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VARIABLE FREQUENCY STARTIHNG OF A SYNCHRONROUS
MOTOR FED FROM A VOLTAGE SOURCE INVERTER
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The é%%%%%gﬁ methods of synchronous motors are discussed
generally. A new technigue based o¢n an open loop control
starting system of a synchronous motor fed from a voltage
source inverter emplementing Gate Turn Off thyristors (G.T. Q)
and a gingle phase half controlled bridge rectifler 1s
presented. An accurate model of the Rectifier-Inverter-Motor
set 1s developed to simulate the motor response during start-
up. A comparison between the fizxed frequency starting and the
variable frequency starting iz presented,

1. Introduction

The starting methods of synchronous motors depend vVvVery
much on the requirements and conditions. However, the static
starting devices. have proved a very efficient way not only in
starting the motor to +the required predetermined speed, but
also in driving the motor at variable speeds,

. The methods of start-up employed for synchronous motors
may be classified as shown in Fig. 1.

The use of mechanical methodsz of start-up is limited due.
to economical and practical reasons [1] (in addition to¢o the
space they oc¢gupy, they continue running after they had
fulfilled their task).

The asynchronous starting at a fixed frequency as an
induction motor by the help of damper winding is advantageous
in shortening the starting time, but a high reactive current 1is
drawn which affects the supply circuit, Moreover, the inrush
current imposes stresses on the motor,

The rotary frequency gstarting and Unger connection have
their own drawbacks such as, the usage of several machines
(Induction motor + Asynchronous generator in Unger connection,
for example).

The static frequency starting employing current source
inverter where thé machine 1s supplied with variabkle frequency-
variable voltage, reduces the transient lcoading on the supply-
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Fig. 1. Claseification of starting methods
of synchronous motors

and avolds large dips in the voltage, In this method, the
frequency rises continuously from Zero to the operating
frequency and the rotor ig synchronised witn the rotating field
of the stator. The relief helng subgtantial compared  to
synchronous start at a fixed fredquency. The aynehronous
starting which employs static fregquency starting system is
particularly economic when the =ame gaystem 18 usged tg start-up
several machines one after another. This scneme is Jjustified
only for large gynchronous Mmotors without damper windings or
with damper Wwindlngs intended =solely for damping and 4o not

- contribute to the starting Pprocess. o it 1ig not used 1in mast

of small or medium gynchronous motorse provided with damper
windings. Moreover, the starting time isg increased
substantially and excitation is to be connected even from
standstill, Thus special means of excitation must be available.
The lcad tordque at starting must he Very amall otherwise the
machine will not bhe able to start-up. )

2. Variable Frequency Start-up
since most of small and medium zize synchronous motors and
majority of synchronous condengers are provided with damper
windings for start-up purpesesg, an alternative technigque 18 to
pe usged rather than the sync¢hraonous starting.
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r‘- A variable frequency starting scheme with a voltage,sourég
inverter, offers a simple and reliable alternative,

In this scheme, the machine is started-up as an induction
motor with constant voltage per cycle. As a matter of fact the
technique may be called "gTEP FREQUENCY ASYNCHRONOUS STARTING
TECHNIQUE", ;

The frequency 18 increased in steps starting from a value
which is reasonably 1ow (typically 104 of the rated frequency).
Once the speed of the rotor approaches the speed of the stator
rotary magnetic fielad (954), the input freguency 18 increased
by a step (5-10HzZ). in order to Keep the torque constant, the
air-gap flux must be maintained c¢onsgtant as the frequency

" increases. This 18 achieved by Keeping the ratio between the

counter emt. produced by the resultant air-gap flux and the
frequency, constant. Ag the stator leakage impedance 15 Very
small (2-15%) (1], so the counter emf 1§ nearly edqual to the
supply voltage, and the torgque is Kept constant by Keeping the
ratio of the supply voltage to the fregquency constant, which 1s
Known as constant voltage per cycle control,

Increasing the fIrequency in steps and congequently the
input voltage, the motor will speed up. when the speed
approaches the sinchronous speed (95%4), the machine 13
synchronised by supplying the field winding from sultable dc
source,. -

The Open Loop Frequency and Voltage Control

The desired frequency of the inverter 1i& contreolled by a
10w power master generator that generatesg train of pulses,
These pulges are directed to the gating circuits of the G. T, Os
of the voltage source inverter to switch the required thyristor
On or OFF according to a gwitching pattern determined by a
microprocessor and 10g1¢ ¢circulits.

The voltage control 1is achieved by controlling the firineg
angle of the rectifier pridge. The value of the firing angle 1s
determined by the microprocessor in such a way to Keep the
constant voltage per cycle ratio,

_* e D

Controlled | Voltage Synchronousf< Excitation

£ rectifler source - motor supply
inverter > :

N

’ Logli¢ c¢ircuit
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T

Micro-
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T
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Filg. 2. A simplified blocK dlagram of an open

L loop variable frequency gtart-up system _J
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The switching on of the field excitation 1s ichieved also
by a signal from the microprocessor and loglc c¢li :ult when the
speed reaches 957 of the synchronous speed

A simplified Dblock diagram of the control scaeme 1s shown
in Fig. e.

3. Digital Hodel

The digital model of the system 1s intendtd to simulate
accurately a three phase synchronous motor fed from a three
phase voltage source 1inverter and a singl: phase half
controlled rectifier bridge.

The circuilt diagram of the Rectifier-Inverte: -Motor set 1is
shown in Fig. 3. The +triggering c¢ircuits are e 1minated for

simplification.
Lrt rrt
rﬁl“JV e
Lo | |
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ir | “1r .
el i
o 2-:—— wh"l i
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Fig.3.Circuit diegrem of the Rectifire-
Inverter-liotor set

The Synchronous Motor HModel

Based on PARK’s transformation, an accura e moadel of the
synchronous motor with damper winding 1is develop -d (1],

The state space equations representing the wtor variables
can be written as following SR )

Plgq = Wpl-ajqlg+tagple*tayzikgtWmlaqalqtagsikg) P11vg-b1avel

Ply = wpl apylgtapplstapzlggtWplagyligrapslikg) ‘Layva-boavsl

L -
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Plga = Wpl a311d+a3'21f+6331kd+wm(3341q+3351Kq)+b31Vd-b32Vf1
pilq = Wb[’Wm(a411d+a421f*3431}(d)'3441q+a4511<q+b44vq1
Pigg = Wpl wm(3511d+a521f+353lkd)+3541q'3551kq‘b54vq]
plg = Wpl- rglo + Vo/Lo)
and,
pwg = -D’wWp + (1/2H) [(KMglglq * (Lglq)lalq -
- KMgalglkd - KMkqlalkg)/3 - Tul
PO = Wp W
where aqq, @42 o ass and Dyqg Pgoeree oo bsy

depend on the motor parameters (Appendlx A).

The set of first order nonlinear differential equations 1is
completely representing the synchronous motor in poth transient
and steady state.

voltage Source Inverter Model

The inverter under consideration 1is a three rhase bridge
inverter with six Gate Turn Ooff thyristors (Thy - Thg) and 81X
diocdes (Dy - Dg)- Each thyristor and corresponding diode 18
considered as a pidirectional switch., The use of the G.T.0s may
allow us to assume an ideal switching with ingstantaneous
commutation., The gating signals to switch on and switch off the
thyristors are assumed to be automatically available,

To simplify the analysls the following assumptions are
considered !

1) Ideal switching devices

2) Instantaneous commutation

3) Automatically available gating signals to the thyristors (on
"~ and off)

4) The mode of operation of the inverter 1is 180° conduction

The following logic variables are assigned to the
thyristors, diodes and bidirectional swltches

m Thyristor : "1" and "O" for conduction-. and nonconduction
respectively.

® Diodes .« wp" agnd "i" for nonconduction (corresponding

. thyrigtor 1is conducting) and conduction (corres-

ponding thyristor ig non conducting) respectively

m Bidirectional switches g, m_q¢» anda "o" for positive,
negative and zero current respectively. ‘

The values of the logic variables are determined each time
step and hence, the output voltage to each of the motor phases
is determined.

The switching pattern of the inverter and the
corresponding phase voltage as a function of the angle © where
e - wt (w = 2uwf) can pbe summerised as followlng

o
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e Thy Thp - Thy Thy Thy Theg Vph 1 Vpna Vph3
0°- 60° i 0 (6] 0 i 1 1/3 -2/3 1/3
60°9-120° i 1 0 0] 0 1 /3 -1/3 -1/3
1209-180° 1 (Y 0 i (0] e} 1./3 1/3 -2/3
1800-240° 0 1 i i 0 0 -1/3 2/3 -1/3
2409-300° 0 0 1 1 1 0 -2/3 1/3 1/3
3000-3600 (0] 0 i 0 £ 1 -1/3 -4 /3 e/3
The values /3, 2/3, -1/3, -2/3 are given here as a ratio

of the input of the inverter (Vin)-
Model of The Rectifier
The single phase half controlled rectiflier 1s represented

by two more differential equations, The two equations differ
according to the mode of operation of the rectifier [3].

HMode 1 :

One thyristor and one diode are conducting
PVin - (1/Cr~t)1s = (1/‘(.51\{—_)1"1

Mode 11

Two diodes are freewheellne
Pig = -(rpg/Lptlis - (1/Lrt)Vin

Hode 111
The current ig equals to zero (1f negatlive, it will be
zero due to the diodes)

PVip = - (1/Crt¢)im

The current i, will be the current of one of the motor phases
according to the mode of the inverter.

The mode of the rectifier 1is determined according to the angle
of firing as following

Mode I no> wgt >«
Mode II « > Wgt > zero

Mode II1X ig ¢ zero
The equations of the rectifier are combined with those of the
motor to form a complete set of nonlinear differential
equations which, together with the time dependant swiltching
pattern of the inverter, completely degcrikes the system of the
Rectifier Inverter Motor set. The equations are solved using
the numerical integration technlique +to analyze both the
dynamics and statics of the motor in the time domain.
Here the modified Runge Futta-Gill (RKG) 1s used.
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Simulation of the Step Frequency Asynchi onous
Starting

This is achieved using the digital model developed by
changing the input frequency ifrom an initial val e (fy) chosen
to be 10% of the rated frequency, 1n steps each f a value Af
which is chosen to be 5hz till reaching the final rated
frequency (fend)-

The increase of the input frequency from a ¢ - rtain value £
to another value f + af 1s accomplished when th: speed of the
rotor reaches a value wp = 954 (2nf).

Each increase in the 1nput freguency 1s ac '‘ompanied by a
decrease in the firing angle « in such away to <eep the ratio
v/f constant. i

when the rotor speed reaches 95% of the ra-.ed value, the
field excitation is applied to synchronise the mc-.or.

4, Simulation Results

The transient response as well as the steady-state
waveforms are shown in Fig.4.a and Fig. 4. b for the variable
frequency starting and fixed frequency starting 1 2spectively.

The waveforms, e¥cept the speed waveform, <re obhserved at
three intervals corresponding to start-up, synclronisation and
steady-state. Each interval spans 0,2 second. The speed
waveforms are observed throughout the whole rang:.
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5. Comparison Between Fixed Frequency a@and Variable
Frequency Starting Techniques

The use of the varliable fregquency technigue reduces the
starting time approximately to half the time when the start up
is performed at fixed frequency. ‘

At low frequencies and voltages, the rectiiier output-due
to the increase of the firing angle-coniains ripples
representing the harmonics (double frequency :nd multibles)
which affects slightly the starting performance >n the variable
frequency method.

The inrush current may be reduced 1n the variable
frequency technigue, thanks +to the emplemen-ation of the
microprocessor which may be programming to obt: in the optimum
frequency, voltage and switching rattern  hroughout +the
starting period,

The effect of the 1initial rotor angle po.ition 1s more
soundy when variable frequency technique 1is us d, rather than
when fixed frequency method 1s used which mus be takKen into
consideration, '

6. Conclusions

The open-loop variable frequency starting technigque with
voltage source 1inverter 1s simple and reliable Moreover, the
technique reduces substantially the starting tim:. -

The use of the microprocessor will leal us to more
improvement in the starting performance.

The effect of the rectifier harmonics may »e decreased 1f
a three phase bridge 1s used instead of the single phase bridge
used.

The initial rotor angle position must e taken 1into
consideration due to 1its pronounced eftfect ot the starting
L_performance. _J
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List of Symboles

, 1lsga direct-axis voltage and current, pu

v 1gg quadrature-azis voltage and current, pu

. field voltage and current, pu
stator resistance per rhase, pu
field resistance, PU

, Prg d-axls and g-axls damper windlng reglistance, Ppu
d-axls synchronous inductance, pu
q-axls synchronous inductance, pu
field self inductance, Pu

, Lgq d-axls and g-axig damper windling self inductance, PU
mutual inductance "stator & field winding", pu
mutual inductance"stator & d-axls damper winding", pu
mutual inductance"stator & q-axis damper winding", pu
mutual inductance"stator field & 4-axis windings", pu
inertia constant, Sec
electromagentic tordque, PU
load tordgue, PU
pase angular frequency, rad/sec
motor speed, pu :
rotor angle, electrical radians

motor current, pu

Q
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series resistance and inductance, pu

perallel capacitance, pu

(vsa

rad/sec

re¢(KMg/Lg - Vp Mp/03 L) /04 05 Lg

EE-3 [1015
rK constant =

rt » Lprt

Crt

Vg supply voltage

Wg supprly frequency,

1S supply current, -pu
Ty - Tg inverter thyristors
Dy - Dg inverter diodes

Tpy + Tprp rectifier thyristors
Dpy ,» Dpp rectifier diodes

=P initial rotor angle,

Appendix A

ag4 = rg/0y4 05 Lg

agp =

ag43 = Vg rgg/0y4 03 05 Lkg

aiy = Lg/0y 05 Lg

a345 = KMgq/04 O Lg

apgy =

agp = rg/03 Lg + a41p apy/agy
423 = rga Mp/03 Lg Lkg + @13 agy/agy
424 = A4y dpq/3a44

4z = a45 dpg/ayy

agy = I'g 0p/04 03 O Lg

azg = rf Mp/03 Lgg Lf - ay1p apy/agy
433 = I'kda/93 Lkaq + 213 azg/agy
a3y = aqy azq/agy

435 = a4yp agq/ajgy

ayy = Lg/0p Lg

agp = KMg/0p Lq

ayz = Kmgqg/0p Lg

agy = rg/vp Lg

ays = rkdq KMgg/0p Lg Lkg

asy = KMgq Lg/0p2 Lg Lkg

agp - KMg KMKQ/GE Lg Lkg

as3 = KMgq KMgg/0pz Lg Lkg

asy = I'g KMgq/0p Lg Lgg

455 = I'kq/%2 Lkg

electrical radians

rg(KMg/Lg - Vg Mp/03 Lkqg) /04 05 Ly

(Gato Turn Off thyrisztors)
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yy = 1/04 o5 Lg
bip = (KMg/Lq - vy Mp/03 Lgg)oy 05 Lf
bpy = b1y az1/a4y
bpa = apa/rf
b3y = by azyg/ayy
b3z = aga/rg
byy = 1/05 Lg
bsy = KMyq/0p Lg Likg
and
oy = 1 - (KMg)2/Lg Lg
Op = 1 - (KMgq)2/Lg Lkg
o3 = 1 - (Mp)2/Lg Lgg
oy = 1 - (KMgq)®/Lg Lygg. '
05 = 1 - (1-0y4 +(1-04) (1-03)-2KMsKMggMp/LfLglkg) /6103
Py = (KMgg - KM§ Mp/Lg)/Lg
Vo = (KMggq - KMy Mp/Lg)lga
Appendix B
The synchronous motor parameters (per unit)
Lg 1. 106
L 1. 2422
Licd 1. 36422
Lq 0. 642
Lkg 0.7182
KMy , KMggq & Mp 1. 00
KMy 536
rg 0. 00366
r 0. 000804
rka Q. 03803
Ikq 0. 03548
H 3 KW. sec/KVA
and,
- 2. 45
= 180° (3. 14 rad.)
Ty, 0.0
0. 001
Y 0. 02
Covt 0. 25

O
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