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DIGITAL SIMULATION OF A VARIABLE SPEED SHAFT DRIVEN
ALTERNATOR WITH VOLTAGE AND FREQUENCY CONTROL

By
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University, El-Mansoura, Egypt.

ABSTRACT :

Nowadays, an elcctrical system abroad-ship can be built of a shaft driven alternator

wnich supplies AC loads with constant voltage and [requency threugh ¢ D link. The
stability of such a system depends on the choosing of its parameters and operat, condit-
ions. The aim of ‘this paper 15 1o Investipite the effect on the alternator perfo. nce,
of the smoothing-reactor, compensator damping-resistance as well as of the rutial ship
of synchrontzation process,
For this purpose, the paper presents a digital simulation whick applies the time varying
eifective value l¢r [ast prediction of the guasi-steady state behaviour of the systzm.
This benaviour s due to the generated oscillations with small shp in the suggested sysiem
whicn 1 assumed to be jsolated from the utility network,

7.0 LIST OF SYMBOLS :

T t= time warying eflective value TVEV of AC excitation phase voltage, in volt
L, = TVEV of compensator internal phase voltage, in volt.

4 i3 TYEY of AC terminal phase voltage, in veolt
¥y = TVEV of DC voilage Lehind smoothing recactor, in volt.

Vdc := TVEV of DC voltage appears on inverter terminals, in volt.

I = TVEV of current, in ampere.
Ty :=incrua torque of compensator equivalent to one phase, in N-m.

Ta 1= synchronous torque of compensator, delined as above.
Tas := asynchronous torque ol cempensator, defined as above.
:= breaking torque of compensator, defined as above,

iz inertia coetficient of compensator equivalent to one phase, in kg, m?,
:= synchronous impedance per phase, in ohm.

i= synchronous reactance per phase, in ohm.

:= compensator Potier reactance per phase, in ohm.

t= armature resistance per phase, in chm,
= iumber of pole pairs.
= relative speed of shaft-alternator.

i= mechanical angular velecity of compensater rotor, in rad/sec.

:= synchronous angular velocity of compensator stator frequency, in rad/sec.
= power factor angle, in radian.

:= torque angle, in radian.

1= converter delay angie, in radian.

i= inverter advance angle, in radian, and js equal 10 T -OX .

:= commutaticn angle, in radian.

= commutation angle corresponding to zerc delay angle, in radian.
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Fig. (1) : Different Types of Shaft-Alternator Coupling.

Subscripts denote as follows :

g - shaft-alternator

¢ ~ synchronous compensator
re - rectifier bridge

in - inverter bridge

D - DC link

L - load receiver

1.0 INTRODUCTION :

As a consequence of increasing the cost of conventional fuel, and In order to improve

the overall efficiency of electric power generation aboard-ships, propeller-shait driven
alternators are now commonly in use. In most cases, these alternators can be built directly
on the propeller-shaft where the shaft-speed is high enough to limit the number of poles,
as shown in Fig. (1). In cases where the shaft-speed is too low, an appropriate gearing
can reduce the required pole number to an acceptable figure. In all cases , however,
propeller-shafts are driven by gas turbines or diesel engines.
It is evident here that the alternator prime-mover offers a variable speed drive. Consequen-
tly, the generated e.m.f. will be mainly of varianle frequency in addition to its variable
value.Most of electric mains on a ship are built for AC three phase operation at constant
voltage and frequency. Therefore, one of the main difficulties of supplying power ol
propeller-shaft driven alternators to these mains is the varying speed nature of the prime-
mover.
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The tremendous improvements in soiid-state conversion technology make it now possible

to overcome this dilficulty. A DC link with an inverter connected between the varjable
speed alterpator and the loads is a well accepted solution to supply electrical power
to the loads at constant frequency and stabilized vollage [5]. Such a system, Fig. (2-a),
converts the mechanical power taken from the propeller shaft into electric power with
a irequency which corresponds to the shalt speed , and supplies afiler the convession
processes the electric power 1o the common bus-bars at the required frequency.
While the load requirements of active power will be supplied from the inverter, a compens-
ator must be connected to the inverter terminals in order to supply the reactive power
needed for the inverter as well as for the lead. This compensator 1s mainly a synchronous
machine in order 10 :

i . obtain natural commutation for the inverter through the induced e.m.f. , .
ii. operate, alternatively, as a generator to supply power to the ship s mains systetn
in case of speeds under operating limit of the system .

It is evident that this system contains two synchronous machines which have two different
applications from the usual. Each machine is connected 10 a non-linear conversion device;
a rectifier or an inverter which is bullt mamnly of thyristor groups. Both machines will
carry currents of high order harmonics in either stators or rotors even under steady-state
operation [1] . In addition to the well known effects of higher harmonics on the current-
shape, 1t will increase the copper losses [2] . The increase in copper losses depends essent-
ially on the delay angle of the connected conversion device. This delay angle must be
considered as an important factor while designing the corresponding synchronous machine.
Another factor which plays a grezt role in estirmatung the machine raging is its operauonal
power factor. In this systerm the delay angle of the rectifier has a signilicant etlect
on the alternator power factor. But in case ol synchronous compensator both of, the inverter
advance angle and the load power-factor have the major effects on the compensator
power-lactor and in turn, on its rating [3] .

This paper proposes guide lines for estimating the rating of the shaft-alternator
and predicts its periormance during the system direct synchromzation [8] and the speed
variation of shaft-alternator, by a simple methed for formulating the mathematical model.
“his method is based on the time varying elfective value, TVEV , and 1= simulsted in
. computer program which can be processed by Micro-computer.

.0 SYSTEM DESCRIPTION :

Figure (2) shows the schematic-diagram of the suggested system and the phasor
diagrams of the included machines. Essentially, the system consists of two stages :

i . A variable-speed constant excitation alterpator connected to a controlled rectifier
bridge in order to deliver constant power to the DC-link under constant voltage Ve .

il. An jnverter triggered with constant frequency impulses connected with controlled
excit_atlion synchronous compensator to supply the AC loads under constant frequency
and voltage .

The electrical power generated by the shaft-alternator is characterised by both variable
voltage and frequency. This voltage is rectified by means of é-pulses, 3-phase controlled
rectifier, which is connected to the DC side ol the inverter through a smoothing reactor.
The LC voltage applied to the inverter, Vdc , s held constant due te rigid, but uncentrolled,
advance anglc B and the constant voitage applied to the AC-side, V. The excitaton ol
synchronous compensator is automatically controlled to keep the last voltage, V, constant.
This control is ensured as long as the capacity of the synchronous cotmpensator is enough
to compensate the reactive power required Dy both load and inverter. The value ol the
advance angle P should be carefully chosen to be small enough in order to reduce the
inyerter reactive power but must be larger than the corresponding comimutation angle,

in» 1o avoid inverter failure. In order to deliver constant power to the DC-link, the

voltage Ve is held constant by controlling the delay angle of the rectifier,O<es . Consequ-
ently, the voltage Vp slightly varies in proportion 10 the current |y during the transient
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periods. The chosen value for the firing angle at rated-speed determines the speed limits
for operation under constant power. This value should be chosen carefully as 1o avoid

the increase of higher harmonics and reactive power.

3.0 MATHEMATICAL MODEL :

As stated above, the proposed system can be sectionalized nto iwo stages. The
corresponding mathematical model is derived according to these stages. Throughout the
development of maedel equations, the following assumptions are made [2.3,4] ¢

1 . Magneuc saturation is neglected.

ti. Thyristors are represented by ideal switchs.

iiie Ripples in the DC-link current are reglected, and only the [irse harmonic 1s considered
in al) AC circuits. .

iv. The dynamic equations are derived taking into account the time varying ellertive “aue

The performance equations are derived according to the phasor diagrams given in figure
(2), and on the basic-relations of power electronics [6,7) .

3.1 Performance Equations ol First Stage :
Equations of the torque angle and terminal voltage of the snaft-alterpator are :

S ) -
Sg = tan lls.xg.casﬁ / WB lg.xg.smq?sll s 4G T

L1

< TEe 2 ar &2 PO O 3
-[Eso(lg.xg) Z.EE.I % .sm(?sﬁ s” {

Y
5 5 &

Vn the basis of constant power delivery and variable speed conditions, and according
1o the above assumptions, it can be found that :

Eg'-hr-Ego s Xg=nroxgo ER i#): T |
M(?g*sgjﬁcm(ﬁo' sgo“'!r .l6)

Where Egu i x8° ..g!?go and S;g are determined at rated speed. With their help the corresp-

onding values at any relative speed n_can be okbtzined .
With help ol the voltage behind the smoothing-reactor ¥y an expression ol the shaft-
alternator terminal volrage, VB; can be given as :

vg=vbdb&'ﬁucosto;.__rfwxn.mra‘mfz:] e 260

According to the principle of consiant power operation, as stated above, the voltage
dnl::idu‘_e to commutation will be the same (or any delay-angle. It follows that the foilowirg
relation

s’ln(og.er'-rrefZl.sin(Tu!B:smztﬁ:I2) .. A8)

From equations (3) and (6) . the relations of the controlled celay-angle@<, and ihe cerresp-
onding commutation-angle 7§ . a1 be found .

of;g:cm"‘:[smzt'I;!z).vnfuﬁ vy /T )

Trescos'l-[moﬂh-2.sin2('ﬁ'ul2}]~o<m BT ¢ i
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3.2 Performance Equations of Second Stage

As mentioned before, the compensator is provided with controlled excitation in order
to get constant voltage V on the AC-side of the inverter. In accordance to the frequency
on the same side, it is held constant due to the independent triggering frequency of
the inverter. This frequency is normally taken equal to the [oad [
Accordingly, and as¢ & result of constant advance-angle P; either of V or lm can be taken as

reference in the corresponding phasor diagram, Fig (2-c) . Actually, lj, was taken as refer-

ence while deriving the model-equations which correspond to this stage. To get these
equations, the following individual balance or eguelibrium-equations are of great interesi:

J.2Z1. The balance equations of currents :

'L":“?L"in‘cmp'lc‘?“?c «adl9)
loesing_ =1 . sin 1 . sin cok 10

It is considered here that the sign of load angle, <P, , Is negative for lagging pewer-factor.
3.2.2. The equulibrium equations of voltages :
cosin S =1 .2 .sinle s @) - o)

Ec.cossc:v-lc.zc.cuslac.pci ek 12)

3.2.3. The balance equation of comgensator torgues :
riz}:'rﬂ'cn'm—'rd » b 1%)

in this relation :
T‘=J€2°.6153'.l S2)/ dt

_ 2y
=IV.E . sin (D +O) 12, -(E /20" . RIISE,

Tuzlnpunk.S?o)!.n -5"?,;5?0: a5 1% )

. rdﬂ 'ﬁr {ﬁ,

where,
a(t :z synchronous impedance angle - wan”! {Rc / xc)

T do = breaking torque at synchronous speed, N-m .

3.2.% The balance squation of compensator rotor-position :
p.Sczp.J'tSZo—‘R,}.m - 413)
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With hEIp'_Jlnl the above equations (9-15), the second stage mathematical mode| -equations
can be tormulated in their final form :

AS2 /SR ¢t a (T e Ty =T 1ISE, a1

dp B/ dt=PS2 [1-(52 /S2))  ; and sw sk 17

o= V(B2 ¢ D)2 « . an SlNA+C.an) vl B
where .

4.nc.mp-xb.:usﬂ.
EIR{-!]“?L*XCDCU’S<PL -'I-l-l 1gJ
CrR_.cosp-X . .omp

D¢ I'!c.cos'lFL—xc.sm‘fPL

3.3. Mathematical Model for The Whole System :

The two individuai mathematical models of hoth stages can be related to =acn other
through the DC-link voltage-equation i

‘f[jt?dcﬁln-nui]-a-d‘nfﬁl .. 420}

where,

Vi * (. /& /™). v . cos (o +Th 12, cus.{Th Iy

by = Ny (LB ITO) cos O, /2]

";'in - sint | l'l-hK! - €osO% - 2K, anet |

-.l‘lll

2
K = leos &) / 2 - sin® (Y, 1 2)

Finally, the Ilﬂl mathematical model represenung the suggested system can be processed
according 1o the following sequence to get the system-state at each time interval

I- Determination of the relative speed of the compensator 9%, /52, |, and the corresponding
positin angle B « B¢ by _sulving the two dillerential equations (16) and (I7) using a
numerical method, then By van be calculated where [ is assumed constant .

2- Determination of the inverter current lin Irom equation (13), then the DC-link current
ID and the wlmbehind the smoothing reactor Y from equations (21) and (20) ,respec-
tively, can be .

3 gl;b:!?dnﬂ;;mn of compensator power-lactor angle¥? and current l¢ from the equations

4- Determination the induced voltages of compensator, Ec and Ep , from following equations:
Eo=Vai .2 cos )/ §

np--nolc.zp.m}p::msp
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where,
\c=?c+5c'w 3 and
}p:‘Pcé»Bp—T(

5- Determination for rectifier®  and F_, from Egs. (7) and (8) .
6= Determination of shatt-alternator parameters as follows :

power-factor angle ‘Pg sk + (T 12

armature current lg - (VB () . Iy - cos {Tm FRi i

tput 3Nl cos ; and
power outpu Pg 3 g ‘PS i

torque angle ‘55 from equation (1) .

If it is time of speed variation both of E_ and X_ must be recalculaed according to the
new relative speed . & g

4. COMPUTER PROGRAM =

The mathematical model described (n the previous section has been coded in a
FORTRN program according to the flow—chart given in figure (3) . The mathematical
model contains two types of equations ; algebraic equations and oroinary aifferential

equaticns.
The ordinary differential equations are solved, using time varying effective value, by

using fourth order Runge Kutta method. The time interval of the calculations ts taken
0.01 seconds .
4.1. Program Ternnination :
Program termination will be recorded for the following cases :
(a) 1t voitage behind the smoothing-reactor, Vp, becomes less than the critical value.

VDCR ¢ this occurs, when the speed of the shalt-alternator is less than the critical
value which reults in zero delay angle .

(b) 1f the DC-link current falls to zero for a long duration ; under the condition that’
VD is greater than VpcR «

(c) If the value of inverter commutation angle Tin » exceeds the value of the chosen advance
(d) ?ﬁ:‘lee ec;rque angle of the synchronous compensator S',_. , exceeds TC / 2 : this occure
during the eoscillation period and ferces the machine , as well as the system, to go
out of stability .
4.2. Data of System Example :
The data of a system example at rated speed 15 as follows :
- Shaft Alternator : Vs / line = 4800volt , Xs =450hm,R_ =00
- Rectilier Brigg  : @4 = 22.5° clec. 1 Pg = 25° elec.
- DC-Link : I..D = 224 mH , RD = 0.55 ohm
- Synchronous Compensator : V/line = 4800 volt , Rc = 0.256 ohm
Xa = 30.15 ohm , Xp = 1.25 ohm ,
Ry = 0.25 ohm |, Friction and windage
losses = 5 % ol rated KVA .
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3 COMPUTER RESULTS AND DISCUSSIONS ;

Tie wope ol compuisr resuits are concentraied @ the dilferent parwmeters of
the whaltssiternalys when cohnected to 4 controlled reculier vridge. Trewe paramelers
are ot wngle . power-lactor angle Pg , outpul power Pg and armature-current g

In SOG1Kn he recriler deisy ongle @ o snd the correponding commutation angle ¥, are
alv pvetigated. These parameters are allectes oy Lp 4 R ane 'S¢ 82, | whech are
chosarm &t |

« (W balues of smoothing-reactor inductance of 1 124 m1 and 144 mh

= twg values of compensalor cage resitance of ¢ 03 ol e | wim

= jifver vahes of CoEnpEnasin ek speed 1 fyrecRromniFALOn proceis af lp .99
o |00 .

The walue ol shalt-aliernator parameters are inveddigated urig (wo opavaling periods &
iynciromeation wvafiation. The computer program i sdeied 1o change Ihe
weed of e shait-alternator Udtantanecusiy every two wecondy and 1he reaglts are
e by Ligures (8] , {3) ana (6) .

5L Discussion of Resualts =

Figere () shows the ellect of Mowalees af umomtiung-rfetor on (e paramelers
of the sall-aiermator and rec bringe. Soth wmived pve slmosl the lame rllecih
Hegn magritates of Py, by and pooil G Wichrouzaton. While during Doed
m:mmmttw OCTUS siendily -

Figae (3 wnaws e flect of reo-values of COMPENAISr dampeng eiviance
t'e menianes parameteri. Migher mugrsteces of all of them oo eithed duimg e
uwnclworsgstion pavind o sl Peed varuton for Lerpe value ol By dmeoates the  Samping

IS

Fipaer (&) shows the eitect of three-salims of ow rotofrelative wpeed of Coinpenaaion,
&t the imiant ol thon, on the sbove parameiers .
T relatres ol compensator rotor, only allects 1ne stability of the system during

the syncironizdtion period. The deviation of synchrorucatior slip , (1 « 32, [ =@4) | trom
pero, rewits s more system oscillations. The time duation ahd arplitude o hese
viclllations depend on the value ol deviation. The starting direc ben of any esciliston

coffesponding ¥ & given parameter depends on the sign of the synchionization o .

The qunsi steady-slate bDetaviour of & shalt-driven alternsler sgpplying sodares
been numer ically invesligated By applying the wessnied
form of & FOTRAN program , to a wy¥tem esample.
it i recomended lo dyncianise the inverter al
pero compensator rotor slip . This can be happen il the compeniaior peis- mowf , whech
i Mmouifed ket belere spnchroniZation . @ provided wilh wehdgiivg woeed contral _ s
addiion . proper vilee ol l.n.u-ﬂu'!u!-fnh-l R, , ™t be chosen

otder to get lable wynchionszation proceys and 0 avoul & pEsl Vlesdy-itale operaton.

Comsequant concluticrs, shich can Se deduced Irom Ihe steady retulls, are given in
mmeHﬂ-M-mummunuﬂndmﬂ..
controlled e el peed 11 N0ST s the wpeed wereases, both of

and © pg will be increasavg whilc both of Be and W op will be decreasing. The
e H:Ild? g o e o whikch o M mum. and InamimumeGpeed, are
whown 10

|
|
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speed, ihow INAT thier Fabed Capacily Can be [sken 4 723 BvA and JEG KV A, sesprctively,
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