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Abstract

In dispersed power generation, low power devices are used for local com-
bined generating of heat end electric power. There are developing concepts
of micropower plants with electric generators driven by steam or gas micro-
turbines. The paper presents the results of an experimental investigations of
the microturbine set consists of the turbine with partial admission, perma-
nent magnet generator and three phase AC-to-DC rectifier. The microturbine
was designed for steam of HFE7100 as a working medium. The dynamic be-
havior of the microturbine unit was experimentally examined. Microturbine
unit was tested during changes of the parameters of the working medium or
the electrical load. Experiments were performed with compressed nitrogen as
a working medium. The dynamic model of microturbine unit was developed.
The examples of the comparison between experiment results and simulations
are shown and discussed in the paper.
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1. Introduction

In the distributed power engineering, relatively low power devices are used
for local production of electric power and heat [1]. At present, concepts of
micro power plants are being developed in which electric power is generated
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in microturbine sets consisting of electric current generator driven by ther-
mal microturbine [2]. For this purpose, both gas [3], [4], [5], [6] and steam
(vapour) [7], [8], [9], [10], [11] microturbines are used. In cases when the
electric power production bases on low-temperature heat sources, the steam
microturbines work in installation in which the ORC (Organic Rankine Cy-
cle) is executed [12]. ORC technology is known primarily from large-scale
units dedicated to geothermal [13], oceans ([14] or solar [15] energy sources
(as evidenced by the trading offers of Ormat Technologies and Turboden)
and waste heat recovery systems from energy or technology processes. In this
case, apart from the commercially available systems offered by the previously
mentioned companies, the literature also shows an original approach to the
issue of heat recovery [16], [17]. Recently, with the intensive development
of the distributed energy sector in the European Union, ORC technology is
also perceived as a prospective technology for units with a household scale -
micro-cogeneration systems [18], [19]. The “micro” scale increases the con-
struction and technological challenges. In many research centers are carried
out both intensive work on dedicated, modern constructions of compact heat
exchangers, signaled in [20], [21], [22] as well as steam engines. In the case
of engines, volumetric [23], [24], [25] and turbine engines are developed in
parallel [26], [27], [28]. An extensive literature review in this area provides
[29].

Microturbine sets are already present in offers of many companies acting
on the energy market. Nevertheless, research activities are still in progress to
improve the efficiency and reliability of these devices, as well as to decrease
their production costs. Difficulties faced when designing and manufactur-
ing microturbine sets are related with, among other factors, miniaturisation
of their structural components, high rotational speed, and/or microturbine
dynamics and control problems.

A microturbine set is designed for operation in given conditions, i.e. at
given thermodynamic parameters of the working medium supplied to the
turbine, and given electric load of the turbine. A set of these parameters
bears the name of design or calculation parameters. However, during its op-
erating life time the microturbine set can work in conditions differing from
those defined by the calculation parameters, for instance due to change of
working medium parameters and/or electric load of the turbine set. In such
situations, the turbine set will work at partial load or overload, also its ro-
tational speed will be subject to change. Not all of the above changes are
permissible, taking into account limitations concerning such factors as: the
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strength of rotating turbine and generator components, the durability of gen-
erator armature winding, and the need to ensure proper voltage and current
parameters of the generated electric power. A possibility of operation in
such conditions should be taken into account at the microturbine set design
stage. The published results of experimental examination usually refer to
steady-state microturbine operation [30], [31], [32], [33]. Changes of operat-
ing parameters can also take a dynamic course (for instance, as a result of
connecting or disconnecting electric energy receivers). Works can be found
in the literature which analyse the dynamics of microturbine sets. Many
of them focus on issues relating to bearings and vibrations of microturbines
[34], [35], [36], [37]. Experiments showing microturbine sets operation in
dynamically changing conditions are rare [38], [39], [40].

An accurate model of the microturbine set is required to analyze the men-
tioned impacts. Some works describe simulation tests of microturbine sets
[41], [42], [43], [44], [45]. Unfortunately, most of them deal with gas microtur-
bines, which makes it difficult to draw conclusions on the operation of other
types of microturbine sets from the presented results. There are no works in
the literature which would present experiment validated simulation results,
and describe, in both qualitative and quantitative way, the performance of
the steam microturbine set in changing operating conditions.

Dynamic models, presented in the literature, usually in detail describe all
components of microturbine sets: turbines [46], [47], [48], [49], electric current
generators [50], [51], [52], rectifying or rectifying/inverter systems [53], [54],
[55]. Microturbine set can be modelled by combination of generic equations
of all elements. This approach is proper from the accuracy point of view,
but in some practical applications could be difficult in performing. Physical
model of an object consisting of three connected elements is complicated and
contains a large number of coefficients. There are two possible way to ob-
tain values of model coefficients: data received from the device manufacturer
or experimental identification. Detailed devices specifications sometimes are
not delivered or are delivered as a confidential data. The identification pro-
cess of microturbine set requires experimental tests of all elements separately.
For example, for identify generator and rectifier it is necessary to measure
alternating current parameters. Due to the high frequency of electric cur-
rent, the data acquisition system requirements are increasing. For identify
turbine, it is necessary to test it on the special test rig equipped with torque
measurement system. In some cases it could be difficult or even impossi-
ble. For example, some microturbine sets are designed and delivered as an
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Figure 1: The axial cross-section through the microturbine set

integrated devices with turbine and generator rotors mounted on one shaft
and enclosed in a hermetic casing [33], [40]. For mentioned devices it is only
possible to measure working medium parameters at the turbine inlet and
outlet, electric power parameters and rotational speed. It is not enough for
performing identification process for model taking into account full knowl-
edge of microturbine set internal work. In such a situation, it seems that the
use of the empirical model may be the right approach.

This paper presents the microturbine set simplified model, where the
structure is determined by the observed relationship among experimental
data. Model parameter values were determined based on experiments. The
proposed model is intended for use in technical applications, when it is not
possible to perform separate tests of elements of the object under considera-
tion.

2. Microturbine set

The paper describes the performance of the microturbine set with per-
manent magnets. The set is assumed to be supplied with the vapour of low-
boiling medium HFE 7100 as the working medium. The axial cross-section
through the microturbine set is shown in Figure 1.

The set comprises a 5-stage axial microturbine which drives a three-phase
generator with permanent magnets. A characteristic feature of the turbine
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Figure 2: Microturbine set with disassembled hermetic casing and the casing alone

Figure 3: Microturbine set during test runs

is partial admission in all five stages. The turbine rotor and the generator
rotor are mounted on one shaft supported on ceramic rolling bearings. The
electric current generator is situated on the low-pressure side of the turbine.
The generator stator is mounted in the turbine exit body, while the rotor is
fastened on the conical surface of the turbine shaft. Tightness of the turbine
is ensured by hermetic casing screwed to the turbine inlet body. A photo
of the microturbine set with disassembled casing and the casing alone are
shown in Figure 2. The set (without hermetic casing) during test runs is
shown in Figure 3.

Basic design parameters of the microturbine are given in Table 1.
The electric current generator was the three-phase generator with per-

manent magnets in rotor. The generator equivalent circuit data is provided
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Table 1: Design parameters of the microturbine

turbine power 2990 W
medium mass flow rate 0,1687 kg/s
pressure at turbine inlet 1200 kPa

temperature at turbine inlet 162 oC
pressure behind the turbine 118,6 kPa

temperature behind the turbine 126,9 oC
rotor speed 8073 rpm

Table 2: Generator equivalent circuit data

description value

motor voltage 215V
rated frequency 367Hz
rated current 6A

inverter output voltage 215V
series choke 0,3mH

phase stator resistance 1,84Ω
phase stator leakage reactance 2.,91Ω
phase main field reactance 10,7Ω

synchronous phase motor reactance 13,6Ω
magnet wheel voltage 184V

maximum inverter output voltage (phase-to-phase) 380V
motor main field inductance 4,63mH
motor leakage inductance 1,26mH

in Table 2.
The alternating current from generator phases is converted to direct cur-

rent in the bridge rectifier using Lamina diodes type R51-100-12-N7-DA1
and R51-100-12-R7-DA1 as the switching elements. Rectifier unit is shown
in Figure 4.

The considered microturbine set was tested without any voltage regula-
tion. Control system have to be considered for completing energy generation.
Possible topology could be composed by a diode rectifier associated with a
boost converter [56]. Schematic diagram of the microturbine set with diode
rectifier assisted by the boost converter is shown in the Figure 5.
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Figure 4: Rectifier unit

Figure 5: Schematic diagram of the microturbine set with diode rectifier assisted by the
boost converter
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Figure 6: Schematic diagram of the test rig, 1 -microturbine, 2 - electric current gener-
ator, 3 - rectifying system, R - resistor in which the electric energy is converted to heat,
p - pressure at turbine inlet, n - rotor speed, U - electric voltage, I - electric current

3. Experimental examination of the microturbine set

The microturbine set was examined on the laboratory test rig designed
and manufactured for this purpose. Due to microturbine set construction it
was impossible to examine turbine and generator separately. During the ex-
periments described in the paper, the turbine was supplied with compressed
nitrogen. After leaving the turbine, the working medium flowed directly to
the environment. A schematic diagram of the test rig is shown in Figure 6.
The three-phase current generator is connected via phase conductors with
the rectifying system which converts the alternating current to direct cur-
rent. On the direct-current side, the rectifier is connected to a resistor in
which the electric energy is converted to heat. Changes of the microturbine
set operation state were executed by changing the working medium pressure
at turbine inlet, or by changing the resistance of the resistor which loads the
generator.

Pressure at turbine inlet was measured using the Trafag sensor type:
8472.79.5717. Electric current and voltage were measured using the device
based on Burr-Brown isolation amplifiers type: 3656AG and 3656BG. Rota-
tional speed was specified using Optek slotted optical switch type OPB960.
Electrical parameters of the microturbine set (voltage, electric current) were
measured on the direct-current side. Systematic errors of the pressure mea-
surements was estimated at ±0,06 bar, electric current measurements at
±0,04A, voltage measurements at±4,8V. Rotational speed systematic errors
depended on speed value, e.g. at 3000 rpm was equal ±10 rpm, at 13000 rpm
was equal ±178 rpm. Random errors have not been determined.

Detailed documentation of the microturbine set and the laboratory test
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rig can be found in: [38], [40].
A series of experimental tests were performed to study the performance

of the microturbine set in changing operating conditions, expected in real
microturbine operation.

In the first stage of examination, parameters of steady-state operation
of the microturbine set were recorded. The collected data provided oppor-
tunities for working out static characteristics relating such parameters as:
working medium pressure at turbine inlet, rotational speed of the rotor, volt-
age, electric current, power, as well as the resistance of the electric energy
receiver.

In the second stage, the performance of the microturbine set was recorded
in dynamically changing operating conditions. The observed performance
issues included responses to step changes of the working medium pressure at
turbine inlet and the resistance of the generator’s load resistor.

The recorded results have provided opportunities for evaluating static and
dynamic performance of the examined microturbine set in both qualitative
and quantitative terms.

A detailed description and results of the performed experimental tests
can be found in [40]. Selected sample results are shown in figures: 7, 8, 9
and 10.

Figure 7 shows the rotational speed of the microturbine set as a function
of working medium pressure at turbine inlet, for different load resistant. The
turbine exit pressure was constant and equal to the ambient pressure. The
obtained characteristics have a linear shape. With the increasing working
medium pressure or the load resistant, the rotational speed also increases.

Figure 8 shows the rotational speed of microturbine rotor as a function
of load resistance, for constant inlet pressure values of the working medium
supplied to the turbine. Increasing the resistance or the inlet pressure re-
sults in the increase of the rotational speed. It is noteworthy that these
characteristics have clearly nonlinear shape.

Figure 9 shows the time-histories of turbine inlet pressure, rotational
speed of rotor, voltage, electric current of the microturbine set, recorded after
increasing the opening of the turbine supply valve. The test was performed
for constant load resistance. As a result of the turbine inlet valve setting
change, rapid pressure increase is observed, which is followed by gradual
increase of the rotational speed of rotor. This is accompanied by the increase
of electric parameters of the microturbine set: voltage and electric currentr.
What is worth mentioning here is relatively long time (of about 8 sec) needed
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Figure 7: Rotational speed n of the microturbine set as a function of working medium
pressure p, for different load resistance R
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Figure 8: Rotational speed n as a function of load resistance R, for different working
medium pressure values at turbine inlet
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Figure 9: Rotational speed n, electric voltage U, electric current I as a function of time t,
after pressure p at turbine inlet changes, for constant load resistance, equal to R=39Ω
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Figure 10: Rotational speed n, electric voltage U, electric current I as a function of time t,
after load resistance R changes, for constant pressure p at turbine inlet, equal p=6bar
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for stabilisation of new parameters of microturbine set operation.
It is also noteworthy that the response of all the above-mentioned pa-

rameters to pressure change was similar to the response of the proportional
element with first order inertia to step excitation.

Figure 10 shows the results of the test recording the microturbine set
response to resistance changes of the generator’s load resistor. The structure
of the used power reception system made it possible to switch between load
resistors during microturbine operation. This way, step changes of load resis-
tance were generated. The test was performed for constant working medium
inlet pressure. After the step change of load resistance, the rotational speed
gradually increased. The recorded time-history of the rotational speed of
rotor was similar to the response of the proportional element with first order
inertia to step excitation. The response of the electric part of the microtur-
bine set was different in nature and can be divided into two stages. In the
first stage, directly after the step change of resistance, the changes of voltage
and electric current had the same rapid course. The voltage increased, while
the electric current and power decreased. In the second stage, the observed
gradual increase of rotational speed of rotor was accompanied by gradual
change of electric parameters of the microturbine set.

4. Identifying the microturbine set

The results of experimental examination were used to develop the math-
ematical model of microturbine set. The model was expected to be able to
predict correctly the microturbine set performance after change of operating
conditions.

A schematic diagram of the model of microturbine set is shown in Fig-
ure 11. The assumed input signals of the model are: the working medium
pressure at turbine inlet and the resistance of electric energy receiver. The
turbine exit pressure is assumed constant. The assumed outlet signals are:
the rotational speed of microturbine rotor, and the electric current and volt-
age measured behind the rectifying unit.

Figure 12 shows a simplified block diagram of the model of microturbine
set. Developing the mathematical model of the analysed system requires
the information on time relations between the rotational speed signal and
the signals of turbine inlet pressure and load resistance, as well the relations
between the electric current, the rotational speed of rotor and the resistance.
The voltage is the product of electric current and resistance.
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Figure 11: Schematic diagram of the model of microturbine set: G(s) - transmittance,
p - pressure at turbine inlet, R - resistance of electric energy receiver, n - rotational speed,
U - electric voltage, I - electric current

Figure 12: Simplified block diagram of the model of microturbine set: p - pressure at tur-
bine inlet, R - resistance of electric energy receiver, n - rotational speed, U - electric voltage,
I - electric current, Gn(s), GI(s) - transmittances

The transmittance Gn(s), defining the relation between rotational speed n,
pressure p, and load resistance R, was assumed to be a linear relation compris-
ing two proportional elements with first order inertia, connected in parallel:

Gn (s) = Gnp(s) +GnR(s) + An, (1)

where:

Gnp (s) =
Kp

1+Tp·s - transmittance defining the relation between the output

signal of rotational speed n and the input signal of inlet turbine
pressure p,

GnR (s) = KR

1+TR·s - transmittance defining the relation between the output
signal of rotational speed n and the input signal of load resistance R,

An - constant value.
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Figure 13: Simplified block diagram of the model fragment: Gnp(s), GnR(s) -
transmittances, An - constant value

A simplified block diagram of the model fragment describing the relation
between the rotational speed signal and the signals of turbine inlet pressure
and generator load resistance is shown in Figure 13.

The model under consideration assumes a linear relation between inlet
pressure, load resistance and rotational speed. According to experimental
characteristics in Figure 7 the relation between rotational speed and inlet
pressure can be treated as linear in a wide range. The relation between
rotational speed and load resistance (Figure 8) is clearly non-linear, so this
model could describes the microturbine set performance within a small range
of load resistance changes.

The values of transmittance Gn(s) coefficients were obtained due to ex-
periment results. Data for the inlet turbine pressure range from 3bar to 6 bar
and the load resistance range from 27Ω to 39Ω were used for identifying the
microturbine set. A solution was found with a minimum square error, from
data collected from mentioned operation conditions ranges:

• Kp = 1885 rpm/bar,

• KR = 131,6 rpm/Ω,

• Tp = TR = 1,48 s,

• An = 5367 rpm.

Electric part of the microturbine set consists of permanent magnets syn-
chronous motor connected with bridge rectifier using diodes as the switching
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Figure 14: Equivalent circuit diagram of the electric part of the microturbine set: e1,2,3 -
phase electromotive forces, XS1,2,3 - phase synchronous reactances, RX1,2,3 - phase stator
resistances, i1,2,3 - phase electric currents, D1,2,3,4,5,6 - rectifier diodes, I - electric current,
U - voltage, R - resistance of electric energy receiver

elements. Equivalent circuit diagram of the electric part of the microturbine
set are provided in Figure 14. It is possible to model this device by generic
equations, but identification process requires complicated measurement oper-
ations, which increase the time and cost of testing. The simplified approach
has been proposed, in which the microturbine set connected with the rectifier
was assumed to constitute one element, for which the empirical model have
to be worked out. With this approach, a microturbine set would be treated as
a source of direct current electric energy. This would enable to omit detailed
description of electrical processes taking place on the alternating-current side
and would limit required electrical measurements to direct current. From the
point of view of operating such a device, it is important to know the values
of input and output signals. Knowledge of indirect signals, such as a torque
on a turbine shaft or electrical parameters in the individual phases of a gen-
erator, is important at a design stage of a microturbine set, but it does not
have to be necessary for a final user.

Electrical energy losses in the mentioned device are composed of the fol-
lowing elements: losses in generator winding and losses in rectifier diodes.
Instead of identifying the individual loss components separately, it was pro-
posed to introduce a new equivalent term that would include total energy
losses. As a name for this term, it was proposed “equivalent device resis-
tance”. Reactance and diodes losses depend on the frequency [55], [57] so
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Figure 15: Simplified equivalent circuit diagram of the DC electric part of the microtur-
bine set: E - equivalent DC source potential, Rw - equivalent device resistance, I - electric
current, U - voltage, R - resistance of electric energy receiver

equivalent device resistance should be specified as a function of frequency or
rotational speed of a microturbine.

Equivalent circuit diagram of the simplified electric part of the micro-
turbine set are provided in Figure 15. It is a DC circuit and refers to the
electrical parameters observed in the DC part of the microturbine set. It
consists of equivalent device resistance, resistance of electric energy receiver
and equivalent DC source potential. The ”equivalent DC source potential”
is introduced term, which results from the sum of electromotive forces of in-
dividual generator phases. The values of equivalent DC source potential and
equivalent device resistance depend on the operating conditions and should
be specified so that the system response would be the same as the original
device.

Figure 16 presents a schematic diagram of the model fragment represent-
ing the relation between the electric current in the DC part of the micro-
turbine set, the rotational speed of microturbine rotor, and the sum of load
resistance and equivalent device resistance.

The relation between the equivalent DC source potential, the equivalent
device resistance and the rotational speed of rotor was determined based on
experimental results. Responses to step changes of the resistance of the load
resistor were recorded. The diagram of these tests is shown in the Figure 17.
During operation of the microturbine set, at time t0, the load resistance was
changed from R1 to R2. Due to the large difference between the inertia of
the mechanical and electrical parts of the microturbine set it was assumed
that at the time when the electric current and voltage changed from I1 to I2
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Figure 16: Schematic diagram of the model fragment: I -DC current, n - rotational speed,
R - load resistance, Rw - equivalent device resistance, E - equivalent DC source potential

and from U1 to U2 respectively, the rotational speed did not change. If the
rotational speed did not change, then also the equivalent DC source potential
and equivalent device resistance did not change:

E = U1 + I1 ·Rw = U2 + I2 ·Rw (2)

Equation 2 allows to calculate the values of the equivalent DC source
potential. By converting this equation it is possible to calculate equivalent
device resistance:

Rw =
U1 − U2

U1 ·R2 − U2 ·R1

R1 ·R2. (3)

Figure 18 shows the determined relation between the equivalent DC source
potential and the rotational speed of microturbine rotor. Points obtained
from the experiment were approximated by a second-order polynomial:

E = 8, 537 · 10−7 · n2 + 0, 0294 · n+ 28, 82. (4)

The performed experiments have revealed clear dependence of the equiv-
alent device resistance on the rotational speed of rotor (Figure 19). The
measured data were approximated by a quadratic function:
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Figure 17: Rotational speed n, electric current I and voltage U, electric current I as
a function of time t, after load resistance R change
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Figure 18: Equivalent DC source potential E as a function of rotational speed n
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Figure 19: Equivalent device resistance Rw as a function of rotational speed n

Rw = 9, 5221 · 10−8 · n2 − 2, 3725 · 10−4 · n+ 5, 9241. (5)

The proposed model of electric part of the microturbine set is empirical
model. To accept it, it was compared to one of the available theoretical
models [58]. This model describes the operation of uncontrolled 3-phase
bridge rectifier with resistive and inductive source impedances. The calcula-
tions, using a theoretical model, were performed with data from the Table 2.
These data were provided by the generator manufacturer and were not exper-
imentally confirmed. Figure 20 shows voltage values as a function of electric
current, for different values of rotational speed, obtained from theoretical
and empirical model. Calculations were performed for the electric current
range between 1A and 10A, and rotational speed between 6000 rpm and
12000 rpm, whith is similar to the expected operation area of the microtur-
bine set. The voltages obtained with the theoretical model were lower than
those obtained with the empirical model, however, both characteristics were
the same in qualitative sense. The maximum value of the relative difference
between theoretical and empirical models resulte equals to 16,2%, the aver-
age value equals to 8,3%. It can be expected that if experimentally obtained
generator data were used in the theoretical calculations, these differences
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would have lower values.
Complete structure of the developed model of microturbine set is given in

the block diagram in Figure 21. This model includes two nonlinear elements
which model the relations of the rotational speed with the equivalent DC
source potential and the equivalent device resistance.

5. Model validation

A series of calculations were performed to compare the developed model
with experimental examination. The model was validated on a different set of
observations than used for the identification of the considered microturbine
set.

In the first stage the microturbine set model was validated in the operat-
ing conditions similar to used for the identification process.

The example results of this comparison are shown in Figures 22, 23, 24
and 25, presenting sample time-histories of the rotational speed of microtur-
bine rotor, and the electric current and voltage, recorded in the experiment
and simulated using the developed model for the cases of rapid change of
operating conditions. The input data for the calculations were the experi-
mentally recorded values of the turbine inlet pressure and the resistance of
electric energy receiver.

Figure 22 shows the microturbine set response to rapid decrease of turbine
inlet pressure, from 6bar to 2,7 bar, during the experiment, while Figure 23
shows a similar response after increasing the pressure from 2,7 bar to 6 bar.
In both tests the microturbine set provided power for the electric energy re-
ceiver with 33Ω resistance. After the pressure change, the rotational speed
increased gradually from 4300 rpm to 10100 rpm, the voltage from 4,3V to
8,8V, and the electric current from 140A to 299A. In both tests, the time
needed for stabilisation of new parameters of microturbine set operation was
approximately equal to 8 sec. The diagrams additionally show the numeri-
cally simulated time-histories of rotational speed, voltage and electric current
signals.

Figure 24 shows the time-histories of rotational speed, electric current
and voltage obtained after experimental step decrease of electric energy re-
ceiver’s resistance from 39Ω to 31Ω. During the test, the working medium
pressure at turbine inlet was equal to 4,03 bar. After the load change, the
rotational speed decreased gradually from 7340 rpm to 6300 rpm. Directly af-
ter the resistance change, the voltage rapidly decreased from 236V to 223V
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Figure 20: Voltage U as a function of electric current I for different rotational speed n,
calculated with theoretical and empirical model
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Figure 21: Structure of the developed model of microturbine set: p - input signal of inlet
turbine pressure, R - input signal of load resistance, Gnp(s), GnR(s) - transmittances, An -
constant value, E - equivalent DC source potential, Rw - equivalent device resistance, n -
output signal of rotational speed, I - output signal of electric current, U - output signal of
voltage

and then began to decrease slowly to 195V. The electric current initially
increased rapidly from 6A to 7,4A and then decreased gradually to 6,45A.
The microturbine set response to step increase of electric energy receiver’s
resistance from 31Ω to 39Ω is shown in Figure 25. In this case, the changes
of parameter values went in the opposite direction. The rotational speed in-
creased gradually from 6300 rpm to 7340 rpm, the voltage increased rapidly
from 195V to 206V and then continued to increase gradually to 236V, and
the electric current decreased rapidly from 6,45A to 5,23A, to increase grad-
ually to 6A. In both tests, the time after the load resistance change which
was needed to reach the new steady state was approximately equal to 7 s.
The diagrams additionally show the numerically simulated time-histories of
rotational speed, voltage and electric current signals.

It is noteworthy that the developed model correctly predicts the state
of the microturbine set during changes operating conditions. The parameter
values obtained from calculations were close to those recorded experimentally.
In the presented examples, the largest difference between simulation and
experiment is observed in Figures 24 and 25, in the electric current signals.
This relative difference is equal 1,6%. This difference has been interpreted as
the effect of random errors in experimental measurements which were caused
by unknown and unpredictable changes in the experiment. These changes
may occur in the measuring instruments or in the microturbine set operating
conditions.
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Figure 22: Rotational speed n, electric voltage U and electric current I of the microturbine
set as a function of time t, after pressure p at turbine inlet changes, for constant load
resistance R, obtained from experiment and calculations
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Figure 23: Rotational speed n, electric voltage U and electric current I of the microturbine
set as a function of time t, after pressure p at turbine inlet changes, for constant load
resistance R, obtained from experiment and calculations
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Figure 24: Rotational speed n, electric voltage U and electric current I of the microturbine
set as a function of time t, after load resistance R changes, for constant pressure p at
turbine inlet, obtained from experiment and calculations
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Figure 25: Rotational speed n, electric voltage U and electric current I of the microturbine
set as a function of time t, after load resistance R changes, for constant pressure p at
turbine inlet, obtained from experiment and calculations
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Figure 26: Rotational speed n of the microturbine set as a function of pressure p at
the turbine inlet, for constant load resistance R=29Ω and relative error δn between
experiment and calculations

Similar differences were observed in another sets of observations but the
magnitude of errors was different and related to different signals. Figures 26,
27, 28, 29, 30 and 31 show rotational speed, electric current and voltage as
a function of pressure at turbine inlet, obtained from experiment and calcu-
lations, for constant load resistance equal to 29Ω and 36Ω. For this example
results the maximum values of relative errors were 2,1% for rotational speed,
3,3% for electric current and 1,1% for voltage.

Mean values of relative errors, from all measurement series, were 0,7%
for rotational speed, 1,2% for electric current and 0,7% for voltage.

Obtained results show that developed model provides comparable accu-
racy with generic equations models. For example, in gas microturbine set
models presented in [59] and [60] the errors in the power produced by the
generator is less than 5%.

In the second stage, the microturbine set model was validated in a much
wider range of load resistances than used in the identification process. Fig-
ures 32, 33 and 34 show rotational speed, electric current and voltage as
a function of load resistance, obtained from experiment and calculations, for
constant pressure at turbine inlet equal to 4 bar. Additionally, the magni-

28

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


3.5 4 4.5 5 5.5 6

6

8

10

p [bar]

I [
A

]

R=29Ω

 

 
calculations
experiment

3.5 4 4.5 5 5.5 6
0

1

2

3

δI
 [%

]

p [bar]

Figure 27: Electric current I of the microturbine set as a function of pressure p at the
turbine inlet, for constant load resistance R=29Ω and relative error δI between experiment
and calculations
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Figure 28: Electric voltage U of the microturbine set as a function of pressure p at the tur-
bine inlet, for constant load resistance R=29Ω and relative error δU between experiment
and calculations
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Figure 29: Rotational speed n of the microturbine set as a function of pressure p at
the turbine inlet, for constant load resistance R=36Ω and relative error δn between
experiment and calculations
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Figure 30: Electric current I of the microturbine set as a function of pressure p at the
turbine inlet, for constant load resistance R=36Ω and relative error δI between experiment
and calculations
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Figure 31: Electric voltage U of the microturbine set as a function of pressure p at the tur-
bine inlet, for constant load resistance R=36Ω and relative error δU between experiment
and calculations

tudes of relative errors were plotted. In the range of small resistance values
relative differences between simulation and experiment did not exceed 5%.
As the resistance increased, the sizes of errors also increased. For load re-
sistance equal to 103Ω, values of relative errors were equal to 30,2% for
rotational speed, 35,6% for electric current and 35,6% for voltage.

The presented results confirm that, despite considerable simplifications,
the use of the proposed model of microturbine set ensures a few percent
accuracy of results, within a relatively large range of inlet pressure, but in a
small range of load resistance. Increasing the resistance range increases the
inaccuracy of the results above the acceptable level for typical engineering
calculations. This is because the model adopts a linear relation between the
load resistance and the rotational speed. In fact, this relation is non-linear.
In order to extend the scope of applicability of the model, one may consider
modifying by replacing the linear relation, between the load resistance and
the rotational speed, with a non-linear relation.

Based on the results of the validation calculations the microturbine set
operation range, in which the model is reliable, was determined from the
inlet pressure equals 3 bar with the power equals 570W up to pressure 6 bar
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Figure 32: Rotational speed n of the microturbine set as a function of load resistance R,
for constant pressure at turbine inlet p=4bar and relative error δn between experiment
and calculations
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Figure 33: Electric current I of the microturbine set as a function of load resistance R, for
constant pressure at turbine inlet p=4bar and relative error δI between experiment and
calculations
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Figure 34: Electric voltage U of the microturbine set as a function of load resistance R,
for constant pressure at turbine inlet p=4bar and relative error δU between experiment
and calculations

with power 2800W. The area of reliable operation of the microturbine set
model is shown in the Figure 35.

6. Conclusions

The paper presents the mathematical model of a set consisting of micro-
turbine, electric current generator with permanent magnets and rectifying
unit. Model parameter values were determined based on experimental data.
Series of calculations were performed to simulate the performance of the ex-
amined set in dynamically changing operating conditions, similar to those
expected to take place in real operation (rapid load change, change of work-
ing medium pressure at turbine inlet). The obtained simulation data were
compared with the results of experimental examination of the microturbine
set. The calculated set responses to changes of input signals were identical
in nature to those recorded in the experiment.

Within a large range of inlet pressure cases, the results of simulation
calculations were close to the experimental data. The maximal relative dif-
ferences between the experiment and the model did not exceed a few percent.
An acceptable level of accuracy was obtained in a small range of load resis-
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Figure 35: The area of reliable operation of the microturbine set model

tance. The presented results show that the use of the proposed model of
microturbine set can ensure the accuracy of results which is sufficient for
typical engineering calculations, for microturbine sets designed for operation
with relatively small changes in electric load. This simplified model can be a
useful tool for studying the various operational aspects of microturbine sets
or for some engineering applications.

The considered microturbine system has not used any regulation method
(for example voltage or rotational speed control). Control system have to be
considered for completing energy generation using microturbine sets. The
developed model can be also useful at the design stage of the control system.

The research based on the steam type microturbine set. However, the
reported tests were performed using compressed nitrogen as the working
medium. The conclusions formulated based on the obtained results can be
extended to microturbine sets with turbines designed for supply with other
working media.
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