Dynamic Performance of a Microturbine Connected to a Low Voltage Network
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Abstract. Nowadays there is a great interest for the use of
microturbines as sources of distributed generation, particularly
in areas where demand is both electricity and heat. In these
areas microturbines reach very high efficiency rates.

Microturbines can operate both stand-alone and grid connected.
The second one of the mentioned possibilities is which deserves
a much deeper study, to analyse the interaction of the
microturbine with the distribution network it is connected to.

In this paper a dynamic model of a microturbine is developed
with Matlab/Simulink/Simpowersystems. The model has been
included within a low voltage network model and several
dynamic simulations have been performed to study the response
to step changes in the power control references. Also, the
performance of the microturbine to faults in the network has
been analysed.
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1. Introduction

In recent years, the search for generation systems more
efficient and less harmful to the environment have helped
to introduce distributed generation within the electric
networks, as opposed to the traditional large generation
plants.

Traditional power plants involve high investment and
maintenance costs and the energy produced must be
delivered across long transmission lines with losses of
about 2% of the energy transmitted. In addition,
nowadays there is also a strong social rejection to the
extension of traditional generation.

In contrast, distributed generators are small power plants,
with lower costs than traditional units. This type of
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generation is mainly connected to the distribution
network, which implies smaller network losses. It is also
frequently based on renewable resources so they have a
lower environmental impact than traditional generation.

Combined heat and power or cogeneration is, at present,
the most significant type of distributed generation. The
simultaneous production of electrical power and useful
heat at the location where they are to be consumed
increases the overall efficiency in the use of fuel. There
are different technologies for combined heat and power.
One of them is based on the use of microturbines, which
allows to reach overall thermal efficiencies of around
90%.

Microturbines can operate both stand-alone and grid
connected. The second one deserves a much deeper
study, to analyse the interaction between the microturbine
and the distribution network it is connected to. The
connection of microturbines to the current medium and
low voltage distribution networks modifies the electrical
parameters in the network operation, as distribution
networks were designed for radial operation and supply
from a power transformer located at the sending end.

In addition to the modifications in the voltage profile and
the influence on power losses, the modification both in
fault levels and in the distribution of fault currents must
be considered. This is an aspect that needs to be studied
because the network protection scheme may be affected,
being influenced both the individual operation of each
existing protection device and their coordination.

This paper analyses the connection of microturbines to
the low voltage distribution network from the viewpoint
of its transient behaviour during fault situations. With
this purpose, a microturbine model is developed to carry
out dynamic studies and to analyse the microturbine
performance when it is connected to the network under
different fault conditions.

RE&PQJ, Vol. 1, No.6, March 2008



2. Gas Microturbines

Microturbines are small combustion turbines, with
installed capacity from 25 to 300 kW and very high
rotation speeds (between 50.000 and 120.000 rpm). They
can be used as a support device to satisfy demand peaks,
or as distributed generator in microgrids. Table I shows

the more important characteristics of various
microturbine models.
Table I. Microturbines characteristics
Eloctric | Fuel | Electic | Exhaust D NOx
. ) Recovered | ..
Power | Cumsumption | Eficiency | Gas Flow - Emissions
Capston CIOLP | 200 | 10RY | Z% | 03kys | GDKW | J2kgMWh
Capston CIOHP | 080 | 18w | 26% | O3kyls | BORW | 22kghihh
Capston GO | EORA | 2RW | 8% | DBkys | 10K | J2kgMWh
Tubee T 1B | FORW | 2% | 0Bkgs | TBTRW | <tBpomh
Bonan TORD | BDWW | W | % | D3kys | 1RO NA

Microturbines can work according to a simple or a
regenerative cycle. In the first one, of lower cost,
compressed air is mixed with fuel and the combustion is
carried out under constant pressure. Hot gases expand
inside the turbine producing work. The regenerative cycle
requires an interchanger to recover exit turbine heat and
transfer it to the air entrance. The preheated air is used
lately in the combustion process, saving between 30%
and 40% of fuel [3-4]. The combination of microturbines
with energy recover equipments allows duplicating the
electric efficiency with respect to simple cycle
microturbines. Figure 1 presents a block diagram of a
microturbine with regenerative cycle.

Microturbines have got regulation units that allow doing
the following functions: control of the fuel flow,
adaptation of the electrical signals for their use in the
conventional electric network, voltage and frequency
regulation, etc.

It usually has sealed batteries that can be recharged with
commercial chargers or connection to the network. They
allow managing the power transients, supplying electric
energy during high peaks and absorbing energy when
power decreases quickly.

Different fuels can be wused: natural gas, LPG
(commercial butane and propane), diesel, kerosene,
biogas, hydrogen, etc. Besides, related to air emissions,
they are very low when operating at full load or even
above 60-70% of full load. The main primary pollutants
emitted by microturbines are nitrogen oxides NOx and
carbon monoxide CO. CO emissions are strongly
dependent of the load operation, showing peaks during
the starting up.
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Figure 1. Gas microturbine operation scheme

Brayton thermodynamic cycle with regeneration, allows
giving the expression of the thermal efficiency (1)

Efficiency (1) depends strongly on the pressures ratio (1),
typology of gas (y=Cp/Cv) and the temperatures ratio
(t=T3/T)). With 3 <r < 5, efficiencies above 60% are
obtained. These ‘r’ values are low compared with the big
machines ones, and therefore the axial compressors are
not justified.

The Electric Efficiency is defined as the quotient between
electric power supplied to the network or loads (kW) and
the gas consumption (kg/h). In [5], graphical results are
presented to different temperatures and it is observed that
the fuel consumption is lower at lower temperatures and
consequently the microturbine efficiency increases. Also,
it can be appreciated that the electric efficiency decreases
considerably with the output power, so it seems advisable
working at full load during most of the time. In this kind
of tests, batteries can be used only to start up under
“black start” conditions and to cover the load peaks
during the transient periods, but not to provide additional
energy during a normal operation.

The Thermal Power is the heat power recovered from the
microturbine outlet as hot water. This hot water can be
used for heating of buildings, production of industrial
cold, etc.

The Global Efficiency is defined as the quotient between
the sum of electric output power (We) and heat power
recovered (Qhr) to the heat power supplied for the

natural gas (Qf) (2).
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E = We + Qhr
g
Qs

Numerical analysis developed for different ambient
temperatures [5] show that efficiencies increase notably
at colder temperatures. On the other hand, although the
electric efficiency of the gas microturbine is lower than
the corresponding to industrial gas turbines, it must be
kept in mind that microturbines will be used mainly in
combined systems (thermal and electric power) and the
global efficiency parameter plays an important role in
this case.

@)

Additionally, a key parameter to define power quality of
the generated energy is the harmonic content in the
generated signal. Analyses developed for different public
and private entities show a light distortion in the voltage
and current waveforms (third harmonic), although the
power generated complies with the voltage distortion
limits indicated in standards [6-7]. It can also be observed
that with low loads, waveform has a bigger but not very
significant distortion. Finally, no fluctuations in voltage
stability have been recorded in any test at any electrical
load. No difference has been found between the power
quality supplied when the turbine is operated stand-alone
or grid connected.

3. Microturbine Dynamic Model

This section describes the dynamic model of the
microturbine. The model incorporates the AC/AC VSC
converter and the primary motor as well as the controls
associated with both components. Figure 2 shows a
simplified model of the microturbine structure.

MICROTURBINE
T
GENERATOR RECTIFIER INVERTER LV GRID
DC LINK —

G =L =1"_~

Figure 2. Microturbine model

The model is based on the Capstone C30HP microturbine
[18-19], whose characteristics are shown in Table II.

TABLE II. Capstone C30HP main characteristics

Electrical Power Output 30 kW

Electric Efficiency 26 %

Voltage 400-480 V

Frequency 50/60 Hz Grid Connected

10-60 Hz Stand Alone
46 A Grid Connected
54 A Stand Alone

Maximum Output Current

Natural Gas Consumption | 115kW
Exhaust Gas Flow 0,31 kg/s
Exhaust Gas Temperature 275 °C
Termal Power Output 60 kW

NOx Emissions 0,22 kg/MWh
Speed 96.000 rpm
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A. Microtyrbine

A dynamic model for a combustion gas turbine is widely
discussed in [10-11]. In this research a simplified single
shaft gas turbine has been implemented to represent its
dynamics, with a power output reference as input and
rotor speed as output.

B. Electric Generator

The mechanical power generated drives a permanent
magnet synchronous generator (PMSG). The permanent
magnets supply to the generator the excitation, replacing
the conventional DC field winding of rotor, thus
eliminating problems such as brush/slip ring system or
copper losses in the excitation system. The study and
development of new magnetic materials, such as
neodyum-iron-boron or salarium-cobalt, have made
possible to obtain more powerful and compact magnets,
capable of being used in multiple applications, such as
generators for microgeneration.

The PMSG model used in this study consists of a non-
salient rotor directly linked to the microturbine gas shaft,
with two poles. Its power is 30kW, reaching speeds up to
96,000 rpm. On this way the generator provides a three-
phase variable frequency signal up to 1600 Hz and a
voltage level between 400 and 480 V.

For the model of PMSG their mechanical and electrical
equations have been used, obtaining a second-order state-
space model. The model considers that the permanent
magnets generate a sinusoidal magnetic field, wich
implies that the electromotive forces are also sinusoidal.
In the electrical equations of the model, the currents and
voltages are expressed in the rotor dq-frame, being
translated to the abc-frame through the Park Transform.
The mechanical and electrical equations can be taken
from [13-14].

C. Power Conditioner System

The variable frecuency signal provided by the generator
must be converted by a power electronic system to
connect to the low-voltage distribution grid (50-60 Hz).
The system consists of a uncontrolled three-phase
rectifier, and a voltage source inverter, interconnected by
a DC-link.

The three-phase rectifier converts the high-frecuency
signal to DC signal. For the model, it has been chosen a
three-phase diode rectifier for being a simple model
which does not require a control unit. The dc link is
composed of a capacitor to reduce the ripple of the DC
signal.

The DC signal is converted to low frecuency AC voltage
by a voltage source inverter (VSI). The VSI is
implemented with IGBT transistors (Insulated Gate
Bipolar Transistor), which are capable of working at high
frequency with low switching losses. This has made them
to be the most commonly used semiconductor in
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distribution voltage level, especially in inverters. The set
of IGBT transistors with its protection circuits (snubbers)
are integrated into a block, called IPM (Intelligent Power
Modules). The output voltage of the VSI is achieved
using the procedure called pulse width modulation
(PWM).

In order to control the grid connected microturbine a PQ
control strategy has been used, where the inverter must
control active and reactive power. To implement this
control a dg-reference frame is used, which decouples the
active and reactive power in order to make two
independent control loops, extensively described in [12-
16-17].

On one hand, the active power control loop, regulates the
DC bus voltage with a PI controller from a Vpc re set-
point. On the other hand, the reactive power control loop,
regulates the iy current with a PI controller from a ig rer
set-point, which should be 0 when reactive power is not
required.

A phase lock loop (PLL) is used to implement the park
transformer for the dq frame, synchronizing the
converter with the grid. The control scheme is shown in
the Figure 3.

vy
V=Vy'-wLi,
V=V +wLig4
Vi Vq
\ 4
Va
>
IGBTs PWM il vV,
Control Pulses P b dq — abc
Pulses Generator h V. Transformation
-
l

Figure 3. VSI control scheme

The output signal of the inverter contains high frecuency
components generated by the high frecuency operation of
the inverter, so a LC filter is placed at the microturbine
output terminals.

The microturbine operates in the grid connected mode,
connected to a low-voltage distribution grid (400 V, 50
Hz), which is modelled as an infinite bus. Finally, the
model is completed with a three phase load and a fault
block. Figure 4 shows the developed model with the
elements previously described.
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Figure 4. Matlab/Simulink microturbine model
4. Simulation and results

Simulation has been performed in order to study the
response of the grid connected microturbine to a variation
in the power set-point, as well as the microturbine
response with a three phase fault produced at the output
terminals. Simulations have been run in discrete time
with a fixed-step size of 0.5 pseg.

A. Step increase in power set-point

In this first simulation, the microturbine is working in
floating mode, when the power set-point is increased
from 0 to 20 kW at t=1seg (green line). Figure 5 shows
the response of the microturbine, which increases its
active power output to deliver 20 kW.

x 10° Microturbine Power Output

251 B

15+ B

Power (W)
-
|

. . .
0.6 0.8 1 12 1.4 16 18
time (seg)

Figure 5. Active power output of microturbine with power set-
point increase

Figures 6 and 8 show the three phase voltage and current
at microturbine terminals. Figures 7 and 9 show the
voltage and current corresponding to the phase A
(colored blue), and their 50 Hz fundamental components

RE&PQJ, Vol. 1, No.6, March 2008




(colored green), where the similarity of the signal
generated by the inverter with the LV grid signal
reference can be seen.
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Figure 6. Voltage output of microturbine with power set-point
increase
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Figure 7. Phase A voltage output of microturbine with power
set-point increase

Microturbine Current Output
100 T T T

80r

60-

40|

"”

H

'n

il

Current (A)

u

;

A

60|
80|
1100 I I I . .
0.8 0.9 1 11 12 13
Time (seg)

Figure 8. Current output of microturbine with power set-point
increase
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Figure 9. Phase A current output of microturbine with power

set-point increase

B. Three phase fault

In this simulation case, a three phase fault is generated at
the output terminal of the microturbine at t=1.9 seg.
Figures 10 and 11 show active power and the voltage in
the microturbine output terminals. The voltage decreases
strongly because of the fault and this causes the active
power output to fall. Figure 12 shows the fault current
generated.
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Figure 10. Active power output of microturbine with a three
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Figure 11. Voltage output of microturbine with a three phase
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Microturbine Current Output
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Figure 12. Current output of microturbine with a three phase
fault

5. Conclusions

A microturbine simplified model has been developed by
using Matlab/Simulink/Simpowersystems software. The
model has been simulated working in grid connected
mode and different operation conditions have been
analysed (Step change, fault,...). The simulation results
have showed that the microturbine works properly
connected to a low voltage distribution grid. Next
developments in this field will be the improvement and
optimization of the microturbine model as well as the
analysis of multiple operation conditions, mainly related
to different fault situations and the definition of the
settings of protection relays.
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