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Abstract: This paper deal with the dynamics of an autonomous no storage wind-diesel
system, comprising a diesel generator and a controlled wind system with a hypo/hyper
synchronous cascade. The objective is to maximize the wind energy penetration rate, by
an optimization control system, respecting the quality standard concerning the
frequency deviation in the AC local grid. Also, the influence of the diesel drive train on

the system’s dynamics performances is discussed.
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1. INTRODUCTION

The advent of electrical power made possible a
centralized generation of power, and the
interconnection of electricity grids led to the firm and
robust power supply systems that most of us enjoy
today. However, there are still large parts of the
world which do not benefit from this development.

In order to assure an uninterrupted energy supply, in
autonomous wind power systems there are other
electrical energy sources: diesel generators, batteries
and/or photovoltaic panels. A wind power system
along with any of these sources (standard or
renewable) forms the so-called Hybrid Wind Power
Systems (HWPS) (Hunter and Elliot, 1994).

The problems regarding the control of the HWPS are
more complex compared to grid-connected wind
power systems. The main problem is the major
discrepancy between the stochastic and strongly
fluctuating power from the wind (wind speed is a
random, strongly non-stationary process, with
turbulence and extreme variations) and the extremely
exigent control demands regarding the electrical
energy parameters (frequency, voltage, etc.)
(Cutululis, 2005; Baring-Gould, et al., 2004).

There are different HWPS structures:

- wind-diesel system with no energy storage
(Jeffries, et al., 1996);

- wind-diesel system with kinetics energy storage
(flywheel);

- wind-diesel system with long-term energy storage
(batteries), with or without photovoltaic sources, etc.

The main criteria in choosing HWPS structure are:

- satisfying the quality demands of electrical energy
parameters (frequency, voltage, etc.);

- minimizing the electrical energy production costs in
autonomous systems. This involves a small price of
investment and a highest average of wind energy
penetration rate.

In the classical structure of wind-diesel system with
no energy storage, the induction generator driven by
wind turbine is directly coupled to the AC grid
together with the synchronous generator of the diesel
generator (Lundsager and Bindner, 1994). This
solution is very economic in terms of investment
costs (no needs for static converters and control
systems), but it has a lower penetration rate, due to:

- the frequency variations in the AC local grid can
became too large when the wind power generation
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rate increases (Lundsager, et al., 2001);
- the wind power system is not working in an optimal
conversion regime.

Lately, HWPS structures with internal DC bus,
connected to the AC bus through an inverter, are
used. Both induction and synchronous generators are
coupled at DC bus through rectifiers along with other
DC sources: batteries, for long term energy storage,
coupled through bidirectional chopper, photovoltaic
sources, etc. This kind of structure can assure a high
average wind energy penetration rate, in optimal
regime of energetic conversion, but with big
investment costs due to the extensive use of static
converters (Lundsager, et al., 2001).

This paper deals with HWPS structure without
storage and with low cost of power electronics,
which is able to assure optimal energetic conversion.
The diesel generator and the wind system are
connected directly to the AC bus. The wind system
has a frequency controlled induction generator
(hypo/hyper synchronous cascade) which assures
optimal energetic conversion.

The approach adopted in this paper has the next
premises:;

- utilization of an accurate HWPS model in low
frequencies band. The rapid dynamics of electrical
subsystems are neglected because the special interest
concerns the automatic speed control (ASC)
performances of the diesel generator (the dynamic of
this loop determines frequency deviations in the local
grid);

- the ASC loop is excited by wind system power
fluctuation. The average wind speed growth
determines the improvement of the wind energy
penetration rate, by reducing the diesel load
(assuming a constant grid load). In the same time, the
wind power fluctuation will increase due to the direct
relation between the variance of the wind speed
turbulence component and the wind speed average
value. In these conditions, it is not a trivial task to
ensure the performances of the ASC loop dynamics
in order to respect the quality standards of frequency
deviations;

- the optimal conversion loop’s control variable is the
electromagnetic torque of the induction generator.
When the wind energetic level and the turbulence
component magnitude are high, the variations of the
electromagnetic torque, induced by the control loop,
produce disturbances in the ASC of the diesel
generator. The level of those disturbances depends on
the control algorithm properties. A control loop
which acts ,,strongly” regarding the optimization
objective will generate important disturbances in the
ASC loop. Then, it’s obvious the dilemma: “wind
energy penetration rate against frequency deviation
in local grid”. In this context, some contributions
regarding properties of the HWPS structure without
energy storage are presented.
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The paper is structured as follows: the analyzed
HWPS structure and quality demands for the
electrical energy parameters (frequency, voltage) are
presented in next section. Section 3 is dedicated to
modeling of the wind-diesel system and to the wind
speed simulation. The numerical simulation results
regarding HWPS performances are presented in
Section 4. Finally, some concluding remarks end this

paper.

2. SYSTEM STRUCTURES AND TECHNICAL
DEMANDS

The considered HWPS structure is presented in Fig.
1. The diesel motor is controlled through the ASC
loop, which is excited by shaft torque variations due
to the active power variations in the local grid or/and
induced by the wind power system. HWPS has a
control system which assures the maximization of
wind turbine power coefficient, C,(1). Consider the

optimal tip speed ratio A, which correspond to

maximum power coefficient Cy(4). The control
system that assure wind energy optimal conversion is
a tracking loop which brings the turbine rotational
speed Q(t) at the optimal value:

ﬂ’ol
(D) Qe (1) =—= V(1)

R

Local
grid

Fig.1. HWPS system (AG-asynchronous generator,
R-rectifier, INV-inverter, OTC-optimization
tracking loop controller, T-transformer, D-
diesel-generator, SG-synchronous generator, C-
clutch)

The tracking loop controller acts on the electro
mechanic characteristic of the induction generator
through a hypo or hyper synchronous cascade. The
optimization tracking loop controller (OTC) acts on
the inverter and adjusts the synchronous speed
(displacement of the intersection point between the
generator’s electro mechanic characteristic and the
abscissa). Tracking loop function is to control the
electromagnetic torque for modifying diesel
variations. These variations excite the control loops
from diesel generator level. Fast wind speed
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variations, due to turbulences and gusts, can cause
important frequency and voltage deviations in local
grid.

The maximum allowed frequency deviation depends
on its time length and on the voltage deviation. This
dependency is shown in Fig. 2. As it can be observed,
the frequency deviation demands are stricter than the
voltage ones. Hence, the priority was given on ASC
loop dynamic performances, for different wind
speeds.
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Fig.2. Voltage and frequency allowable deviations
(Danish Technical Regulation TF 3.2.6, 2004)

3. SYSTEM MODELING
3.1. Diesel Generator Modeling

The diesel model is structured on two subsystems:
fuel supply and combustion subsystem, and the
mechanical subsystem. The first subsystem has as
input the set point for the fuel flow rate (qq), and as
output the average shaft torque (Tg). The
mathematical model for the first subsystem (Burton,
etal., 2001) is:

e—rds
2 =
( ) qeﬁ 1+TCS
(3) pe =& cheh‘

(4) Tda = Kv(pe_ pO)

0y

where:

Qesr - the effective fuel flow rate [p.u.]; 7y - the time
delay of combustion [s]; z - a time constant
representing the actuator and combustion process
dynamic [s]; pe - the average engine chamber
pressure [p.u.]; ¢ - the fuel efficiency [p.u.]; K, - a
constant relating pressure and fuel consumption
[p.u.]; K, - the stoke volume of the engine [p.u.]; po -
the zero torque pressure [p.u.].

Mechanical subsystem is presented in Fig. 3, with: J,
Js, Jie» Jrw - the inertia of the diesel engine, electrical
generator, flywheel and clutch, and the generator’s
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flywheel, respectively; Cy, Dg - the torsional
stiffness and damping of the coupling, respectively,
Ts the torque from the electrical generator.

Jg

Fig.3. Diesel drive model (Uhlen, 1994)

The equations describing this subsystem are:

®) Oy=0,-o

S

©) (‘]d +‘]fc)d)d =T, _(Dd +ch)a)d -

cl
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S

where:
(8) Tcl = Cclecl + Dclécl

6, is the torsion angle between the engine and the
generator shaft [p.u.]; wq - the rotational speed of the
diesel engine [p.u.]; s - the rotational speed of the
electrical generator [p.u.]; Dy, Ds, Dg, Dsy - the
frictional damping of the diesel engine, the electrical
generator, the flywheel and clutch, and the
generator’s flywheel, respectively; T, - the torque
from the generator [p.u.].

The diesel governor (ASC) controls the fuel flow in
order to maintain a desired rotational speed of the
diesel engine. Fig. 4 shows the electronic PID
governor model, where T, is the dynamics of the
speed transducer, g is the engine speed set point
and ¢ is the governor droop.

Qumax

Qq

Fig.4. The diesel electronic governor model

The diesel generator has 60kVA nominal power and
a PID controller for the ASC loop.

3.2. Wind System Modeling

The aerodynamic power is:

1
©) P,=5C,pAV,
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where: C,(1) — power efficiency coefficient; p - air
density [kg/m®]; A, — rotor swept area [m?]; vy, —
single point wind speed in the axial direction [m/s];
— tip speed ratio:

(10) o,R

Vv,

W

A=

with @ and R - rotational speed of wind turbine and
blade length, respectively. The mechanical rotor
torque (Ty,) is given by:

P, 1 v
1) T,="=2C,pA-"
o 2 @,

The mechanical system is considered in two variants:
rigid drive train, and flexible drive train. In the first
case, the dynamic equation of the drive train is:
.1
12) o, :J—(T

w

-nT,)

t

where Tg, is the induction generator torque and n is
the gear ratio. In the second case, the dynamic
equations are:
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where: 6. - relative axial displacement between wind
hub and gear [p.u.]; @, — rotational speed of
induction generator [p.u.]; J, J. and J; — inertia
moments of wind turbine, induction generator and
gear [s]; C. — torsional stiffness constant of flexible
coupling [p.u.]; Dy, D., D, and Dgy- the frictional
damping constant of the wind turbine, flexible
coupling, electrical generator and gear, respectively
[p.u.]. Induction generator torque T, is controlled by
the OTC.

Wind turbine has 60kVA nominal power. The power
coefficient characteristic is obtained by a six order
polynomial regression:

14) cp(/l)=§n;ai/1i
i=1

Wind power, P,(v,w), characteristics are presented
in Fig. 5, along with the optimal regime characteristic
(ORC). Wind torque characteristics are presented in
Fig. 6, along with the induction generator
electromechanical characteristics. When hypo or
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hyper synchronous cascade is used, the induction
generator electromechanical characteristic modifies
its operational points (I curves in Fig 6). In numerical
simulation a linear form of the electromechanical
characteristic, in the working area, was used.
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Fig.5. Wind optimal power characteristic
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Fig.6. Wind and generated torque characteristic
3.3. Wind Speed Modeling

The wind speed v(t) is considered on the form:
v(t)=v(t)+v,(t), where v(t) is the medium and
long-term component and v, (t) the turbulence
component. For the time scale corresponding to the
turbulence component, one considers that v is the
mean wind speed taking as a constant. The
turbulence field properties depend on the mean wind
speed,V, by means of (Burton, et al., 2001):
turbulence intensity, | =o /v , where ¢ is the standard
deviation of the turbulence component; turbulence
length scale, L.

The structure for numerical generation of v, (t), with

the von Karman model used for the turbulence
component (Nichita, et al., 2002; Welfonder), is
presented in Fig. 7.
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HWPS numerical simulation analysis was conducted
with a simplified model of turbulence component,
wherein the non-integer degree filter was replaced by
a first degree filter with T; = 20s. The static gain was
adopted so the standard deviation of the z variable at
the filter output has unit value.

T (V) K,,
T: o,
K
>—> m X | v(t)
white noise !

Fig.7. Turbulence component generation schema

The results presented in Fig. 8 correspond to the case
when turbulence intensity is | = 0.17. Two wind
profiles, for v =8 m/s and Vv =5 m/s, are presented in
Fig. 8.
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Fig.8. Modeled wind profiles used in simulation
studies

4. SIMULATION RESULTS
4.1. Dynamic performances of the ASC

Two structures of the diesel mechanical subsystem
with and without flexible coupling have been
analyzed.

Fig. 9 presents the dynamics of the ASC for a step
variation of the load torque (omegar and omegap
represent the responses in case of flexible coupling
and direct coupling). A worst behavior can be noticed
when the flexible coupling is used in order to
decrease the mechanical stress. Therefore, two
solutions are proposed for the autonomous wind-
diesel coupling. One solution is to use the direct
coupling between the diesel and the synchronous
generator and the second one uses stiff elastic
coupling (big values of the C and D, parameters).
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Fig.9. Flexible and direct coupling behaviors

4.2. Results concerning the

controller

optimal tracking

One main scope of the analysis performed through
numerical simulation was to determine to which
extent the parameters tuning can lead to a
simultaneously control of the quality demand
regarding allowable standard frequency deviations
and maintain the operation point around the ORC.

In order to do that, the parameters that were analyzed
are: local grid frequency deviations, tip speed ratio A,
power efficiency coefficient C,(1) and supplied
energy over a fixed period of time (300s).

If the tracking loop controller parameters are tuned
strictly to maintain the tip speed ratio at optimal

value 4, =6 (i.e. power efficiency coefficient C, is

brought to maximal value), then the power efficiency
coefficient evolution for v =8 m/s is illustrated in Fig.
10. In this case, the electromagnetic torque deviations
are high and therefore, the induced perturbations in
ASC loop determine deviations of frequency in the
local grid well outside the allowable band. In order to
limit those deviations to the allowable band, the
tracking loop control demands were relaxed.

Power coefficient

0.3 Ll
50 100

Fig.10. Power efficiency coefficient evolution

Next, there are presented the results from 3 operating
modes considered:
1.tracking loop controller is tuned so that the
frequency deviations for v =8 m/s are inside the
allowable band;
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2.static gain of the controller is 5 times smaller
than in the previous case;

3. tracking loop is removed and the electrical

generator  operates according its  natural

characteristic.

The results can be observed in Fig. 12, 13, 14 and 15,
where the above mentioned cases are represented by
solid, dot and dash line, respectively. The produced
energy (Fig. 11) shows that the energetic criterion in
the tracking loop controller’s tuning is not very
important. If we compare it with tracking loop
performances in the case 1 (Fig. 10), the supplied
energy reduction in case 2 is only 2.5% (see also Fig.
11).

5 10° Energy [J]
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0 i i i i i
a0 100 160 200 250 300 350
Fig.11. Supplied energy evolutions

Fig. 12 and 13 illustrate the evolutions of tip speed
ratio and power efficiency coefficient. In the second
case, the produced energy reduction is not
significant, but the frequency deviations are
substantially decreased (see Fig. 14).
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Fig.12. Tip speed ratio evolution

If the electrical generator operates in its natural
characteristic (third case) then the produced energy
reduction is around 22% (assuming a correct position
of these characteristic), but the frequency deviations
are very low (see Fig. 14).
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Fig.13. Power efficiency coefficient evolution

If the electrical generator operates in its natural
characteristic (third case) then the produced energy
reduction is around 22% (assuming a correct position
of these characteristic), but the frequency deviations
are very low (see Fig. 14).
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Fig.14. Grid frequency evolution

For low average wind speed, V= 5 m/s, the
controller tuned strictly for energy conversion
optimization (case 1) induces smaller frequency
deviations (see Fig. 17, thick curve is for v =8 m/s).

The explanation of these results can be obtained by
examining simultaneously the evolutions of the
induction generator torque Tq, and wind torque Ty, If
the electrical generator operate in its natural
characteristic (case 3), then the torques Ty, and T,
have similar evolutions (see Fig. 16).

When the tracking loop controller is tuned strictly for
energy conversion optimization, it generates a
«strong» evolution of Ty, torque (Fig. 15).

For wind speed regimes of v =5 m/sand v =8 m/s,
the wind energy average penetration is: 10.4% and
42.3% respectively. If tracking loop is removed, for
V = 8 m/s, the penetration rate decrease to 34.5%.
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Fig.15. First case T, and Ty, torque evolution
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Fig.16. Third case T,, and Ty, torque evolution
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Fig.17. Grid frequency evolution (V =5 and 8 m/s)

5. CONCLUSIONS

From the obtained results, we can conclude that in
case of autonomous wind-diesel system it is better to
use the direct coupling between the diesel and the
synchronous generator or to use stiff elastic coupling
(big values of the C and D, parameters).

In order to achieve a high wind energy penetration
rate, the wind power system should operate with
wind speeds near to the nominal speed and the
energy conversion should be optimized by means of
a tracking control loop. In this case, for the HWPS
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design it is essential to solve the dilemma: ,,wind
energy penetration rate against frequency quality
standard deviation”. The principle of solution for this
dilemma is to adopt some relaxed demands
concerning the ORC’s performances, because the
energetic criteria in the tracking loop controller’s
tuning is not very important.
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