, then from Eq.C.11
& C.12,

0.92 = L&%i@iévwmyz

‘*these units are used for convenience
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 windmill at the wind velocity v

' ‘ 1
and 305 = 2(9.25b)%vwm2
or L
= = 2
75 ngm L (C.21)
and 2500 = bv 3 = p (C.22)
wm mom . )
where Pmom and ¥om gre. respectively, the peak power

and corresponding shaftspeed for an ideal, no-loss,

wr+ Lhese results prove

~interesting. If the dc motor was simulating an idezl

windmill then.Eq.C.21 & C.22 show that 2500 watts would
be extracted from the wind at a shaftspeed of u?Ssec'l.
In the presence of losses, the shaftspeed for which
maximum power is transferréd to the shaft is somewhat

less than 4?5sec-1. i.e. 360:—:ec'1

. At this reduced speed
only 2350 watts is extracted from the wind, in the wind-
mill case, or from fhe'electricalrsystem suppling the
motor, in the simulated windmill case. Reduced power
losses at this lower shaftspeed results in a net higher
shaft power.

If any one of 'a', b or Vym are specified then
this will result, through Eq.C.21 & C.22, in values for
the other two constants. Assuming a windmill that can -
extract 2500 watts from the wind, at a conservative
wind velocity of 15 mph, fesults in the following values

for 'a' and b.

a = 32 ; b =0.74




From Eq.C.11 & C.12 the terminal excitations for the
de motor can now be directly related to, desired

operating wind velocity.

v, = 2<bRa)%vw3/2 = 5.3vw3/2 (c.23)

and (bR)Z 4 L k

= kg = ~mmBl Vy® = 0.83vy? (C.24)
a

where Ra=9.25ohm has been used.

Thus for specified simulated wind velpcities an
armature terminal voltage and a field flux excitation,
giveﬁ by Eq.C.23 & C.24, must be impressed on the dc¢
motor. The dashed iine superimposéd on Fig,C7 was
pletted by using Eq.C.23 & C.24 and the relationship
between field flux and field currént. given by the
magnitization curve of the de machine, Fig.C4. The numbered
points along the curve represent steady state opérating
points for specific wind velocities. This locus of points
thus relates wind velocity to the normalized nonideal
peak-power shaftspeed. The locus has been replotted in
Fig.C8 with wind velocity as the horizontal axis. This
plot tells us st what shaftspeed to operéte the coupled
motor-generator to makimize the power in the shaft. In
other words we have found the nonlinear function a[vg]
in Eq.31. The actual plot in Fig.C8 is wzo[vw]/wso or,
from Eq.C.2 and 31, a[&ﬁ]/a.

':”‘ -

Replacing Wooo

Eq.C.20, for wg in Eg.C.15 gives the
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peak shaft power in terms of v, and kgd. From the resulting
equations and Eq.C.23 & C.24 a plot can be made relating
peak shaft power to wind velocity. The family of curves
in Fig.C9 shows the relation between'vt, kg, and what
has been termed "peak power efficiency". The peak power
efficiency is the ratio of P;o. the nonideal, or lossy,
peak shaft power, to Pror the ideal peak shaft power.
Eq.C.23 & C.24 are represented by the dashed curve, in
Fig.C9, with marked ﬁoints being specific wind'velocities,
in mph. This locus of points gives the calculated steadyQ
state peak shaft power operating-points of the system,
with the shaftspeed controlled such that w:O=a[VQ]vw.
Using Fig.C7? &C9, Fig,Cl0 is plotted showing ideal
and nonideal peak shaft power versus shaftspeed for the
marked wind velocities. For the ideal case

P = bv = D3 wso3
a

is the curve plotted with a=32 and b=C.74%. For the non-
ideal case the plotted function is Eq.C.15 with W EWE o=
a[vw v, (from Fig.C8)

An interesting, yet not unexpected, plot is the one
in‘Fig.C.ll.-It shows the ratio of how much shaft power
we would have gotten, had the simulator been contfolled
as an ideal windmill (i.e. ws=av,), to the power we could

have have gotten if the similator was controlled as an

nonideal windmill (i.e, Wsza[VQ]Vw)'
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C.9 Implementation of Windmill Controls

" The squations to be simulated on the dc machins are
Eq.C.23 & G.24, The input to the simulation cifcuitry
will be a voltage reresenting wind velocity. This
voltage will be processed so as to impress the proper
source voltage on the armature circuit and the proper
field flux excitation in the field windings of the machine.
The electronic control of the field flux is via a current
source impressed on the field windirgs of the machine.
However, the relationship between field current and
field flux is nonlinear and is given by-thé dc magnitiz-
ation of the machine. The solid line in Fig.C.12 shows
this relationship. The curve was generated by measuring
the open-circuit voltagé of the machine (at rated shaft-
speed) as a function of field current, and dividing the
result by the shaftspeed. This gives a direct measure of
the flux ievel in the machine. To obtain a certain flux
level would require exciting the motor field winding
with the corresponding field current given by Fig.C.12.
For a given flux levél the corresponding wind velocity,
given by Eq.C.24, is also plotted in the figure.

For simplicity the relationship between field current
and field flux was eléctronicallyvimplemented via a
piecewise linear function with only one break point. The
broken line iﬁ Fig.C 12 représents this funetion. The

broken line can be considered a ressonable approximation
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to the solid scurve for several reasons. Firstly the
large deviation in the two curves at low simulated wind
velocities is of little importance. Measurements on the
machine showed that at least a 3% mph simulated wind
velocity was required té overcome coulomb friection in
the shaft and bearings of the machine. Since power cannot
be generated until the generator shaft, coupled to the
motor, is turning then accurate windmill simulation is
of little importance at these very low simulated wind
velocities. Secondlyrit was decided (in gection C.8)
that 2 15 mph wind velocity would supply enough power to
match the largest battery load on the generator. Thus
accurate windmill simulation above a2 15 mph simulated
wind velocity is less important since the lead cannot
absorb any.more power, lastly, hystefisis effectslin the
machiné.iron cause a few percent variation in the de¢
magnitization curve., Thus a more accurate approximation
to the solid curve in Fig.C.12 would be of little value.

C.9.1 Armature Voltage Control Circuitry

From Eq.C.23 it can be seen seen that a source
voltage proportional to the 3/2 power of a simulatéd
wind velocity is necessary, Also the source must supply
enough power to drive the dc motor.

The circuit diagram for the motar armature drive
is shown in Fig.C 13. Two Intfonics M530J analog multi-
pliers were used to produce the 3/2 power function {(one
to perform a square-root an the other to perform a

multiplication). A phase-controlled three-phase full-wave
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bridge was used to supply the drive to the motor, A full-
wave bridge was used over a half-wave bridge since it
offers a greater average-to-peak voltage ratio. Three
Vectrecl firing circuits were also used to provide the
gsynchronous gate signals to the SCR's in the full-wave
tridge. o

For a voltage input varying from 0 %o 5V the Vectrol
01rcu1ts produce a gate signal that varies from 190O to
0° from the zero crossing of a reference sine wave input.
The reférence signal is derived from across the phases of
the three-phase source. The Tiring angle, for a single
Vectrol firing cirecuit, is thus measured from the point
where the voltage across the corresponding pair of phases
is zero. The Vectrol circuit also puts out two separate
gate signals, 180° apart, one for the positive half-
cycle and the other for the negative half-ecycle. of the
reference signal. These two outputs are used to. control
the firing of a pair of SCR's in the bridge.

The relatlonshlp between the voltage to the input
of the flrlng circuit and the voltage appearing at the
output of the three-phase bridge is very nonlinear. Thig
nonlinearity was linearized through the use of feedback.
The voltage from the output of the bridge is compared
with the voltage out of the analog multipliers. The
difference volfage is fed to,fhg sperational amplifier

and drives the input voltage of the firing cirecuits
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until the desired sutput is reached. Since the voltage
output of the analog multiplier wvaries from 0 to 13V, a
resistor devider Ri‘ R, provided the loop gain necesgary
to drive the bridge output voltage to that re@uired

for the windmill simulation.

" The choice of capacitor C is also of interest and
essential to loop stability. The phase control circuits
car, be modeled as a pure time delay. Each circuit fires
twice for every cycle of the reference signal input,
once for every'positive and oﬁce for every negative half-
cycle.ThUS the fastest the firing controls can react to
a changing input is within one half cycle of the refer-
ence signal, This meane that for an inpui voltage changing
at the rate of the reference frequency the firing circuits
would cause a 180° phase shift. If’is the func-
tion of the integrator, which is alsoc acting as a low-
pags filter, to bring the gain of the loop down below =2
magnitude of 1 before the referenée frequency is reached.

The dc loop gain 6f the circuit was chosen to be
approximately 30. This value was chosen because a simulated
wind velocity of 15 mph brﬁught the output of the analog
multiplier to 10V. Since, from Eq.C.23, approximately
300V is needéd at the input of the motor armature circuit
when the simulated wind velocity is 15 mph, a gain of 30
is necessary through the phasé control stage.

Considering the de gain of the loop, the reference

frequency, which is 60 hz or 377 sec_l, and the fact



that a single pole rolloff is at 6db/cctave, the value
of RC necessary for the single pole filter must be greater
than approximately 0.1 séccnds.

The response time of the loop to varing inputs
would be of this same order. A fast response time for
this circuit is not important as long as it is faster
than the mechanical time constant of the motor. This is
because the motor cannot react to a changing armature
voltage faster than its mechanical time constant. For
the proposed motor the mechanical time constant is on
the order of a few seconds. The RC product, for -the
filter, was chosen to be about 0.2 seconds. This time is
about an order of magnitude fastér than the response
time of the motor and also large enough %o keep the loop
stable. .

€.9.2 Field Current Control Circuitry

The output of the analog multiplier performing the
square-root operation is used as the input to the field
current drive. The nonlinear operational amplifier circuit
of Fig.C13 1is used to give the correct field current
for a simulated wind velocity input, as discussed pre-
viously.

The Optiﬁél isolator stage, shown in more detail
in Fig.C14, provided isolatidn between the armature
voltage and field current confrols. This eircuit config-

uration was used due to its low dc drift. It is an adapt-

10k




-

ation of a circuit introduced by Hewlett Packard Corp.

The output of the islcator stage can be adjusted *o
give a de bias. This bias compensates for the base-emitier
diode drops in thé Darlington power amplifier stage that
drives the field current.

The Darlington power amplifier.ﬁroduces a current
through the field winding of the motor that is linearly
related to the voltage applied to the base of the ampli-
fier.

The gains of each stage were chosen such that a 0 to
15V input fo the square-rcot function device produces a
0 to 10.7 amp corrent in the field winding of the motor.
This is precisely the required limits on the transfer.
function given by Eq.C.24 and Fig.Ci2.

.10 System Testing and Evaluation

Meagurements were made to see how well the system
performs its functions. Fig.C15 & C16 show calculated
versus measured values of armature circuit voltage, Vi
defined in Fig.Cl, and field flux level, kg The caicu«
lated values are from Eq.C.23 & C,24, The field flux
was determined by measuring the field current and using
the solid line in Fig.C12 to relate the field current
to the field flux level. The correlation ﬁetween measured .
simulation values and calculated values is quite good
except for the case of field flux af low wind velocities.

This may be attributed to nonlinearities in the isolation
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stage which occur if the *two optical isolators are not
matched or the input bias currents to the isolators are
not identical. However, as stated in the previous section,
aceurate simulation at low wind velocities is unimportant.
Fig.C17 & C18 show the production of the square-
root and 3/2 power functions by the analog multipliers.
Each de#ice performed to specs, within 2%, for inputs
up to 15V and outputs up to about "13V.. Fig.C19 shows
the production of the nonlinear function and Fig.C20
shows the input—outpﬁt'relationship for the square-rcot,
nonlinear and 1solat10n circuits. The bias for zero input,
for the comblned circuits, is necessary to ccmpensate
for the base-emitter dlode drops in the Darlington power
amplifier stage. Potentiometers were used in the nonlinear
circuit to adjust the break point and gains until desired
characteristics, within several percent, were attained.
Performance of thé overall transfer function, square-
root function to Darlington amplifier, was surprisingly
accurate, w1th1n one or two percent over most of the
simulated wind ve1001ty range (see Plg.ulé) However.,
notice the almost linear nature of the transfer function
in Fig,. CZO‘except for low simulated wind velocities,
Since simulation at low wind velocities is unlmpor tant
{(see section C.9) then a linear approximation to the
the function in Fig.C20 may have resulted in accurate.
enough windmill simvlation.

Plots were made of machine power as a function of
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‘shaftspeed for different values of wind velocities and

for different numbers of battery sections on charge.
The varying parameter was generator flux which was uzed

to change generator load such the power curves could be

plotted.

The plots to be presented show
‘_(1) the measured versus calculated power into the
windmill simulator, i.e. dc moter,
{2) the calculated power in the shaft of the
coupled motor-generator,
(3)‘the measured power output of the generator,
(4) the estimated pbwer being stored in the

barreries.

- Fig.C21 '& C22 show these plots.

The power entering the motor is given by Eq,C.8.
From Fig.C15 & C16 the deviation between measured and
calculated values of armature voltage, th and Field
Flux, kg, is less thaﬁ 2% for ﬁost wind vélocities, The
only other source of error between measured power  into

the motor (solid line in Fig.C21 & C22) and calculated

- power onto the motor {(dashed line in figures) is in
I LE

filuctuations of armature resistance due to IZR‘heating,
Air-cooled high-power résistors were used to keep,these
fluctuations to a minimum. As one can see the deviation
tetween calcuiated andlmeasured power into the motor is

almost negligable.
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Due %o flux saturation in the generator, and thus
a2 1limit on generator load when feeding power into a battery
load, the power curves could not be extended to lower
shaftspeeds as shown, Also due to limitations on generator
shafﬁspeed. the curves could nct be extended to higher
shaftspeeds. However,only the peaks of the windmill
power-speed curves, as shown, are of interest since desired
operation, in a controlled éystem, will cccur there.

The curve showing the power in the shaft was eazlcu-
lated from the derived loss-model equation for the de
machine, Eq.C.15. The difference between the power entering
the motor and the power in the shaft 1is due to mechanical
p&wer-losses in the shaft and core losses in the motor.
These losses are shown separately in both Fig.C21 & C22.

The power output of the generator was measured and
is identieal to the power entering the batteries, i.e,
thé product of average charging current and battery
terminal voltage. The difference between the powef in
the shaft and the power entering the batteries is due to
core, stray, and 12R power losses in the generator, shown
in the figures, | |

The battery losses were estimated by calculating
12R where I is the average charging current and R, the
battery resistance, was measured to be about 1 ohm per
battery section. |

Notice from Fig.C21 & C22 that the peaks of both
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maximumfand battery powers OCCUL 2t much lower shaftspeeds

than the peak in power into the motor. The effect of
motor, or simulated windmill, losses being much less
a+ lower shafispeeds readily explains thig effect.

The only question remaining is how well has the
dc machine simulated 2an actual windmill power-speed
characiaristic 1ike the ones shown'ih Fig.3. The criteria
for simulation was thé production of 2 power-speed char-
actéristic where 1) the peak power is propcrtiohal to the
cube of a wind veloclty parameter and 2) the shaftspeed
2t which this power peak occurs ig directly proportional
to the same parameter. This has been done to a fairly
good extent. The ghape of the simulated wind-power-
extraction curve has been calculated Eq.C.8, and is
in the form of & parabola, Fig.C3. Whether the rest of
the power-speed curve, other than the peak, follows that
of a typical windmill i3, however, unimportant. since
desired steady~state operation 1is only at the peak of
the curve. .

lastly 2 ma jor difference between an actual windmill
and the motor 51mulatlon is in the source of powef losses.
Tn & windmill the loss mechanisms are of mechanical
origin. In a motor, however, magnetic core logzes consume
a substantial amount of power (see Fig.C21 & ¢z2). Une
queatlon that needs answering is : Are mechanical logsses
in 2 windmill comparable to mechanical -and core losses

in a d¢ machine? Unfortunately the author does not have
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the answer to this guestion. Yet this question must be
answered before one can consider a dc machine as an

adequate windmill simulator.
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APPENDIX D
SOURCES OF POWER LOSS IN A
WINDMILL POWER SYSTEM

There are four major sources of power loss in the
considered electromechanical conversion system.

1) Mechanical losses consist of bearing friction,

e i Vgt T ™ .

windage and losses incured if a gearing system is needed to
increase the windmill's shaftspeed to a range that is
suitable for a desired generator. These losses, in a
suitable model, vary linearly as well as with the square

of shaftspeed. ’

2) Generator Iron-Core losses consist of hysterisis
and eddy'current losses incurred in the generator due to
the changing flux densities in the iron of the machine.
Eddy current current loss varies with the products of the
squares of both flux density and shaft speed, Hysterisis
loss vary with the product of shaftspeed and the approximate
square of flux density.

3) Stray losses arise from aJ’nonuniformvcurrent
distributions in the coppér windings, and b) core losses
produced by the distortion of the magnetic flux when the
machine is running a load, These losses are related to
fiux density and shaftspeed yet ‘they are difficult:
to determine.

b) Copper losses, or 1°R losses, are present

118




in both the armature winding of the machine and the charging

batteries.
For the proposed generator, mechanical, iron-core,

2 . s as
stray and I"R losses were measured under ¢ertain conditions

and are shown in Fig. D.1, D.2 & D.3.
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