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Abstract

This paper is toncerned with the intercon-
nected operation of Wind Electric Conversion
Systems (WECS) with the utility grid. It addres-
ses problems of stability and power flow optimi-
~~zation from the WECS to the power lines.

The approach followed is based upon the de-
velopment of computer algorithms and their veri-~
fication with actual ekperimental results. A va-
riable - speed constant - frequency wind electric
"system utilizing a synchronous generator and line
commutated inverter provides the basic physical
configuration for the computer simulation studies
of the interconnected system. Simulation results
.indicate that the transient behavior of the wind
electric - power agrid system in satisfactorv.

. A maximum power tracking mechanism provides
- continuous matching of the wind - electric gene-
- rator to the grid impedance characteristics. As
a result, maximum electric power is transferred
from the wind machine to the power lines. Compu-
ter simulation studies of this type of oberation
indicate the substantial improvement in power
‘transfer that is achieved.

The proposed scheme tends to minimize equip-
ment and maintenance costs while maximizing the
energy transfer capabilities of the wind - elec-
tric conversion system and maintaining a high
- degree of reliability in overall system perfor-
~mance. -

« INTRODUCTION

‘Various methods have been prcoposed for the
interconnected operation of WECS with a utility
grid where the latter
rage medium [1,2]. Host af these methods usually
bresent serious disadvantages duec to such opera-
tional requirements as the employment of compli-
cated and expensive control mechanisms in order
to maintain a constant or nearly constant propel-
ler rotational speed (case of directly interfa-
¢ing a synchronous or asynchronous .wind gerera-~
tor to thé utility mains) [3], the nead for reac-
tive power loading (case of an induction - type
wind generator) or the utility of special machi- -

" ne features involving nultiple windings or commu
tators thus inéreasing substantially equipment
costs [4].

This paper is concerned with a simple WECS
architecture consisting of a horizontal axis
wind machine, a synchrorous three - phase gene-
, rator , a rectifier arrangement and a line - com-
- mutated inverter - maximum power tracking system
with the dual role of cenverting the wind gene-
rator dc power to ac form in synchronism with
the grid characteristics as well as optimizing
the power transferred from the wing conversion
system to the utility lines (Figure 1). o
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The propeller is free to rotate at any safe spe-
ed with the generator producing a variable - am-~
plitude, variable - frequency output voltage wa-
veform.,

The design philosophy focuses upon maintai~
ning as simple as possible the aerodynanic - me-
chanical machine features while clustering the
necessary interfacing - control instrumentatior
" off line " (away from the rotating components)
thus pfoviding easy accessibility for maintenan-
ce and repair [5]. Special attention is given to
the development of appropriate methods for maxi-
mizing the power transferred from the WECS to an
autonomous power system.

2. THE MODELLIKG APPROACH

The desiagn of the interfacing - maximum po-
wer tracking mechanism is aided by computer simui-
lation studies involving the behavior of the in-
terconnected WECS -~ grid system under various
transient and steady - state conditions.

Figure 2 shows the dependence of the power
coeificient Cp, representing efficiency of con- .
version from wind power to mechanical pcwer, on
the wind speed ratio A (ratio of blade tip speegd
to wind speed) for various values of the blade
pitech angle. The shape of these curves tegether
with the operating characteristics of the gene-
rater - rectifier system contribute towards the
appearance of a characteristic output behavior
for the propeller - generator - rectifier svsten
simiiar to the one shown in Figure 3. Sources
with such characteristic behavior present an ore-
rating point at which maximum power is transfer-
red from the source to a given load. This opera-—
ting point is specified by the letter M in Figu—~
re 3. It is desirable therefore that the overall
interconnected system overation be kept as clo-
sely as possible to M. From a design point of
view, this is achieved by regulating continuous—

- 1y the inverter operation. Dynamic control is

necessitated by the fact that both the wind spe-
ed characteristics and the utility load impedan-
ce, at the point of interconnection, vary randeom-
ly and continuously.

In the following paragraphs mathematical
descriptions for each one of. the basic suksystems
are developed to be used in the simulaticn studies,
Numerical values for some of the input parameters
cf the mathematical models are derived from the
experimental configuration. :

a) The aerodvnamic subsvstem,The tip speed ratio
A is defined by the relation ;
_ 9p Ry
A= 7
where @, is the propeller angular velocity, Ry
the radius of the propeller and V the wind speec.

(1)
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The shaft torgue of the propeller is given by

, 1 3.2, .
qIN ='3‘anRp Y CT ( )

« where k is a constant, p the density of atmosphe-
.fric air and Cp the torgue coefficient. The Cpvald

characteristic curve of the experimental wind
turbine is approximated by the relation

3

Cp==0.23.107°A+0.10. 10722320, 011%40. 16A+0.25 (3)

Equations (1),{2) and (3) define the mathematical

medel of the wind turbine subsvstem. Wind spead

C y ) ) "1 '(
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Block diagram of the wind electric conversion system.

V'is the input variable and shaft torgue Tiy ?he
model’s output variable with @p an  intermediate
input variable, )

b} The synchronous generator. The synchronous ge-
nerator is -described by the matrix equation

Rpiq (4)
Ve
where the vector ip defines the direct, quadra-
ture and field currents of the generator. The
equation coupling the electrical to the mechani-
cal machine quantities takes the form
dw 1 )

2t - 5 {TIN—(Ld—Lq)ldlq—leqlf} (5)
where J_ is the inertia of the propeiler - gene-

rator syvstem and Ld,Lq,LS are elements of the ma
chine inductance matrices.

g% ipg = —Lg1RiB+szpiB—L;1

Equations (4) and (5) describe the dynamic
behavicor of the synchronous generator when it is
terminated at a syrmmetrical load R, and an input
torque T;y is applied to its shaft. The model
output variables are the direct and quadrature
axis currents and the angular velocity of the
shaft. Equations (4) and (5) are in state - vari
able form angd may be solved for the four state
variables id,iq,if and o, using a Runge - Kutta
routine.

The steady-state behavior of the machine is
arrived at by setting the left-hand side of equa
tions {(4) and (5) equal to zero. With the field
excitation current, i » having reached its final
the functional form of the steady
state eguation is '

£y (i4, iq,mp) =0
falig, iq,mp) =0 (6)
f3(TIN'idliq) = 0
c) The rectifier circuit. a classical bridge re-
ctifier .is used to convert the variable frequency

ac output of the generatecr to'de form. The recti

fier is assumed to be loaded by the input impeda-

nce of the synchronous inverter,Riy. Thus the di-. |

rect and quadrature axis input currents, iy and
igs produce an average ccmponent of voltage, E,
5% the rectifier output given by the relation

E = 0.7388Rpy vi24i? (7)

Also, the rectifier load Ryy., when reflected to



the input side, is linearly related to the 'gene-
rator equivalent load, R;, by

RIN

fu = 77833 8)

d) The svnchronous inverter. The 'inverter circu-
it, is based upon a four thyristor bridye desig-
ned so that an external voltage signal may be
used to vary the thyristor firing angle and, the-
refore, the amcunt of electrical power being
transferred from the wind generator toc the uti-
lity grid. variation of the firing angle accomp-
lishes the dynamic matching required for maximum
power transfer between the input characteristics
of the inverter (dc voltage) and its output cha-
racteristics (power grid). For any given grid
impedance, Z/¢ , at the point of interconnection,
the mathematical model for the capacitor~inverter
filter system relates the inverter average power
output, P_ .., to the input voltage level, E, and
the control signal Ve. The exact mathematical re-
lation is rather cumbersome but may be repre- -
-, Sented, functionally, by .

Pout = 91 (EI Vcl ZL}Q ) (9)

‘milarly, the inverter input impedance,
~omputed from the same input gquantities.
last relation is expressed, in functional form, by

Pin = 9,(E, V, , 2/¥ ) (10)

Equations (9) and (10) define the line~commutated
synchronous inverter model.

R is
IN7
This

e) Maximum power tracking circuit. The feedback
-circuit includes an electronic wattmeter that
-continously measures the power level at the uti-
“ lity-grid terminals; a hyvdrid power level gradi-~

ent detector which samples the wattmeter signal
. output and holds it for comparison with the next

sample; a logic circuit changes state whenever a
- hew sample is smaller than the preceeding one,

but remains in the sane state if 2 new sample is

larger than the preceeding one, thus representirg
an increase in power level; finally, an integator
circuit provides a constantly changing output
whose direction of change is increasing for one
state of the logic circuit and decreasing fo the
other state. This control signal is used to fire
the inverter thyristors, thus controlling the po-

‘E?r level transferred to the grid. -

The mathematical model describing the opera-
~10n of the maximum power tracking device is sim-
ply represented by the -switching state equations:

v =V +A, &V (11)
Cre1 ey ke

Ak+l = Ak Slgn[Poutk+l —Pouth (12)

T 3. SIMULATION STUDY AND RESULTS

The simulation assumes a given step change
in the wind speed, while the grid impedance re-
mains constant, and calculates in sequence the
shaft output torqgue, the generator currents, the
voltage input to the inverter circuit and the
Power output, The program is executed iterative-
ly until the turbine - generator - rectifier -
inverter model stabilizes. This procedure is re-
pPeated so that a value for the control voltage

.18 reached at which the power output oscillatesg
about a maximum setting. The simulation is par-
“.formed with or without the feedback loop for both

“~transient and steady - state conditions of the
« generator.

".a) The dynamic behavior. Figure 4 shows the com-
buter sinmuilztion resalts for the transient beha-
vior of agenecrator whose output impedance is nate-
hed to a power line with an impedance of 0.6 g

0 2¢ 40 60

and power factor of 0.8 at the point of connec~- .
tion and at approximately the rated speed of the
machine.

The input signal is originally a step chan-
ge in wind speed from 0 to 10 m/sec. The excita-
tion remains at the 10 m/sec level until the sys-
tem behavior reaches steady-state conditicns
(approximately 120 sec).it that moment, the wind
speed is reduced from 10 n/sec and the simulati-
on is repeated using the previous steady-state
values as the new model initial conditions. The
results indicate that transient phenomena proce-~-
ed smoothlyv without a need to initiate the opera
tion of any protective devices. Similar runswith
various wind speed input functions lead to paralr
lel conclusions as far as the transient behavior
is concerned.

It is noted that the time constant of the
mechanical subsystem is of the order of several
seconds. Thus, the time constants associated with
the electrical subsystem (response times of the
order of msec) may be neglected when compared
with the mechanical sybsystem response. As a con-
clusion it may be stated that the system is elec-
trically in a steady-state condition at each in-
stant of time. The steady-state model of the syn~
chronous generator may, therefore, be used in
fhe study of power transfer phenomena.v*
3
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Figure 4. Transient response of the intercon-

nected system variables. The wind
input excitation is shown at the

. top riaht.

b) The steady-state pbahavior. In this study the
wind speed is varied while the grid impedance is
kepot constant. Eoth the unmatched and mathed ge~
nerator models are emploved in the simulation
-runs when the VWECS is connected to a power grid
vith specified characteristics. The system mo-
del is considered first with the feedback leoop
oren and subsequently with tha loop closed. Thus
the combinations of simulation runs produce the
four power output cutves of Figure 5, It is ob-
served that the power transfer efficiency impre-
ves by as much as 80% for the unmatched rodel
whereas the improvement is about 5% for the mate
ched case with the meximun power tracking necha-
nism in operation.

Tt is-also noteworthly that the curves cor-
responding to maximum power being transferred
from the two types of machine models coincide.
This implies that the maximum power transfer
scheme achieves alwayve the maxinum povier trans-
fer for the interconnected system.
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Figure 5. Power cutput ve. wind speed

(a) - unmatched sustem without feedhack

(b) -~ unmatched system with fe dhack.

(d) -~ matched system with Feedhack.

4. CONCLUSIONS

The dynamic behavior of the intercornected
system reveals no undesirable transient phenome-
na such as mechanical oscillations or cver-vel-
tages and currents. These results are also veri-,
fied by experimentation. Thus, the reguirements
for mechanical ang e2lectrical endurance of the
pParticular WECS studied are not severe, with op-
vious consequences for system costs,

The safety equipment protscts effectively
both the wind gencrator and the power grid from
various fault conditions.

- Both impedance matching and power tracking
result in maximization of the energy transferred
from the WECS to the grid.

These results, coupled with the fact that a
simple and inexpensive synchronous generator is
emploved, indicate that an optimum operation,
from a technical and economic étandpoint, is achi-
eved for a large range of wind speed variations,

Finally, the low cost of components (inver-
ter-tracker) and maintenance adds to the econcmic
attractiveness of the pProposed scheme,
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