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Abstract :

The power galned by a wind-turbine driven afternator or induction generator is
characterised by #&s varlable vottage and frequency. The stabfisation of both variables is
preferably done using a DC-link ; especially when the converted power is supplied o an
Isolated load. A controlled rectifier receives this power to deliver it to the DC-link inverter.
This inverter is uncontrolled and triggered by rigid impuises whose {requency comesponds
o the required load frequency. It detivers the DC-link power to the Isolated load at fixed
frequency and constant vollage with the help of a controlled exciation sylichronous
compensator, The syslem arising according to this configuration is very sensetive {o any
sudden disturbances. This paper is concerned with the dynamic behaviour of (his system ;
especlalfly in case of synchronization and load variation.

For this purpose a refevan! mathemalical model has been developed using the MATLAG
software. The modelling i3 based mainty on three first erder, non-litear dillerential
equations, Their iteralive solulion requires the determination of additiona! group of indirect
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vafables . Interval by interval. This deterrmination Is carred out using a quasi-oscillated
phasor diagram with time varying effective values ; assuming the rigid impulse as reference.
The results show the necessity of continuous control of lhe voltages on both sides of the
inverter, by controling the rectifler and the compensetor excitation. Thereby the advance
angle of the Inverter can be held constant at & reasonable velue it order to minimize s
reactive power demand. Also, it ls necessary to optimize the computer damper parameters,

as well as the DC-link parameters, in otder to get stable operatlon and to prevent system
failures.

1. INTRODUCTION :

The Increasing rate of depletion of conventlonal energy resources and abllity of electrical
generators to convert mechanical power over a wide range of rotor speeds has been given
fise lo an Interest in the possible contribution of wind epergy to provide fuel displacement
[1.2]. Economy ls the factor to compare between using AC or DC generator. For output
power less than 0.5 MVA, It Is found that both DC generator and AC geherator with rectifier
are the same economically [4]. But for more higher power, the AC generator with rectifter
Is prefeited. Also, the Induction generator hes been found to be very appropriate than the
three phase akemator for wind ehergy application due to ts low unkt cost, reduced
malntenance, rugged and brush less rotor (squiirel-cage type) , etc. [3].

Naluralty, the converslon of wind energy through a varlable speed generator s faced
with many problems, such as the varlable voltage and frequency at the utllity terminals,
Ona of the more adequate solutlons of these problems Is the use of a DC-link.
Thereby, the converted wind energy can be supplled at flxed frequency and to great
extant at constant vottage, Another important problem, especlally for isolated utliitles, Is
lhe necessity of a reactive power supply at the inverter output terminals. [n this direction,
an advantageous-full solutlon will be the use of a synchronous compensator

According to the above concepts, the paper presents an Intarfacing system ,Fig.(1),
which ensure a good match between the converted wind energy end the load demand,
under conslant frequency and stabillzed voltage.

The main oblect of this paper Is the development of a mathematical model which
represents sultably the proposed system conflguration and makes It possible to get Its
dynamic behaviour, The effect of some pre-chosen system parameters, such as Ly and
Raemp . ON this behaviour is taken Into consideration ; especially under the following
conditlons :

(a) Synchronizing the system at fight load.
(b} Sudden Increase or decrease of load at different [oad power factors.

2. SYSTEM CONFIGURATION AND SYNCHRONIZATION :

The system built Is shown In Fig.(1). The DC-link receives the power of a controlled rectifler
to deliver K to an uncontrolied Inverter. According to the control strategy, discussed later,
the rectifier can be directed Lo held the DC voltage Vo or Vp behind the smoothing
reactor or the inverter ; respectively, constant. The thyristors of the Inverter-bridge are
triggered by Independent rigid Impulses according to the required load frequency. By this
tvpe of sleering, the inverter frequency can be hold constant. It |s assumed In this system
that the Inverter delivers the aclive powertransmitted over the DC-link to an Isolated
load. The reactive power demand of both load and Inverter Is supplled by the
synchronous compensalor connected to the inverter AC-side. In addition Lo the defivery of
reactive power, this type of compensator is able lo ensure :

{1) Natural commutation of the tverter.

(2) Constant AC vollage,V, across the inverter and load ; through a controlled excitation.

(3) Existence of a stand-by power supply in emergency cases ; wien the wind power
cuts off
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The battary-bank (B.B.) Is shunted to the DC-link at elther the control points cpi or cpZ to
aciivale under the DC voltage Vog or Vp, ; respectively. It acls as a reservoir for excess
wind. energy or to support any temporary lack of this energy. Due to the slip which may be
exlsted between lhe frequency of therigid Impulses and the frequency of the AC-vottage
applled Witially to the Inverter terminals, as shown In Flg.(2), a synchronization process
must be carried out before the shut-on of the synchrentzing switch (S.S¥.). This process
can be directly or Indirectly done [6]. For the proposed system, the direct synchronlzatlon
method Is preferred. According to thils melhod, the following conditions must be flrst
fulfiied ;

1. Identical polarity across the synchronizing switch.

2. Equal petential across the synchronlzing switch, this means :

Vmr = Vo = -—3JE Veos fb
i 4
where, B,:= Initial value of the lwerter advance angie.

3. Proper hstant of synchronization.

Any deviatlon of the value of V|, from the value of Vp; can be corrected by adjusting the
terminal AC-voltage V through the excitatlon of the synchronous machine. In this case the
machine s nwning as a generator with the help of anawiliary motor. The cholce of the
proper Instant to close the synchronlzing switchcan  be done with the help of an
oscilloscope. The sweeplig speed of the voltage wave n elther of the two directions can
be minlmized by adjusting the audilary motor speed. ARerthat, the proper instant can
be calched when the Impulse signa! overlaps the zero value of the vollage-wave. Just
S.8W. s clesed, the auxilary motor must be disconnected. The experlence shows that
lhe system may run out of synchrenlsm due to one of the three following reasons ;

1- Large slip ; it must be within 0.001 .
2- Damping effects of the synchronous machine are not large enough.
3- Applled lead Is toc small or open.

Therefore, the expected dynamic behaviour of the system as a subsequent response due
lo synchronization must be determined and discussed.

3. MATHEMATICAL SIMULATION :

in order lo nvestigate the dynamic behaviour of the proposed system, & follows now the

representation policy and the control strategtes which are cor1sldered)whlle deriving the
mathemaltlcal model.

3.1 Reprecentation Polley :

As the static convertars (recliflers and Inverters) can not he directly represented by RLC
parameters, the mathematical model of the propesed system will not inearly dertved. In
this system, elther the rectifier or the Inverter can be consldered as a unk-directional device
Jwhich ccuples the generalor side to the DC-lnk, or the DC-lnk to the lpad side ;
respectively. Both the generator and Joad sldes are operating with different frequencles.
Therefore, t seems difflcut to get a unifled malhematical model for such horn-
homogeneous system.

The representation policy which will be fellowed depends on the system discoupfing at
the converlers lo three reglons : the generator-side , the DC-link , and the load-side
Including the cornpensator, The mathemalical simulallon of each reglen can be
ihdMdually obtalned and then integrated with the others at the terminals of the relevant
converter by applylng the corresponding equllibrium relatlons. These relalions refate elther
the currents or voltages on both sldes of the converter to each other. Ih accordance
wilh convetior power, It is assumed that the lhput powar ls equal to the ouiput.
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According to this policy, lhe mathematlcal model of the proposed syslem has been
deriven under the following assumptions :
1. Saturation and higher harmonics are neglecled,
2. Commutation effects on the Inverter current shape are neglected. This cumment is
assumed to be rectangular and only its fundamental is considered.
3. All variables are represented by thelr time varying effective values.
4, The voltage and power on the AC-side of the rectifier are assumed to be constanl
during any disturbayice on the AC-slde of the Inverter.

3.2, Control Strategles :

The mathematical model agsumes three different control strategies or types. They
can be identlfied as :

Control Type (1) :

Both the rectifier and the compensator excilation are controlled to hold the voltages
across both sides of the inverter, V, and V, constant. This sirategy enables the

Inverter to operate at constant advance angle p . Intum, its power facior angle q Is
expected to be nearly constant.

Cantrol Type {2} :

Both the rectifier and the compensator excitation are controlled to get constant voltage,
Vor . behind the smoothing reactor and constant V. It is expected according to this
strategy that the advance angle p will vary within a too limitted range.

Controf Type (3) .

The rectifier Is controlled to get constant voltage, V5 , behind the smoothing reactor ;
while the compensalor excitation Is uncontrolled. It Is expected here that the terminal
voltage V, as well as the advance angle p , will vary within a too wide range,

3.3. Mathematleal Model :

According to the above poilcy and assumptions , the following three not-linear diffarential
equations can be considered :

in = ‘3‘“(]9) =(vm'Ra-In"vm)!La (1)

b=t = 2 (1T - T (2)
dt Jw,

. _ d - A

é: - Et_(é:) wu(l (U“) (3)

The first equation is derived for the DC-link vottage equatton, where :
Von = DC voltage behind smoothing reactor. |
=Vy +Rydp+lylp =fVor.To. lo ) (1-1)
Vo = DC voltage behind Inverter.
3

=3‘—.ch¢w.coarT"=f(V,¢N,rN) {1-2)

T

The second one ,Eq.(2), [s the dynamlc equatlon of the synchronous compensator, where :
T, := Electric developed synchronous torque .

3P | V. E,

mu CI

csm (6 +a )-R . (E;/ 2,1’J= f(V,E;,d)

(2:1)
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T, := Electric Developed asynchronous torque of ail electrical damping cireults of the

rolar.
E'l
=125 (1w = 1R, @) (2-2)
ar, me

T4y := Damping torque due to friction and windage losses.
— [ (MwN MWL) 10° - 317 R ] @, = (MWN, L, @,)

2N,
{2-3)

The third equatlon gives the rotor positlon measured of the rigid Inverter Impulse, as seer
In the vector dlagram given in Fig.(3),
where ;

£=p+d (3-1)

Commutation
! Fallure

/
/ FIG. (3): Vector Dlagram

3.4. InHtlal Conditions :

The Inftiat conditions required to solve the above differential equallors must be determined
from a time Interval to the other accordings to the control type. For each type, the con-
trolled variables are declared as constants. The other varlables are determined as {ollows :

{a) Control Type (1} :
Here ;V, ,V,andp are constant . Then :

- =3y,
where:
¢y = 0, and

L Is the solution of the previous mterval
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- The AC inverter current :

1N=_V__[93+(94_+1).m5]
CL+Cl.tmd | Z, 'Z,
where :

Cl gin g, cosgy

C2) |sing, cosg, R,

C3| |cosg, -sing, '[x,]

C4 cos g, ein g

- The Inverter commutation angte

Yo = sm"l J1- @QC5 . cos(180 - F,) - 2.C5.sin( 180 - 4,)
where ;
C5=05. cos (180 - B,) - siny,/2 and

¥,-= vaiue of commutation angle of the converter acting as uncontrolied rectifier. Its
value is taken from 20° to 30° according lo loading ratlo.

-l =i, FV6 7/ ). cos(y, /2))

- VDR = Vm + ID'Rd + Ld‘( IU_IDD ))'N
where :

Ipp I8 the previous value of I, .
(b) Control Type (2} :

Here, Voo and V are constant. Then :

- The compensator torque angle & can be determined from Lthe equalion;
g.6m S+b.smdS+c=0

where ;
a = C6 +C??
b

~2.CN(Jo/ B[ X, . cos (£) + R, . sin( &)]

[(V6/m). 1. (X, .cos{&) + R, . sm (&Y ] - C6
Cé=1 R, . sm¢g -I R..cosg,
Cr=V +1 X, . smg, +I R,.cosp,

- ¢y =& - J

~ e =2t (Ip X A6, V. singy))

- F=dtlu/D

(V6 /7). In.cos (yy / 2)

3.(V6 /m) V.cosgy . co8(yy /2)

il

c

~ Iy

- Vg

(c) Control Type (3) :

Here, Vpp and E; are constant. Then :
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4, = tan gin £ - (C12+C13.C9 /C8).I, - Cl4 con &
" cos £ +(C11-C13.C10/C8). I, + Cl4 .5in £

where :
C8 = L +(R./Z.) cosd, +{X_/Z,). sin§,
€9 = (46 /7). R,

Clo=(+6 /n). X,
Cli=(+6 /7). R, /E,
Cl12=(J6 rm). X /E,
Ci3=(Rc/Z.). (nin ¢, )/E,

Cl4= Ef . C13/C8

5 =& éu

V = (E,/CB).cosd + (C9/C8). 1 . cos gy - (ClO/C8).1,. sin
2 =2‘sin"|tID. ETX:;?;:]
Ve =3.(J6/7x). V. cosgy .cos{y,/2)
A=¢n t (ra/2)

Iy, = (vV6/m). Ip.con(y, /2)

Now, the rest of variables, imespective of the control type, can be determined as follows :

1| Iy .sm gy + I . 8in g,
[, vos gy -1, . cos

$c = tan’

Ie=1I4.(sin ¢, /sin ¢;) + 1. (sin $, /6in . )

MWN = 3.V_I,. co8 gy . 10°
la, = [(MWR - MWN)IO' - [ .R,]/V,
For controt type (1) , Yo =Vp

For controt type {2) & {3) , Vp = Ve
For control type (1 Jand (2 )

V+I1,.Z,. vos(¢, + & - 180°}
cos §
a|EBe-Bnd I (X, -X_).6in ($; - 90)
Yo =l I:E,.cosé' s oL (K - X, ). con (@ -90):|

Ep.cond, - I (X, - X_). co8{g; - 90°)
cosy

E =

w, =10+ (¢, - é,)/ A/ m

v

=10 + [(fc -9u) - (4, - $u )]/ AU m,
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4. BIGITAL FORMULATION :

The developed mathematical model
had been programmed for computer ; using
the MATLAB software. The main owtlines
of the programming is #lusirated inthe
flow-chart given in Fig.(4). The calculations
can be directed to get the dynamic
behaviour of the system during synchroni-
zation or load variation ; applying a given
type of the suggested controls. The non-
Ineartty of the baslc equations Impose the
initialization of whole direct and indirect
variables ; interval by interval.

All system failures, which may be
probably happen, can be detectad at
once by lesting the values of some pre-
chosen operation variables. Any delected
failure will be signafized and the program
stops. Examples for such fallure are :

(a) "Compensator Excitation Exceeds Iis
Limt® ; that means the compensator fleld
is subjected to heat stresses,

{b) "Beta Less Than Commutation Angle*
;that means the system has inversion failure.

{c) "Beta Exceeds The Upper Limit, (60

Degrees)*. Here, the reactive power
increases. Also, the system will operate
under highty distorted wave-forms due to the
increasing content of higher-harmonics,
In cases, in which lhe system approaches
steady-state normaily without fallures, the
calculations is left running for a short time
before the program stops.

8. RESULTS AND DISCUSSIONS ;

Figures (5) to (10) show the
dynamic  behaviour of the suggested
system assuming a rated load of 5
KVA, The specifications of the rest of the
setup Is taken in accordance with the
assumed load power. This behaviour Is
calculated either during synchronization or
load varialton at different power factors.
For either of both cases and assuming a
given control-type, the calculations are
carried out taken into consideration the
effect of the compensator damper and DC-
link parameters {Rgm, . Ly andR,), as
wel  as the effect of some operation
variables such as p and w,,.

E%

@

Read;
Batle-Data

Define:
1-Run Mode:
Chotce='SYN" or ‘LVAR"
2-Control Types:
Type=1,2,0r3

T=0.0

According to type:
Inttinlize The System Parameters
end Variablew,

'LVAR' ‘ SYN
10

@:l Glve:

0.88<RWR«<1.2
State:

L__{ The Losd Ratio;
0.0<LR<1.2

|T=T+ T i

According To Type:

1-Bulld Sywtem Equations.

2.Solye System Equations.

3-Print and Store Reguired Qutput Data,

I0=0.0
Try Again

Signallze
The Detecled Fallure

Is
Stendy State
Reached?

Flg. {(4) : Flow Chart
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Summarized , lhe figures reveal that ;

The DC-link Inductance Ly must be property chosen. As small values reduce system
osclliatlons, large values are required to suppress the DC-link ripples, Fig. (5-1a).

The DC-link resistance Ry has a litlle help. for stabilizing the system osclilations. It
should be small as possible to reduce the DC-link copper losses , Fig. (5-1b}.

The damping effect of the compensator - damper Is Inversely proportlonal to the
value of the damplng resislance, Rgmp. Therefore, the damper-winding must be
properly designed tensure thel the system will not go out of stablity ;
especlally In case of control types (2) and {3) , Flg. {5-2a).

Successful synchronization will be altained If the slip between the frequency of rigld
impulses and the frequency of the voltage applied to the inverter terminals is too
small; within 0.001 , Fig. (5-2b). Also, the processing of synchronlzation under a
proper [nitial ¢ will add to the system stabllity; Fig. (5-2c). Open-circutted load while
synchronlzing must be avolded, Flg. (5-2d).

Sudden large decrease of load or load openihg may force lhe system to go out of
stablity ; especlally in case of control types (2) and (3), Fig.(7}. Inthe other side ,
sudden large Increase within the full-load will maintaln the system stabllty ; Fig. (8).

It 13 necessary to control the voltages on both sides of the liverier, by controling
the rectifier and the compensator excitation, Thereby the advance angle of the

Inverter can held constant at a reasonable value i order to minimizel Hs reactive
power demand, Figs. {5)to (10).

According to the above discusslons, control type (1) has approved Rt self to be the best
stralegy may be applled to the suggested system.
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8. CONCLUSIONS :

The mathematical simutation of the load slde dynamic behaviour of a wind energy!
isolated ‘oad system has been successfully developed, in spite of the non-homogeneity of
this system. The corresponding mathemalical algorithm 1s programmed ; using the
software MATLAB. The written program is able to examine the dynamic behaviour of the
mentioned system durlng synchronlzation and sudden load variations. The effects of
some pre-chosen parameters and operation variables on this behaviour can be
considered.

The results reveal that the system synchronlzation can be succedsfully processed if
the following conditions are fulfliled :

(1) The fregquency of the synchronous machine generated voltage appiled lo the
Inverter terminals is too closed to the frequency of the rgld frequency of the
inverter Impulses.

2) The Initlal value of the advance angle must be precisely determined to ensure
good match between the voltages acress both sldes of the inverter,

3) The slart with quite enough load to ensure continuous Ignition of the inverter
thyristor unites.

ERher during synchronization or load variallon the parameters of the DC-link and the
compensator damper-winding must be properly chosen, Thereby, system oscillatlons can
be suppressed.

The results reveal also that a control strategy, which depends on the continuous control
of the voltages across both inverter sides to hold them constant, will be syltable. This-way,
the advance angle p and, In tum, the reactive power demand of the Inverter can be
minimized. In accordance with dynamic behaviour due to sudden load variatlon, Increasing
the load with reasonable increment does not lead to amy abnormal behaviour. In opposite
to thls result, sudden load decrease will give probably arise to system fallures.

Therefore, It Is recommended to protect the system against sudden opening of load. It is
recommended, also, that the load power factor must be within unity and its rated value.
The operatlon with load power factors less than rated provides a reason for instabllity
due to thz Increasing demand of reactive power.
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NOMENCI|ATURE :

Compensalor induced voltage , velt.

AC or DC current , Ampere.

Polar mement of inertla , kg4m?

AC or DC resistance , Ohm.

Developed torque , kg.m .

Time Interval , second.

AC or DC voltages |, volts.

Rotating flelds speed , rad./sec.

Rotating Shaft speed , r.p.m.

Number of pole pairs of synchronous compensator.
Synchronous compensator reactance , Ohm.
Synchronous compensator Impedance | Ohm.

&0 Synchronous compensator Impedance angles , degrees.
Power factor Angle , degrees.

Torque angle , degrees.

Inverter commutation angle , degrees.

Inverter advance angle , degrees.

MM ZEg <z AR m

= e 2

SUBSCRIPTS:

as Denotes asynchronous valve.

Bat Denotes the Battary bank.

c Denotes the compensator.

d&D Denote the DC-link parameters and vartables,

DR or DI Denctes the DC veltage behind the smoathing reactor or the Inverter
bridge ; respectively.

damp Denotes the compensator damping circuits.

db Denctes the torque due to friction and windage losses.

fag Denote excltatlon and alr-gap ; respectively.

L Denotes the applled load.

5 &sc Denote synchrotious & synchrenous compensator ;respectively.
rr Denotes rotor relative value.

pc Denctes synchronous compensator Potler reactance.

SUPERSCRIPTS:

dfdt
, Dehates a previous or transient value.
ABBREVIATIONS:
MWL Power of applied lcad in Mega-Walts.
MWN Power cutput of nverter Iy Mega-Walts.

MWR Paower cutput of rectifier in Mega-Waltts,








