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Abstract

This paper is concerned with the interconnected operation of WECS with the
utility grid. Specifically, it addresses problems of stability, protection and power
flow optimization from the WECS to the power lines.

The approach followed contains both a theoretical and an experimental
component. A variable-speed constant-frequency wind electric system utilizing
a synchronous generator and line-commutated inverter provides experimerital
verification of computer simulation studies for the dynamic and steady-state
performance of the interconnected system.

Simulation results indicate that the transient behavior of the wind elec-
tric-power grid system is satisfactory with appropriate devices providing
adequate protection to both the wind generator and the utility grid from a variety
of fault conditions.

A maximum power tracking mechanism has been designed for the continuous
matching of the wind-electric generator to the grid impedance characteristics. As
a result, maximum electric power is transferred from the wind machine to the
power lines. Computer simulation studies of this type of operation indicate the
substantial improvement in power transfer that is achieved.

The proposed scheme tends to minimize equipment and maintenance costs
while maximizing the energy transfer capabilities of the wind-electric conversion
‘system and maintaining a high degree of reliability in overall system performance.

1. Introduction

In recent years there has been growing interest in utilizing wind-electric conversion
systems to provide some of the electricity demand on a large scale [1]. Such sys-
tems are usually interfaced with the existing power grid for “fuel displacement”’
purposes as well as for earning some “capacity credit”. In the case of an autonomous
operation of WECS, some form of energy storage is required (pumped storage, hydro-
gen production or battery storage) thus reducing the economic attractiveness of the
overall system. .

This work involves the study of grid interface problems associated with the
parallel operation of WECS and conventional power stations interconnected with the
utility grid [2-8]. The technoeconomic requirements for the reliable operation of
WECS interconnected with the power grid may be summarized in the following
statements [9]: !

1. The wind generator system must have a high degree of efficiency for the
whole region of power output operation.

2. The grid must be capable of absorbing, at each instant of time, the maxi-
mum power produced by the wind generator system.

3. The electrical power must be introduced into the grid without distortion
and should not require a reactive power component.

4. The unscheduled interruption of the operation of one wind generator or
more should not disturb the operating characteristics of the utility system.

5. Faults on the WECS side should not interfere with the overall stability

of the power system.

6. The operation of the WECS should be reliable and should involve the

minimum possible maintenance requirements.

In the operation of a wind-powered generator, power in the wind (Py) is
converted to mechanical power (Pyp) by the aerodynamic system and is then con-
verted to its electrical form (P.) by the electrical generating system, as shown in
Figure I.
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Figure 2  Power coefficient Cp vs. wind speed ratio A for various types of turbines

(a) Ideal efficiency of propeller type turbine
(b) High speed two or three blade turbine
(c) Darrieus rotor !

{(d) Modern multiblade turbine

(¢) American farm windmill

(f)  Savonius rotor

(g) Cyclogiro wind turbine

The mechanical power developed, Py, is given by Py = CPPW, where Cp is

the power coefficient representing efficiency of conversion from wind power to

- mechanical power. The dependence of this coefficient on the ratio of rotor blade
tip speed to wind speed, A, is shown in Figure 2. The characteristic curves for
various types of wind generators indicate that if the turbine’s rated speed corres-
ponds to the maximum value of C,,, then increasing or decreasing wind speed will
result in decreasing C., if the shaft speed is held constant. On the other hand, if
rotor speed is allowedp to vary with wind speed, maximum C could be realized for
a wide range of operating wind speeds. Thus, two basic schemes have evolved for
wind-electric conversion systems: those that operate under constant-speed constant-
frequency (CSCF) conditions and those that operate at variable shaft speed but con-
stant electrical frequency (VSCF).
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Figure 4  Alternative techniques for VSCF wind energy conversion systems conn-
ected to the grid
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Figure 3 shows that the electric energy generated per year by prevalhng winds
is generally higher for VSCF wind-electric systems than for CSCF systems, since the
former may allow operation at power outputs above the rated value at high wind
speeds.

CSCF systems usually employ synchronous wind-powered generators oper-
ating in parallel with the power grid (similar to the system used in hydropower
stations), or induction machines operating with small skip above synchronous speed.
Because of the intermittent nature of wind energy, synchronous generators require
complex and expensive control mechanisms to vary the pitch of the rotor so that
the power derived from the wind energy is held fairly constant. Induction gener-
ators, on the other hand, require additional power factor improvement equipment
and some means of providing field excitation. Stability problems can also arise in
both types, requiring the installation of appropriate protective devices.

Variable-speed constant-frequency systems are characterized by a rotor allowed
to rotate freely with the wind. Various VSCF schemes have been proposed and four
typical situations are shown in Figure 4. In methods (a) and (b) the generator shaft,
rotating at varying speeds following the speed of the wind, is coupled to an ac gener-
ator with dc or ac excitation. The result is a variable frequency output as compared
to the constant frequency of the power grid, and this must be processed electron-
ically so that it may be ‘“‘synchronized” to the frequency characteristics of the
utility system. The third method (c) utilizes an ac commutator generator with field
excitation derived from the grid. Because of the commutator, the machine’s out-
put frequency is equal to the excitation frequency and therefore it may be connec-
ted back directly to the grid. The last method (d) uses a double-output induction
generator operating at varying speeds and supplying line-frequency power directly
to the grid through stator windings and indirectly through the rotor after process-
ing electronically the slip-frequency power.

An advantage of the VSCF systems relates to the possibility of controlling
such operating characteristics as generator output impedance and shaft speed in a
manner that maximizes their efficiency. Control of the generator speed may
achieve a value of the ratio A which maximises the power coefficient C., for a
turbine at any wind speed. Control of the output impedance of the generator, on
the other hand, may achieve a matching with the grid impedance at the point of
connection. The economic benefits from such an optimized operation of WECS
interconnected with the power grid are obvious if one considers the strong depen-
dence of the mechanical power output on wind speed keepmg in mind the typical
wind speed frequency distribution characteristics.

On the basis of the “‘optimized design” philosophy, severa] schemes have
been proposed to take advantage of the features mentioned in the previous para-
graph. Field modulated generator systems with a control scheme employing wind
speed and shaft speed, or torque and shaft speed, as the control inputs have been
designed [11] so that the ratio X is kept constant at a value which maximizes the
power coefficient C,, thus maintaining a high generator efficiency over a wide range
of outputs. Another possible design involves a double-output induction generator
as shown in Figure 4(d), with a microprocessor-based controller for the slip-freq-
uency rotor power [1].

The approach reported in this paper is based upon the design of an approp-
riate controller which tracks the generator output power and modifies the grid
interface equipment of a VSCF system in such a way that maximum electrical
power is transferred from the WEC§ to the grid.

H
2. System Description

Figure 5 shows a block diagram of the proposed maximum power tracking scheme.
The VSCF wind-electric conversion system is of the type shown as case (a) in Figure
4. The WECS is configured on the combination of a conventional low-cost synchron-
ous generator with a line commutated synchronous inverter of novel design and
simple construction [13]. The system power output is used as the control signal
regulating the operating characteristics of the inverter. This particular configuration
has a distinct advantage: it aims at maximizing not only the mechanical power out-
put from the aeroturbine but also the total power from the cascaded subsystems
(turbine-generator-rectifier-bridge-inverter-power grid). Consequently, the improve-
ment in power transfer achieved is of significant practical importance.

The design approach used has both a theoretical and an experimental compon-
ent. The theoretical study consists mainly of computer simulations of the dynamic
and steady-state behavior of the interconnected system, while the experimental
method involves testing of a particular wind-electric conversion system interfaced
to the power grid. Experimental results are compared, on a step by step basis, with
those obtained from the simulation studies. This dual nature of the approach allows
for an optimum design of system components and verification of theoretical results.

Figure 6 shows a detailed block diagram of the internal organization of the
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(a) The aerodynamic subsystem A two-bladed horizontal axis turbine is used
with a propeller diameter of 3 m. The cut-in speed is approximately 3 m/sec and the
cut-out speed is about 20 m/sec. The tip speed ratio \ is defined by the relation

_ 9pRp
v

where w,, is the propeller angular.velocity, Rp the radius of the propeller and V the
wind speed. The shaft torque of the propelle_r is given by

(1)

— 1 3ys2
TIN = —-2— kpﬂRpV CT . (2)

where k is a constant, p the density of atfnospheric air and C the torque coefficient.
The C vs. A characteristic curve of the experimental wind turbine is approximated
by the relation

Cp = ~0.23-10%N+0.19-107N - 0.017A%+ 0.16 + 0.25 (3)

Equations (1), (2) and (3) define the mathematical model of the wind turbine sub-
system. Wind speed V is the input variable and shaft torque Typ the model’s output
variable with wp and intermediate input variable.

(b) The synchronous generator  The synchronous generator is a two-pole ac
machine with dc excitation. The power output at a rotational speed of 100 rad/sec
is 2.5 Kw with a phase voltage of 100 V. Its mathematical description follows
Park’s classical model for a synchronous machine with a Blondel transformation to
a two-phase generator.

The electrical behavior of the generator is given by the matrix equation

V= Ri+Li 2 1, L (4)
dt dt

where V is the vector of the phase and excitation voltages, i is the vector of the phase
and excitation currents and R the matrix of the winding resistances: the matrices L,
and L, define the motional and self-inductances of the machine, respectively: the

. . . d
scalar variable a is the angular displacement of the generator shaft wps i) .

An appropriate transformation matrix B transforms the three-phase voltages
and currents to two-phase quantities along the direct and quadrature axis of the
machine. If a symmetrical three-phase load Ry is connected across the generator
terminals, the dynamic behavior of the machine is described by the matrix equation

J Rpig
e ig = —Ly Rig + L,wpig — L7 [Rpig (5)
vE
where the vector ig is defined by ;
ig
iB = iq (6)
if

with iq and iq the direct and quadrature axis currents, respectively. Because of symm-
etry properties, it is assumed that the zero sequence voltage and current are zero. The
equation coupling the electrical to the mechanical machine quantities takes the form

dwp 1 .. ..

—_— = — [Ty — (Ld—Lq) igig — Ls lqlf] )
dt J g

where 1., is the inertia of the propeller-generator system and Ly, Lq, Ls are elements

of the machine inductance matrices.

Equations (5) and (7) describe the dynamic behavior of the synchronous gener-
ator when it is terminated at a symmetrical load Ry and an input torque Ty is applied
to its shaft. The model output variables are the direct and quadrature axis currents and
the angular velocity of the shaft. Equations (5) and (7) are in state-variable form and
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may be solved for the four state variables ig, iq, igand wp using a Runge-Kutta
routine. .

The steady-state behavior of the machine is arrived at by setting the left-hand
side of equations (5) and (7) equal to zero. With the field excitation current, if,
having reached its final value, vg/rg, the functional form of the steady-state equation
s >

fy (ig, g, wp) = O

fa (ig, ig wp) =0 (8)

f3 (TIN’ id’ lq) =90

(¢) The rectifier circuit A classical bridge rectifier is used to convert the variable
frequency ac output of the generator to dc form. Figure 7 shows a simplified sche-
matic of the rectifier circuit. The rectifier is assumed to be loaded by the input
impedance of the synchronous inverter, RIN‘ Thus, the direct and quadrature axis
input currents, iqy and iq, produce an average component of voltage, E, at the rectifier
output given by the relation

E = 0.7388RpyVij + ig Q)

Also, the rectifier load R N’ when reflected to the input side, is linearly related to the
generator equivalent load, Ry, by
RIN

Ry = (10)
L 1.832

Equations (9) and (10) simulate the behavior of the bridge rectifier circuit.

(d) The synchronous inverter A simplified schematic of the inverter circuit is
shown in Figure 8. The inverter design and operating characteristics are described

in detail elsewhere [13]. It is based upon a four thyristor bridge designed so that an
external voltage signal may be used to vary the thyristor firing angle and, therefore,
the amount of electrical power being transferred from the wind generator to the
utility grid. Variation of the firing angle accomplishes the dynamic matching required
for maximum power transfer between the input characteristics of the inverter (dc
voltage) and its output characteristics (power grid). The control signal is proportional
to the instantaneous power supplied from the WECS to the grid and a feed-back
arrangement, as shown in Figure 6, is used to generate a sequence of command voltages
which regulate the firing of the thyristors.

A capacitor of large capacitance is connected at the input of the inverter for
buffering and smoothing purposes, thus improving the characteristics of the inter-
connected operation. The inverter is connected to the grid via a filter arrangement
which is designed to limit harmonic distortion introduced into the utility system by
the pulse shaped inverter output current waveform.

For any given grid impedance, ZAL'_ , at the point of interconnection, the
mathematical model for the capapitor-inverter-filter system relates the inverter
average power output, Py, to the dc input voltage level, E, and the control signal
V.. The exact mathematical r,ela‘tion is rather lengthy and cumbersome but may be
represented, functionally, by ~

Pout = 81(E, Ve, ZA) an

Similarly, the inverter input impedance, Ry, is computed from the same input
quantities. This last relation is expressed, in functional form, by

RiN = 82(E, Ve, Z/¥) (12)
Equations (11) and (12) define the line-commutated synchronous inverter model.
(e) The power grid  The power grid is viewed, at the point of interconnection, as
a voltage source of fixed amplitude in series with an impedance Z/Y . Values for the

grid impedance, at specific grid points where the WECS is to be connected, are calcul-
ated from a suijtable load flow program.

(f) The protective devices  Protective devices are employed for the safe operation
of the WECS-grid interconnected system. The wind turbine-generator subsystem is
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protected from high wind speeds and excessive generator loadings. The inverter, on
the other hand, is operating safely via appropriate devices protecting both the inverter
and the grid from various fault conditions. The nature of the overall system design
prevents any b_i-directional electrical power flow thus eliminating the possible negative
consequences of such an operation. » o

The mathematical models of the safety equipment employed are simple mag-
nitude constraints on certain variables and they are easily implementable during the
simulation runs.

(g) Maximum power tracking circuit  The feedback circuit includes the following
subsystems (Figure 6):

1. An electronic wattmeter that continuously measures the power level at the
utility grid terminals and provides a signal output proportional to actual
power.

2. A hybrid (analog-digital) power level gradient detector which samples the
wattmeter signal output and holds it for comparison with the next sample.
The detector includes a comparator that works in combination with a
logic circuit to determine whether a given sample represents a power level
that is greater or smaller than the previous sample. The logic circuit
changes state whenever a new sample is smaller than the preceeding one,
but remains in the same state if a new sample is larger than the preceeding
one, thus representing an increase in power level.

3. An integrator circuit provides a constantly changing output whose direc-
tion of change is increasing for one state of the logic circuit and decreasing
for the other state. This control signal is used to fire the inverter thyristors,
thus controlling the power level transferred to the grid.

The mathematical model describing the operation of the maximum power
tracking device is simply represented by the switching state equations:
V. =V if P >P
4 c out out,_
Ve, = Ve if  Pout, <Pout,,
where V= 2 vt is the control voltage of the line-commutated synchronous inverter
(with v a constant).

generator side inverter side

Figure 7 The rectifier circuit
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3. The Simulation Study

Figure 9 shows a block diagram of the interconnected system with special attention
being given to power flow, control signal and intermediate variable paths. The
dynamic synchronous generator model is used first for the study of the transient
behavior of the system. Steady-state simulation runs lead to conclusions regarding
the effectiveness of the feedback mechanism in maximizing the electrical power
transferred to the utility grid.

The simulation proceeds along the following steps:

1. A given thrust chaﬁge in the wind speed, V, is taken as the input to the
model while the grid impedance, %{t[/ is assumed to remain constant.

2. The computer program assumes an initial value for the angular speed, w
the input impedance to the inverter, Ry (from which the load Ry, to
the generator is calculated) and the control voltage, V..

3. The aeroturbine model calculates the shaft output torque, TyN-

4. Next, taking as input guantities the torque, Tyy;, and the load impedance,
Ry, the synchronous generator model calculates the currents iy and iq as
well as a new value for the angular speed, Wp.-

5. Steps 3 and 4 are repeated with the new values for Wp until the turbine-
generator model reaches a stable condition.

6. Using as input data the last values for i3 and i, and the initial value for RiN,
the voltage input E to the inverter circuit is calculated.

7. In this step, the synchronous inverter model uses as input quantities the
voltage level E and the grid impedance ZAI/_ and computes the power
output, P, ¢, and the equivalent impedance Ryy. The control voltage level,
V., is kept temporarily constant.

8. From the computed value for Ry, a new value for Ry is calculated and
steps 3 and 4 are repeated until a new stable condition is reached (step 5).

9. Next, steps 6 to 8 are repeated until the turbine-generator-rectifier-inverter
model stabilizes.

10. The control voltage level V. is given a new value and the computational
procedure described in steps 3 to 9 is repeated. The two consecutive values
for the power output, P, are used as inputs to the maximum power
tracker model whose goal is to set a new value for the control voltage V
which increases the power output.

11. The computations of steps 3 to 10 are repeated until the power output,
Pout, oscillates about a maximum value at which instant the program is
terminated. :

The simulation could be performed without the feedback loop. It is simply
terminated at some stable condition of step 9. The firing of the thyristors is
accomplished automatically through the connection to the power lines.

Both transient and steady-state runs may be obtamed by using the approp-
riate generator model.

4. Simulation Results : ‘

(a) The dynamic behavior For the study of the systems transient behavior, the
dynamic model is run with input wind gusts on one hand and sudden changes of
the thyristor firing angle on the other. Two types of synchronous generator models
are employed: the first one corresponds to a generator whose output impedance is
matched to a power line with an impedance of 0.6 £ and power factor of 0.8 at the
point of connection and at approximately the rated speed of the machine, while the
second represents a generator whose characteristics match a line of 5 m$) impedance
at 0.57 power factor.

Figure 10 shows the computer simulation results when the first type of gener-

:ator is used. The input signal is originally a step change in wind speed from 0 to 10

m/sec. The excitation remains at the 10 m/sec level until the system behavior reaches
steady-state conditions (approximately 120 sec). At that moment, the wind speed
is reduced from 10 m/sec to 5 m/sec and the simulation is repeated using the prev-
ious steady-state values as the new model initial conditions. The results indicate that
transient phenomena proceed smoothly without a need to initiate the operation of
any protective devices. Similar runs with various wind speed input functions lead to
parallel 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
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(response times of the order of msec) may be neglected when compared with the
mechanical subsystem response. As a conclusion it may be stated that the system
is electrically in a steady-state condition at each instant of time. The steady-state
model of the synchronous generator may, therefore, be used in the study of power
transfer phenomena. ' '

Figure 11 depicts the transient behavior of several system variables when the
thyristor firing angle is subjected to a series of sudden changes — 100 usec, 200 usec
and 300 usec, The wind speed remains constant at 10 m/sec. It is evident again from
Figure 11 that changes in the firing angle do not cause any transient stability prob-

lems:
v .
P 10m/s
. 5m/s. 1
0 Tt
Tin '
IN
ll
V.
ll
n Pout
[4 20 40 60 80 100 120 / 140 160 180 200 t (sec)

Figure 10 Transient response of the interconnected system variables. The wind
input excitation is shown at the top right
i
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Figure 11 Transient system behavior with constant wind speed and a step change
in the firing voltage
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(b) The steady-state behavior  This study involves two particular cases: firstly,
the wind speed is varied while the grid impedance is kept constant and secondly,
the wind speed is kept constant while the grid impedance is varied. Both the
unmatched and matched generator models are employed in the simulation runs
when the WECS is connected to a power grid with specified characteristics. The
system model is considered first with the feedback loop open and subsequently with
the loop closed. Thus, the combinations of simulation runs produce the four power
output curves of Figure 12. It is observed that the power transfer efficiency improves
by as much as 80% for the unmatched model whereas the improvement is about 5%
for the matched case with the maximum power tracking mechanism in operation.

. It is also noteworthy that the curves corresponding to maximum power being
transferred from the two types of machine models coincide. This implies that the
maximum power transfer scheme achieves always the maximum power transfer for
the interconnected system, )

A second category of simulation runs involves keeping the wind speed con-
stant at 10 m/sec and varying the grid impedance from 4 to 40 m§2 with cosp = 0.57.
This region covers alt usual load variations of a small autonomous power system.
The computer results are shown in Figure 13. The power transfer efficiency shows
an improvement ranging from 68 to 559% over the range of interest for the unmatched

case whereas the improvement is rather insignificant for the matched system.
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5. Conclusions

The dynamic behavior of the interconnected system reveals no undesirable transient
phenomena such as mechanical oscillations or over-voltages and currents. These
results are also verified by experimentation. Thus, the requirements for mechanical
and electrical endurance of the particular WECS studied are not severe, with obvious
consequences for system costs.

The safety equipment protects effectively both the wind generator 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 employed, indicate that an optimum operation, from a technical and
economic standpoint, is achieved for a large range of wind speed variations.

Finally, the low cost of components (inverter-tracker) and maintenance adds-

_to the economic attractiveness of the proposed scheme.
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