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High speed power generator for low power steam turbine
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Abstract. The paper discusses the issues of creating a high-speed power generator for a low-power steam
turbine. A 50 kW power generator with a rated speed of 12,000 rpm was developed. The influence of
control parameters on the power generator performance was analyzed. The electromagnetic processes in the
power generator were mathematically modeled. For the single-pulse control algorithm used in the
generation mode, rational ratios of the angles of the beginning and end of the voltage pulse were
established. The analysis of the obtained results shows that the developed power generator meets the set
requirements for joint operation with a steam turbine. The choice of a valve-inductor machine for this
purpose makes it possible to significantly simplify the design, reduce the costs of production and improves
the reliability of the system as a whole. The peculiarities of the implementation of control algorithms make
it possible to use a minimum number of sensors and not to use the rotor position sensor.

1. INTRODUCTION

Autonomous and distributed power systems are one of
the ways to improve the efficiency of power supply to
remote facilities. They are especially relevant for energy
supply of consumers of small unit capacity located at a
considerable distance from each other [1-3]. In this case,
the laying and operation of power transmission lines and
related infrastructure require significant costs and leads
to a significant increase in the cost of supplied
electricity.

It is advisable to solve the problem of power supply
to autonomous or remote objects using local resources,
without using imported fuel. In this case, it is rational to
use generating units based on low-power steam turbines.
Steam for their power supply can be obtained by burning
such types of fuel that cannot be used in any other way,
for example, solid household waste, solid wastes of plant
or animal husbandry [4-6]. In this case, in addition to
electrical energy, heat energy is also generated, which
can be used for technological needs and heating. If the
facility is a part of a distributed energy system, its own
power generation allows one to reduce the network
consumption or to give it to other consumers [7].
Another promising application of power generation
plants is hydrogen energy. Studies have shown that the
combustion of hydrogen to obtain superheated steam
with its subsequent use in a steam turbine, allows one to
obtain higher energy performance of the power
generation system [8].

One of the most important tasks in the development
of generating units based on low-power steam turbines is
the creation of a power generator (PG). At power up to
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100-200 kW a turbine can efficiently operate at a high
rotation speed [4,6,9], so it is necessary to create a high-
speed power generator capable of working together with
a steam turbine without a gearbox. This paper considers
the possible design of such a generator.

2. MATERIALS AND METHODS

A 50 kW power generator was developed to work
together with a steam turbine as part of a complex for
municipal solid waste processing [4, 5]. It powers
various technological devices for the complex own
needs. During waste incineration in the oxypyrolysis unit
the resulting steam is saturated, with low parameters (up
to 0.6 GPa), so to achieve the required power it is
expedient to use the turbine rotation speed of 12,000 rpm
in the nominal mode. Here it is possible to use rolling
bearings, which reduces the time and cost for developing
and manufacturing a turbine and a PG. In prospect, for a
similar turbine operating on superheated steam, it is
possible to use air bearings or plain bearings to increase
the rotation speed over 50,000 rpm.

The requirements of operation as part of the complex
state that the PG should have a power of 50 kW at a
speed of 12,000 rpm in the nominal mode. To achieve
the best energy performance, the turbine speed can vary
from 10,000 to 14,000 rpm. In this range, the generator
must produce a rated power with the possibility of a
short-term increase of 15%. It must remain operational
up to a maximum turbine speed of 18,000 rpm. At the
maximum rotation speed, the generated power must be at
least 90% of the rated power in continuous operation.
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Selection of the type and configuration of a power
generator for a low-power steam turbine

The development of high-speed electric machines
(HSEM) for power plants is considered in [10-12], it is
shown that synchronous electric machines with
permanent magnets on the rotor have the best energy
performance [10,12]. The material of these magnets has
a low tensile strength, so the HSEM rotor has a surface
arrangement of magnets, which are fixed with a bandage
[10,13]. Another feature of synchronous electric
machines with permanent magnet is that excitation
cannot be controlled. Therefore, the design is carried out
in such a way that the EMF generated in the stator
winding at the maximum speed is equal to the nominal
winding voltage. To achieve the speed higher than the
nominal in the constant power mode, it is necessary to
use the reactive component of the electromagnetic
moment. It can be achieved for a deep arrangement of
permanent magnets, as exampled by traction motors of
electric rolling stock [14]. For a surface arrangement of
permanent magnets on the rotor, this is impossible, since
there is no magnetic asymmetry along the longitudinal
and transverse axes. So, to ensure constant power, it is
necessary to increase the stator current. This leads to an
increase in the PG mass and dimensions, a decrease in its
specific indicators.

Asynchronous and synchronous reactive electric
machines can be an alternative. However, asynchronous
rotor of a traditional design with a short-circuited
winding cannot be used due to problems with ensuring
strength. In this case, electric machines with a massive
rotor have found application [11,12]. Their advantages
include the simplest rotor design and the ability to obtain
the maximum possible rotation speeds, but in terms of
their efficiency and specific indicators, they are inferior
to other types of high-speed power generators [12].

In the considered case the maximum rotor speed does
not exceed 20,000 rpm, the use of an asynchronous PG
with a massive rotor is not justified due to high level of
rotor losses and problems with its cooling. So we choose
the valve-inductor electric machine (VIEM), which is of
synchronous-reactive type. It doesn’t have a winding on
the rotor, and the stator winding is made in the form of
concentrated phase windings located on the teeth. In
VIEM phases are controlled independently of each other,
so the number of phases can be selected in a wide range.
It can generate only with one phase. To ensure operation
together with a steam turbine, a PG must be able to
operate in a motor mode. So, there should be minimum 3
stator phases for starting at an arbitrary position of the
rotor. Analysis of various configurations of valve-
inductor electric machines showed that an increase in the
number of stator phases leads to a decrease in the
pulsations of the electromagnetic moment, better use of
the material of the magnetic cores due to the reduction of
the flow paths along the yoke [15,16]. Also, the current
load on the power semiconductor devices of the power
converter is reduced. Other negative consequences are an
increase in magnetic losses due to an increase in the
frequency of magnetization reversal of the magnetic
circuit, and complication of the process of placing the

stator windings. In addition, the number of winding
increases, and the design of the rotor position sensor
becomes more complex. Therefore, for the developed
power generator we used four stator phases.

3. Results and discussion

Taking into account the high frequency of
magnetization reversal, to reduce losses, the stator and
rotor magnetic circuits are made of laminated electrical
steel of grade 2421 with a sheet thickness of 0.18 mm. A
scheme of the developed valve-inductor PG for a steam
turbine with a capacity of 50 kW and a nominal speed of
12,000 rpm is shown in Fig. 1.
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Fig. 1. A scheme of the active layer of a valve-inductor
generator for a low-power steam turbine

As a result of the optimization calculations, the
following main dimensions of the active part of the
power generator were obtained:

° Number of teeth on the stator/rotor: 8/6;

. Outer diameter of the stator: D1out = 200 mm;

. Inner (air gap) diameter of the stator: D1in = 118.4
mm;

. Air gap: dair = 0.2 mm;

. Inner diameter of the rotor D2in = 42 mm;

. Height of stator/rotor teeth hz1/hz2 = 30/20 mm;

. Width of stator/rotor teeth bzl/bz2 = 19.0/19.2
mm;

. Length of the magnetic circuit along the air gap 18
=275 mm,;

. The number of turns in the stator windings: 22;

. Maximum stator winding current: Ifmax =110 A;

. Stator phase resistance Rf = 0.0256 Ohm.

Each phase F1 - F4 is powered independently by
unipolar current pulses and connected to an individual
half-bridge autonomous voltage inverter (Al - A4). To
control the generator operation, current sensors are
installed in each phase, a voltage sensor is installed in
the DC link. Also, a position sensor is installed on the
rotor. The information from the sensors is used by the
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micro-computer controller to determine the moments of
switching on and off the power switches. The structural
and functional diagram of the control system of the
valve-inductor power generator is shown in Fig. 2.
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Fig. 2. Structural and functional diagram of the control system
of the valve-inductor power generator: SRM — switched-
reluctance motor; RPS — rotor position sensor; Al — A4 —
phase modules of asymmetric half-bridge self-commutate
inverter; S1, S2 — power switches (IGBT); D1, D6 — power
diodes; VS — voltage sensor; CS1 — phase current sensors; LS -
load switcher

The VIEM phase inductance is maximum when the
rotor tooth is opposite to the stator tooth (aligned
position). The inductance is minimum when the rotor is
in such a position that the stator tooth is between the
rotor teeth (not aligned), Fig. 3. The generation period
begins when the rotor passes the matched position, when
the phase inductance begins to decrease. In order to
begin generation, current must be in the phase by the
beginning of the generation period. For this, a voltage
pulse is applied to the phase with some advance. The
moments of applying a voltage pulse to the phase are
matched with the position of the rotor and can be
represented in the form of control angles a0 and al (Fig.
3). Since the developed VIEM should basically operate
in the generator mode, the not aligned position was taken
as the origin of the control angles. The repetition period
of voltage pulses (360° in electrical space) corresponds
to the angle of rotation of the rotor by one tooth.

r r ar Lr ar
JLu i JLu JL JLu
Lf
Ur
Udc
Go : o1
‘Udc
' } } } 1 o, °el
0 180 360 540 720
= -aligned position 3 -not aligned position

Fig. 3. Single-pulse control mode of the valve-inductor electric
machine in the generator mode

The required -electromagnetic moment can be
obtained at various combinations of control angles,
which influences current and losses in the phase
windings. Determination of rational control angles is one
of the most difficult tasks in the development of VIEM.
We solved it by mathematical modeling of
electromagnetic processes described below.

Mathematical modeling of processes in a valve-
inductor power generator

The phases of the valve-inductor electric machine are
weakly magnetically connected to each other [16-19].
So, processes were considered only in one phase:

f 1

W—Uf_lf'R], ()

where Uf , If , Wf are the flux linkage, voltage and
phase current; Rf is the active phase resistance The
phase currexzt is found from:

le:fIf’Vr)’ (2)

where yr is the rotation angle of the rotor relative to
the stator;

The relationships of flux linkage and the phase
current and rotor position (Weber-ampere phase
characteristics) and phase electromagnetic moment are
determined from calculating the magnetic field
distribution by the finite element method, Fig.4. For the
considered  high-speed power generator, these
calculations were performed using the FRMM software
package (©David Meeker) [20]. The calculations were
carried out at a rotor speed of 12,000 rpm, DC link
voltage of 550 V, and control angles a0 = 130 °el and al
= 285 °el. Fig. 4 shows the time dependences of phase
voltage and flux linkage (Uf and Pf), phase current (If)
and electromagnetic moment (Memf). The moments of
other phases are obtained by displacing the Memf
dependence by the shift angle corresponding to the phase
under consideration. The total electromagnetic moment
is obtained by geometric addition of the dependencies of
the electromagnetic moment of all phases.
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Fig. 4. Modeling electromagnetic processes in a valve-inductor
power generator

These time dependences are used to calculate the
average PG electromagnetic moment and the effective
phase current, which are used to determine the rational
values of the control angles.

The issues of control of a valve-inductor power
generator

The preliminary calculations showed that in the
single-pulse control generation mode, for a wide range
of the pulse beginning angles, the effective phase current
depends mainly on the voltage pulse width. To minimize
winding losses, it is necessary to determine such a
combination of control angles at which the required
average electromagnetic moment would be achieved at
the minimum voltage pulse width. We calculated the
average angular momentum as a function of pulse
beginning angle a0 for several pulse widths Aa=a1-a0,
Fig.5.
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Fig. 5. Relationship between the average moment and the angle
of the voltage pulse beginning a0 for different pulse widths

Analysis of the obtained dependences shows that
they have a pronounced extremum corresponding to the
minimum moment at a certain voltage pulse width. Fig.
6 shows the relationships between the angles of the
beginning and the end of voltage pulse at which the
minimum moment is reached.
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Fig. 6. Relationship between the optimal control angles a0 and
al and the average moment and the voltage pulse width

Fig. 6 shows that the angle of voltage pulse end al
practically does not change with an increase in the pulse
width, and the angle of the pulse beginning a0 decreases
linearly. The average moment also depends on the
voltage pulse width linearly. This is due to the fact that
the moment when the voltage pulse is turned off must be
at the beginning of the generation period, which is
determined only by the rotor position. The moment is
determined by phase current by the time the generation
began. When the moment of voltage pulse beginning
shifts towards smaller angles, the phase current has time
to increase. Similar results were obtained at other speeds.

So, the control system of the valve-inductor power
generator can be constructed as follows. The angle of the
voltage pulse end is taken constant, and the moment is
controlled by changing the angle of the pulse beginning
(the relationship between moment and the angle of
voltage pulse supply is linear). This enables to
significantly simplify the creation and configuration of
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the control system, as well as its interface with the
upper-level control system.

When the rotor speed is less than the nominal, the
moment control can be carried out by reducing the
voltage pulse width. However, this increases the current
pulse amplitude and the effective phase current resulting
in an increased load on the converter power
semiconductors. So, it is advisable to apply voltage
modulation. The average voltage must be selected so that
for equal angular momentum the pulse width is equal to
that at the rated speed. With an increase in the speed
above the nominal, the moment can be kept constant by
increasing the voltage pulse width to the limit of 175 ©el.
The pause between successive pulses is sufficient for
normal operation of the converter power semiconductor
devices.

The peculiarities of the implementation of control
algorithms make it possible to use a minimum number of
sensors and not to use the rotor position sensor [19,21].

In high-speed power generator the magnetic bearings
should be used instead of rolling bearings and a rotor
with a smooth surface. In this case, the use of
synchronous machines with permanent magnets on the
rotor is justified. The development and production of a
high-speed power generator and bearings with a rotation
speed of more than 30,000 rpm in a power range 30 -300
kW has a high cost and is not always economically
justified. So valve-inductor electric machines are
promising at speeds of up to 20,000 rpm in the indicated
power range.

3. CONCLUSIONS

The developed power generator meets the set
requirements for joint operation with a steam turbine.
The use of a valve-inductor machine makes it possible to
significantly simplify the design, reduce the costs of
production and improve the system reliability. To control
a valve-inductor electric machine in the generator mode,
a single-pulse mode is used. The required
electromagnetic moment can be obtained at various
combinations of control angles, but to minimize winding
losses, it is necessary to achieve the minimum voltage
pulse width. Determination of rational control angles is
one of the most difficult tasks in the development of
VIEM. We solved it by mathematical modeling of
electromagnetic processes. The VIEM control system
must preserve the angle of switching off the voltage
pulse constant. The moment is controlled by changing
the angle of the pulse beginning. The relationship
between the moment and the angle of the voltage pulse
supply is linear, that significantly simplifies the creation
and configuration of the control system, as well as its
interface with the upper-level control system. When the
rotor speed is less than the nominal, it is advisable to
regulate the moment by modulating the voltage applied
to the phases. At a speed higher than the nominal,
moment control is realized by changing the voltage pulse
width.
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