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Abstroct

Bolh dynamic and steady-siate behaviours of 2 synchronous
compensalor, operating on the ouotpul-side of a wind slectnc emergy
conversion sysiem, has been invesngated The wind sysiem is assumed to
feed its total converted power to an energized utlity network The suggested
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configuration aims to release the utlity network from its responsibdity of
supplying the reactive power consumed by the inverter. In addition 10 active
power, the system is also able, according to the compensator rating, o feed
the utility with reactive power, improwving thereby its voltage reguiation. An
other advantage i that in emergency cases, the synchronous compensator
can be operated as a standby generatng unit.

An imtegrated computer program for the whole system had been built
1o sudy the system behaviour I[n thuis program, the synchronous
compeasator 4 represented by an squivalzol-circuit, having a fehitious
coaversion point. The mathematical model conasiders four types of control
strategies. Speed course of wind-turbine is property simulated and can be
easily reconstructed and infroduced.

The computed results demonstate the behaviour of each element in
the system, with special focussing on the steady and dynamic bebhaviours of
the synchronous compensator The analysis presents a helplul-tool for
proper dimensioning of the synchronous compensator required for a given
system. In addition, iz behaviour and stability can be totally analyzed,
eqpecially those under the effect of damper winding.

1. Introduction

The pnncipal configuration of the wind energy system under
wnvestiganon is shown by a single le diagram w higurs (1) The mechameal
power is delivered through a fixed ratio gear amangement 10 & 3-phase
alternator, which 1s coonected directly to a full-wave rectifier bridge. This
bndge could be controlled or uncontrolled according to the control strategy
appbed to the wput-side; alternator and rectifier, This srategy may follow
omne of the following rypes of cootrol [1]

 Free symem, wathout control

Controlled excitanon and unconaolled rectifier 1 hold (V) consrant.
Uncontrolled excitation and controlled rectifier 1o hold (V) constant.
Conuolled excitanon and uncontrolled rectifier 1o hold constant,
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Fig (1) Principal Coafiguranoa of Wind System

Wi Wind Gerermor S Sy Compemaion
Vg ; CEnerned Vollige W Nemwolk Vologs
Wy ! Rpcmifier Volage v v Wolies
o  Firing Cirtang 4 Feferpyce VaimgEe
1'. ; Generuior Frequency i Merwors Fropaescy
n ! Rowtional Fpeed UN - Uibry Nesmerk

The de-link output power is supphed to the utility nerwork through a
I.phase nverter-bridge. The inverter 15 line commutated and controlled
according to  the linear relation found between the finng-angle and the cube
of wind velacity [1}. This control provides smooth and gradual flow of wind
power, which has rush nature according to wind speeds The synchronous-
compensator is connected to the output-side of the inverter, which s already
synchromzed with the utility metwork.

The pnmary energy of windfelectric energy conversion system is
determined by the uncootrolled wind-speed. Consequently, extreme power
and generator-speed vanations are expected in the operabon of such system.
Although the de-hink 15 a proper solution of the problem of matclung the
generator frequency to the utility frequency, the existence of the inverter
wields a larpe consumer of reactive power Therefore, this anses the
necessity for a resctive power source, which s suggested here 10 bea
synchronocus compensator. Thereby, the utility network is released of
supplying reactive power 10 the mverter.
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The analysis presented i thus paper considers the inverter and the
compensator 4s onc umified generaling umit synchromized to the uulity
network. As the inverter supplies the active power, the compensator is
responsible mainly for the reacuve-power required by the invener. The
power-factor of tus unified-unit (iaverter and compensator) depends on the
excitation level of the compensator. It can be adjusted to get unity or 0.8
lagmng umified power-factor, see Fig.(2). At unity power factor, the
compensator covers only the inverter requirements. At 0.8 lagging power-
factor, the excessive reactive power is delivered 10 the wulity, improving
thereby the power factor and volrage regulation of the utbity

Direction of ¥
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Fig. (2) MVmsthlt‘Tha Incom-Unit At Unified Power Factor Of Unity
And 0.3 Lagging.
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2. Statement of The Problem

The 1dea of applying a syachrocous compensator in conaection with a
wind energy system needs special attention in choosing the describing
mathematical model and in wrting the relevant computer algorithm. The
main goal of the presented analysis is to get the steady-state and quasi-
dynamic behaviours of the whole suggested system; especially those of the
compensator.

Additional objects of the apalysis are:

O Study the effect of excitation-level and damping-circuit of the
comgensator on the system stability.

© Scarching for the optimal specifications of the compensator machine
which swit a given system and unified power factor.

3. The Mathematical Model

The mathematical model describes the whole systent as one uwait
according to the conirol strategies defined above. On deriving this model,
the following assumptions are made :

O The system is already synchronized with the utility network.

© Disturbances are due to wind speed; which is assumed to vary
exponentially with proper mechanical tune-constant.

© As the electrical time-constant is too small compared with the
mechanical one; the mathematical model assumes 7Time Varying
Effective Values, (TVEV).

© Sipusoidal quantities are assumed; neglecting thereby magnetic
saturation effects and higher harmonics. This assumption is ensured due
to the existence of the uulity metwork, which is assumed (o act as a
large fiiter.

© The size of the smoothing reactor is large enough such that ripples on
the dc-side of the inverter are neglected. Accordingly, the currents-
shape on the ac-sides is assumed to be rectangular,
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The proposed mathematical model assumes both the mverter and
compensator as one integrated generating unit (ZVCOM), synchronized to the
uality network at a given unified power factor. The quasi-steady behaviour
of this unit depends mainly on wind-speed vanations. These variations are
applied to the model according to a speed course; simulating thereby the
wind-speed. It is assumed to vary exponentially [2] from one level to the
other according to the relation

o, (D=a,+[0,(t)-0, e )

Due to speed vanations the TVEVof the active power delivered by
the inverter to the utility network will change as the cube of speed.
Accordingly, the parameters of the INCOM-unit will be simultaneously
changed to adapt themselves with the attained level of active power.

Among these paramcters, the reactive-power delivered by the
compensator is an important one. Therefore, the priociple of power-
equilibrium is an essential base for the mathematical model. Each time
interval (AT), the balance of both active and reactive power through the
system will be checked. Equations (2) give the equilibnium of the active and
reactive power at the oufput-terminals of the NCOAMumt. The dynamic
equation of the alternator gives its active power-equilibrium, Eq.(3). It may
be noted here that the reactive power supplied by the alternator covers only
the rectifier requirements.

Pi{t)=P()+P, (1) , Qi()=Qc ()—-Q, (V) (2)
Pe (1) =Pp (1)~ AR, (1) (3)
Where:

P ()= (Pp ) races - (@ (1)/ speed limit]’

AP, (N =J.0} .0,(t) [{o(t)—o,(t,)}/dl]

P, ()=D, .0, .o, (t)
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Whereas, the static converters are represented by thewr usual
performance equations, the machinery type elements (afternacor and
compensater) are represented by the equanions obtained from their relevant
squivaleat-cirewn's. The equivalent cucwt chosen for the compensator 15 that
based on the concept of a Ficutous Conversion Point, (3). This equivalent-
circuit, Fig.(3), is more convenient for cases where the synchronous machine
15 operating under quasi-steady coadiions. According to this concept, the
mutual coupling berween the stator and rotor circuuts of the compensator is
represented by an idcal 3-phase fictiious converter with delay angle;

o= Z(1-85), where S the slip of oscillations.
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Fig (3) : The 3-Phase Equivaleor-Circuit of The Synchronous Compensator Using
Ficimous Coaversicn Point

This representation provides a good reversible energy pass between
the stztor and rotor circuits, Hence, the excilation voltage can be expressed
by :

Ee= Vol [t + i X,] w
Where:
Xo= Xy +X, (1-k8) k=171
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This clanfies that, the synchrorous reactance of the compensator | X,
vanes periodically with slip 5, and becomes constant, X, =x, +x, at
sleady-state.

The manipulation between the individual equations of the system
elements, according to control type, yields the mathemancal model
representing the whole system. Actually ull equations deseribing the system
cant be given here As the paper is manly concemed with the compensator
behaviour, it follows mow the model portion pertzining the subject. That s
the mathemancal model of the compensator and wverier

A Inverter DC- side -

lo{t)=~K,+ JKI+P, (1) /K, (5)
V(0 =V, (1 -1g (0.5 =Ly [{1g (=1, (1, )} /dt] (6)

The fuctors K, and K; differs according ro the control type :

36, (N cos (v, /2)
V(1) 2K, 3, (N cos(yq /2)
VLI IN 1) 35 (M. cos(ya/2))

Vet) /2K,

L{)=N 1,(1) cos(y, (1)/ 2)
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D (1) =Blt)-y,{t)/2 (8)

Where:

Bld=eos™ (Ky =Ko} o ra(t)=P0)-cos™ (K; +K,)
K=V, (0/BNV] | Ke=X L)/ {=NV)

C. Compensator terminals

“The zquatinnz  herg are defined according to the unified power factor
of the INCOM-unit, cosh, ag mvea below:

For lgggng wufed power-factor,

oy (t)[cos @, (t}jcos@, {1}].[1 ~{tan®; (1)/tan®}] {9}

belsd |~ [tan®. (t)/tan® |
@, ()= tan'[(1-C,.C; )1/ tan® +C, . G, )] (19)
{11

Tett) =1 {t)sin®, (1) / sin . {t)

@, (t) = an*[1,.sin®, (t) {C, - C; 1] (12)
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C =[{1-tana® (1)} / tan®|[1; (1).cos ®; (1) / V.tan5(1)]
C;=r~- Xs{t}-taﬂae(ﬂ
C:I = Xs [t)"' I tﬂﬂﬁc {t)

Cu=ro /V+X,(t)/[V. 1an5_(1)]

D. Compensatar dynamic:

The equaton representing the frequency of compensator-rotor
oscillator can e obtained from the [nstantan=ous balance of the torques
aciing on the shaft -

Tj=ZTorgues=T; + T - Ty (13)
Where :

T(0)=(3p/ 0, [{V.Ex (1) / Z,(t}}.sin(8 + &) - B} (1) r / 22(1)]

T (®)=(3p/ @50 ) [ X By /(X + X, )] [1~0.(1)]
Tﬂ (t)=Pmr. (t).ﬁ);:(t)"lﬁg
T, ()=1.(0, /p)d{oo (D }/dt
Among these torques, the inerna torque T(t) is the main source of

oscillations.  With help of Eq.(13) a differential equatien 15 derived to define
the relative rotor speed dunug oscillations -

dloc(}/dt = (p /lug) [T,(t) + Ty (1) = Ty (1)] (14)

The equauon is solved using RUNGE KUTTA METHOD and the
computer results are shown in Fig.(7).
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4- Computer Simulation and Results

An integrated computer program has been built carefully to simulate
the proposed wind energy system and to get the behaviour of each included
glement, with special focussing on the steady and dynamic behawviours of
synchronous compensator.

This program 15 abie to produce nternally the required imtial
condiions zccording to the control type. The program is also able to
determine

© The size and the different specifications of both the wind alternator and
synchronous compensator according to the maximum avaiable wind
speed and the required power-factor of the umfied umit

@ The suitable size of smoothing reactor, ( ry Ly, T have swuoitea
current n the de-link according to given value of peak-to-peak dec
voltage.

[n order to permit parhal control operation, the speed range of the
wind-turbine (s taken withun (0.85 to 1./5) w, . In this range, optimal power
of wind-turbme 1 provided [1,2]. Accordingly, the speed courses delivered
10 Lthe computations are designed 1o suit this range.

The computer program 1s equipped with a deeply tested logic
structure.  All propable system-operation failures and instabilities are butit in
dus structure. Values of the vanables in relabon 1o these mentoned failures
and instabilities wall be compared wn each ume interval wath their expected
safe values or lumts. A detected fatlure wall oe signalized with a
corresponding comment on the momitor, and the program stops. Examples
ior such failures and instabihities are .

O The upper or Jower margin of the speed range lies out of the speed
stabiity lumts, The program determines internally these lumits.

Electnical and thermal instabilities which may occur in the alternator or
the compensater and the corresponding excitation system.

© The advance angle "B" of the inverter exceeds its limits defined in the
wiput data. The upper value is taken equal n/3 and the lower value is
equal 1o the instantaneous calculated value of the comymutation angle.
The maximum value of the wnverter commutation angle must be less
than the minimum value of the advance angle "f” by 5° elec e,

(Bmun = ¥ max ) < 5° elec.
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The computed results are illustrated in figures (4) to (9). Varatans of
the INCOM-unit parameters due to a wind speed course are given ia figures
(4) and (5). These vanations represent almost the steady-state performance
of the INCOM-unit.

The parameters on Fig.(4) are computed for unified 0.8 lagging power
factor and the four types of control strategy. It can be concluded here, that
fast response control is expected using type (3) of control strategy To show
the effect of the unified power-factor on the performance of the INCOM.
unit, same parameters are given on figures (5) using type (3) of control
strategy and two uuficd power-factors | 0.8 lagging and unity, Figures (6) 1o
(9) illustrate the transient behaviour of the compensator during the period of
speed vanation laking uto considerauon the effect of damping circuit
resistance, The vanables representing this behaviour are the different
machine torques (T, T,, and T,), the frequency of the compensaior current,
and the per-unit rotor speed. To exclude the effect of controi method, Type
(3) of conwol strategy s used Tt is seen that oscillating behaviour can be
avoided by swrable cheice of the per-phase value of dampmg-circuit
resistance. Having this value, a reverse design process wall be necessary to
get a decision about the proper damping circut.

Conclusion

Both steady and transient behaviour of a synchronous compensator
operating at the output terminzls of a wind-energy system feeding a uthty
network have been wvesugated. For this purpose, an integrated compuier
program has been bult carefully to swi the complicated nature of the
suggested system. This pature 15 due to the speed varying operation of the
wind-turbine  and the mixed machupe/power-clectronics stucture of the
system. Accordingly, special altentuon has been given to the modeling
problem. In addition to the meationed behav:owrs, the program is able 1o
gave the performance of each element included in the sysiem and a proper
suggestion of its specificatons. Therefore, the program is a helpiul ol in
hands of the system designer. Although the 1dea of using a synchronous
compensator seems to be some how expensive but it yields an adequate fast
respouse method of controlling the reactive power required; compared with
other static compensating methods. Applying the synchronous compensator
method, the short-circuit and resonance problems affecting the wnverer
operanon can be avoided.
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List of Symbols
Dy The breaking torque constant, Nw.m.

Eg The ac excitation voltage of syn. compensator, Volts.

E, The syn. compensator internal voitage, Volts,

Iy The d.c. link current, Amperes.

Iy The wind generator armature current, Amperes,

I The a.c. inverter current, Amperes,

I The utility network curreat, Amperes.

L The syn. compensator armature current, Amperes,

I¢ The syn. compensator field current, Amperes.

L The syn. compensator magnetizing current, Amperes.

| The syn. compensator damping circuit current, Amperes.

I, The syn. compensator equivalent rotor current, Amperes.

I The total polar moment of inertia, kg.m2.

Lg The inductance of d c. link smoothing reactor, Henery

fe The synchronous compensator resistance, Ohms.

ty The d c. link resistance, Ohums.

fg The wind generator resistance, Ohms.

ry The syn. compensator per phase damping resistance, Ohms.

The syn. compensator field resistance. Ohms,
The slip of oscillation.
The mechanical time-constant,
The compensator asynchronous torque, kg m.
The compensator breaking torque, kg.m.
The compensator synchronous torque, kg.m
The compensator inertia torque, kg.m.
The time intecval in seconds.
The wind alternator terminals voltage, Voit.
The d.c. voltage behind smoothing reactor, Volt.
The d.c. voltage applied to the inverter, Voit.
The utility network voltage, Volt.
The instant relative speed of the wind-turbine.
The proposed relative speed of the wind-turbine.
The instant relative speed of the syn. compensator.
The syn. compensator relative speed.
Constant equal to V6/ .
The syn. compensator number of pole pairs.
The friction and damping power of wind/aiternator, Watts.
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The electricai power of wand/alternator, Wats

The mechancal power of wind/alternator, Watty

The compensator active power, Wars

The inverter active power, Wans

The unlity network active power, Waus.

The inertia power vanation of wind/aliernator, Watts.

The compensator reactive power, VAR

The invener reactive power, VAR

The nerwork resctive power, VAR

Tre synchronous reactance of the syn compensator, Ohums.
The armanure resctico cesctance of the compensator, Ohms
The leakage ;eactance of the syn, compensator, Ohuns,

The Sctitic.s rescance located behind Eg, Ohms.

The eampensator stator 10 rotor mutual resctance, Ofuns.
The compensator field-circuit leakage reactance, Ohms.
The compensator damping-circuit leakage reactance, Ohms.
The compensator dampes-field leakage mutual reacrance, Ohow.
The sub-iransicra reactance of the compensator, Ohms.

The sub-transiem reactance of the dicrmator, Ohms

The exzernal reactance coanected 1o the ficld, Chms
The syachronous impedance of the compensator, Ohums.
The delay angle of the controlled rectifier, Degrees

The syn. compensstor power-facior, Degrees

The inverter power-facior, Degrees,

The utliry network, unified, power-fictor, Degrees.
The synclugrous compensator torque angle, Degrees.
The syn. compensator internal voltage angle, Degrees.
The commuratian angle of unconiroiled bridge, Degrees
The commutation angle of controllea bndge, Degress.
The wverter brdge advance angle equal (180 - a), Degrees.
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