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1. Introduction

Synchronous motors are used in drive systems of high-pow-

er machinery operating continuously at a constant rota-

tional rate [3]. The advantages of synchronous motors are
the following:

+ operation with capacitive power factor cosp and the com-
pensation of inductive reactive power compensation,
which, in terms of a large number of induction motors
in a company, constitutes a significant advantage,

« higher efficiency than that of induction motors.
Synchronous motors are used to drive various types of

turbine compressors in technological lines tasked with the

production of gases (nitrogen, oxygen, argon, hydrogen),
in mine ventilation shafts and other applications.

A difficult moment in the operation of synchronous
motors is the start. The starting of synchronous motors
can be carried out using one of the methods presented
below [3, 8]:

+ asynchronous start — motor is connected to the grid di-
rectly or through a choking coil,

« frequency start — motor is powered by a frequency-ad-
justable inverter; at synchronous speed, the motor is
synchronised with the grid voltage,

« startinvolving the use of an additional induction motor
coupled to a synchronous motor; at sub-synchronous
speed, the motor is synchronised with the grid voltage.

2. Asynchronous start

The asynchronous start requires the satisfaction of the

following conditions:

+ in terms of its design, the motor must be prepared to
generate asynchronous torque,

« power grid at the motor connection point must be char-
acterised by appropriate short-circuit power so that the
starting current does not decrease the voltage of the
grid below the permissible value, affecting other grid
users U > 0.9Uy [1].

The article only discusses the motor. In order to start,
the motor must generate an asynchronous torque, whereas
electrodynamic forces generated by the starting current
must not damage the winding [6, 7].
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Asynchronous torque T, is determined by the power of the
rotating magnetic field Py, penetrating the rotor from the gap:

where: pisthe number of pole pairs and w, =314 1/sisthe
pulsation of grid voltage.

The rotor must have closed electric circuits in which the
rotating magnetic flux induces currents.

The required condition is satisfied using the two methods
presented below.

1. The rotor is cylindrical, the core is made of electrotechni-
cal metal sheets. The package of the sheets has double slots,
some of which contain the excitation winding, whereas
the other ones have a squirrel-cage winding (Fig. 1a), the
same as in asynchronous motors.

2.Another variant of the solution involves the use of the
salient-pole rotor (Fig. 1b). The core is made of solid steel,
excitation winding is located on the pole bodies and the
poles are covered with solid steel pole pieces, bolted to
the pole bodies. The pole pieces have two functions, i.e.
they protect the winding against the action of centrif-
ugal force and enable the generation of asynchronous
torque. During the start of the motor, in the pole pieces,
the magnetic flux induces current flowing in the circuit
between the poles through the pole bodies and the shatft.
The current in the stator winding during start is I = 7Iy,

whereas its surge value can reach I,  12Iy. Electrodynamic

forces (alternating with a frequency of 100 Hz) affecting the
stator winding are proportional to the square of current,
which means that they can be more than 100 times greater
than forces affecting the winding during steady operation, (at
rated current Iy). The stator winding is at risk of being dam-
aged by the above-named forces, at the point where the
winding exits the slots (Fig. 2a). The winding faces must be
appropriately fixed so that they do not vibrate during the start.

In turn, the insulation of the turns at the exit from the slots

must be suitably reinforced so that it does not crack during

micro-vibrations of the winding faces (Fig. 2b). During motor
operation, the winding heats up and must be able to expand

sothatthermal stresses are not generated in the turns [4, 5].
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Fig. 2 Exit of the stator winding turns from the slots: a) winding damage and b) winding after replacement (new)

3. Frequency start

The soft start of the synchronous motor can be performed by
supplying the motor with a voltage of adjustable frequency.
The design of a frequency converter is based on an AC/DC/AC.
The adjustment range of voltage is U= (0.1 + 1) Uy, whereas of
frequencyisf=(3+50) Hz, ratio% ® % ® %j’is constant, where:
E denotes rotation voltage and f denotes frequency. The di-
agram of the motor supply system is presented in Fig. 3.
The start of motor M requires the performance of the
following activities:
+ starting motor excitation,
+ using switch W1 to connect the AC/DC/AC to power grid U1,
+ using switch W2 to connect inverter 1 with busbars U2
and setting voltage of minimum frequency f;, on in-
verter 1,
using switch W4 to connect motor M to the inverter, the
synchronising torque will automatically set the rotor into
synchronous rotation
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+ continuousincrease in frequency and voltage will make
the motor reach the synchronous rotational rate

4o 50 _ 3000 obr
= P~ P min

+ motor synchronises with power grid Ul by correcting the
inverter frequency, the synchroniser should be built-in
into the inverter,

+ when frequency and voltage phases become compatible,
switch W3 switch turns on, whereas switch W4 turns off,
marking the end of the starting procedure.

If a given plant is in possession of several synchronous
motors, they can be started using one inverter.

4. Start with an additional motor

A combined heat and power plant (CHP) was equipped with
2 synchronous generators having a rated active power of
12 MW (apparent power of 15 MVA) and that of 6.4 MW (ap-
parent power of 8 MVA), a rated voltage of 6.3 kV and a ro-
tational rate of 3000 rpm. The above-named plant was in
liquidation. Related test results led to the conclusion that
the above-named machines could be used as electric mo-
tors [2], yet it was necessary to solve a problem connected
with their start. The machines had two shaft terminals,
i.e. a driving terminal and a terminal for connecting the
exciter. The motor exciters were static in terms of power
electronics. The shaft terminal to the exciter was used to
couple the squirrel-cage induction motor, used to start
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Fig. 3 Schematic diagram of the motor power supply during the
start with voltage U2 from the AC/DC/AC inverter and during
operation with power voltage Ul

the synchronous motor. The clutch (coupling) could be
permanent or disengaging. The induction motor having
a lower-rated power was powered by the inverter.

The torque of the induction motor used to start the syn-
chronous motor had to be greater than the load torque,
which was the sum of the moment of friction and the venti-
lation of the synchronous motor and the load torque of the
machine coupled with the synchronous motor. During the
start, the machine load torque should be minimal. In the
case under discussion, it was planned that the synchronous
motors would be used as turbocompressors. The start was
performed with closed valves, where the load affecting the
synchronous motor shaft was only the moment of friction.
The friction moment of the unit amounted to between 2 %
and 3 % of the rated torque.

Because of the power supply from the 400 V inverter,
an induction motor selected to start the synchronous mo-
tor (6.4 MW) had a rated power of 400 kW, a voltage of 400 V
and 2p = 2. The cost of the motor drive was approximate-
ly 100,000 PLN, whereas that of the inverter amounted to
approximately 80,000 PLN. An additional cost was that of
a permanent or disengaging clutch.

Due to the power supply from the 400 V inverter, an induc-
tion motor selected to start the synchronous motor having
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a power of 12 MW was characterised by a rated power of
560 kW, a voltage of 400 V and 2p = 2. The cost of the motor
drive amounted to approximately 130,000 PLN, whereas the
cost of the inverter was approximately 120,000 PLN. An addi-
tional cost was that of a permanent or disengaging clutch.

The connection of the synchronous motor to the grid
takes place in the same manner as the start with the in-
verter (Fig. 3). The induction motor drives the synchro-
nous motor with a steplessly increased rotational rate.
Next, at a specific sub-synchronous rate, the excitation
current is switched on and, by correcting the rotational
rate of the induction motor, it is possible to obtain the
compatibility of the frequency and phase of the synchro-
nous motor voltage with a grid voltage of 6 kV. Afterwards,
it is possible to connect the motor to the grid and the
synchronisation of the synchronous motor is completed.
If the motor shafts are coupled with a disengaging clutch,
the clutch must be disengaged.

The starting of synchronous motors with an additional
induction motor is used, for example, in pumped-storage
power plants. The largest Polish pumped-storage power
plant (Zarnowiec) is equipped with four major electric ma-
chines, i.e. generator-motors, each of them having the
following rated parameters: 15.75 kV, p = 18, a power of
177 MW in relation to a generator operation 209 of MVA
and a power 210 MW in relation to a motor operation of
228 MVA. In the generator mode, the water turbine drives
the electric machine and starts it up. In the engine mode,
the electric machine drives the turbine pumping water
from the lower reservoir to the upper reservoir. The tur-
bine works as a pump and it has the opposite direction of
rotation. The transition of the electric machine to motor
operation requires a change in the direction of rotation.
The starting of the electric machine is achieved using an
additional ring induction motor with a water starting resis-
tor. The power plants were built at the turn of the 1970s and
1980s, i.e. when there were no inverters of adequate power.

5. Summary

The starting of the synchronous motor [9, 10] can be asyn-
chronous or frequency or by using an additional motor. The
choice of the starting method requires detailed knowledge
concerned with the starting conditions of the load torque
during the start and the short-circuit power of the power grid
atthe motor power supply point. The aforementioned condi-
tion is essential to the correct design of the starting system.

The asynchronous start is the simplest, yet surge current
can reach (7 + 12) Iy and electrodynamic forces can be
more than 100 times greater than forces operating at rated
current. High starting current can reduce the grid voltage
below the permissible value, possibly affecting other elec-
tricity consumers supplied from the grid, and triggering
problems impacting the operation of other devices.

The frequency start is smooth, yet it requires the pur-
chase of a frequency converter characterised by parame-
ters adjusted to those of the motor. If the motor rotational
rate during normal operation is adjusted in accordance
with the technological requirements of the working ma-
chine, the frequency converter is necessary for the normal
operation of the motor. In such a system, the problem of
starting is, in a way, solved automatically.

The startinvolving the use of an additional asynchronous
squirrel-cage motor powered by the inverter, the power of
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which constitutes a few percent of that of the synchronous
motor, is also smooth, but can only be designed when the
synchronous motor has a second free shaft end and is not
loaded during the start.
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