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Abstract—Utility restructuring, technology evolution, public
environmental policy, and expanding power demand are
providing the opportunity for micro-turbines to become
important energy resources. In order to investigate the ability of
micro-turbine units in distribution systems, new simulation tools
are needed. This paper presents a dynamic model for micro-
turbines. The novelty of this paper is the use of the controls-
oriented model of a permanent magnet synchronous generator.
Furthermore, a realistic voltage source inverter with current
band hysteresis control is included to simulate the micro-turbine
system. The micro-turbine model is implemented in simulation
software, and proved in grid-connected mode for several loading
sequences. The impact of high penetration levels of micro-
turbines plants in a typical distribution feeder is discussed too.

Index Terms—Distribution system, dynamic behavior, micro-
turbine, modeling, simulation

I. INTRODUCTION

OWER industry has nearly completely changed its

traditional structure. The electric market growth, the
financial market’s development and the accelerated technical
progress have made the optimum size in new investments in
generation to decrease, in relation to the market’s size and to
the private financial capacity [1]. Additionally, the
deregulation processes that have been appearing in the whole
world have made this possible by promoting competence in
generation. All this, opened the opportunities for on-site
power generation by electricity users using smaller generating
system with emergent technologies. The distributed generation
(DG) - small power generators typically located at users’ sites
where the energy (both electric and thermal) they generate is
used - have emerged as a promising option to meet growing
customer needs for electric power with an emphasis on
reliability and power quality [2]. Distributed energy resources
include a variety of energy sources, such as photovoltaic, fuel
cells, storage devices and micro turbines, with capacities in
the 1 kW to 10MW range [3].
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The fundamental concepts for the penetration of DG
technologies are the high efficiency of the energy conversion
process and the limited emission of pollutants with respect to
conventional power plants [4].

Major improvements in the economic, operational, and
environmental performance of small, modular units have been
achieved through decades of intensive research. Among such
DG, micro-turbines and fuel cells show particular promise as
they can operate on multiple fuels with low emissions, high
efficiency and high reliability [5]. Micro-turbines are small
and simple-cycle gas turbines with outputs ranging from
around 25 to 300 kW. They are one part of a general evolution
in gas turbine technology. Techniques incorporated into the
larger machines to improve performance can be typically
found in micro-turbines as well. These include recuperation,
low NOx technologies, and the potential use of advanced
materials such as ceramics for hot section parts [5], [6], [7].

DG offer a higher flexibility and load management, the
integration of modular generating units in the power system
may provide a number of significant local benefits regarding
both peak demand coverage and the possibility of delaying the
adjustment of the transmission and distribution network [4].
In other hand, Distribution networks are losing their feature of
purely passive networks and will be near to demand a service
of dispatching for the involved plants thus requiring a
different approach to operate, specially the dynamic behavior.

As micro-turbines will likely become major DGs in the near
future, it is necessary to deal with dynamic models of micro-
turbine. This paper describes the development of a dynamic
model of a micro-turbine system and this is used to simulate
the dynamic behavior of a distribution network with high
penetration level of micro-turbines. The organization of this
paper is as follows. The micro-turbine model is given in the
next section, followed. A test distribution system with a
micro-turbine plant is developed. And finally results are
presented and commented, and conclusions are presented.

Il. MICRO-TURBINE MODELING

There are essentially two types of micro-turbines. One is a
high-speed single-shaft unit with the compressor and turbine
mounted on the same shaft as the electrical alternator. Turbine
speeds mainly range from 50 000 to 120 000 rpm. The other
type of micro-turbines is a split-shaft design that uses a power
turbine rotating at 3600 rpm and a conventional generator
(usually induction generator) connected via a gearbox. The
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designs are composed of the following four or five parts:

1) Turbine. There are two kinds of turbines, high-speed
single-shaft turbines and split-shaft turbines. All are small gas
turbines.

2) Alternator or conventional machine. In the single-shaft
design, an alternator is directly coupled to the single-shaft
turbine. The rotor is either a two- or four-pole permanent
magnet design, and the stator is a conventional copper wound
design. In the split-shaft design, a conventional induction or
synchronous machine is mounted on the power turbine via a
gearbox.

3) Power electronics. In the single-shaft design, the
alternator generates a very high frequency three phase signal
ranging from 1500 to 4000 Hz. The high frequency voltage is
first rectified and then inverted to a normal 50 or 60 Hz
voltage. In the split-shaft turbine design, power inverters are
not needed.

4) Recuperator. The recuperator is a heat exchanger, which
transfers heat from the exhaust gas to the discharge air before
it enters the combustor. This reduces the amount of fuel
required to raise the discharge air temperature to that required
by the turbine.

5) Control and communication systems. Control and
communication systems include full control of the turbine,
power inverter and start-up electronics as well as
instrumentation,  signal  conditioning, data  logging,
diagnostics, and user control communication.

Here, we are mainly interested in the slow dynamic
performance of high-speed single-shaft turbines. A block
diagram of a single shaft micro-turbine system is shown in
Figure. 1.
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Fig. 1. Micro-turbine generation system.
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A. Mechanical Considerations

The micro-turbine’s electric-mechanical behavior is our
main interest. The recuperator is not included in the model as
it is only a heat exchanger to raise engine efficiency. Also,
due to the recuperator’s very slow response time, it has little
influence on the time-scale of our dynamic simulations.

The gas turbine’s temperature control and acceleration
control are of no significance under normal system conditions.
They can be omitted in the turbine model. From a modeling
standpoint, this analysis will view the mechanical system,
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including the turbine, as a lumped moment of inertia, J. The
mechanical system will control the torque applied to the
generator.

B. Electrical Considerations

The micro-turbines are very small gas combustion turbines,
featuring a single shaft structure with no gearboxes and
rotating at very high speed, typically between 50,000 and
120,000 rpm/min; as a consequence these machines are
always equipped with permanent magnet synchronous
generators (PMSG) to produce electricity.

The generator is a PMSG type, which feeds a rectifier. The
rectifier supports a dc link, which is the input to the voltage
source inverter. The rectifier and dc link may be one of
several possible configurations, could be an active one, or
there could be a chopper used to regulate the bus voltage. The
inverter is a voltage source inverter that could be pulse width
modulation (PWM), space vector, or any other choice [8].

The micro-turbine operates as mechanical power source
with variable speed, coupling to a PMSG, the ac output of the
PMSG is converted in a dc link witch in turn supplies power
to a load. This displayed on the Figure 2. In this case, a
passive rectifier is considered, and the load is another
converter, a voltage source inverter (VSI) with hyteresis

current control.

Fig. 2. Block diagram of micro-turbine generator to load.

1) PMSG

The PMSG for micro-turbine is of the designed with high
number of poles and small amount of saliency, can be
modeled by voltage behind a reactance [8], [9]. The ac-dc
interface between PMSG and dc link is a simple, full-wave,
diode bridge rectifier (FWDB), coupled directly to a dc bus
capacitor. This is depicted in Figure 3, where phase resistance
has been assumed negligible.
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Fig. 3. FW Rectification into a stiff dc bus.
A PMSG with FWBD, can be modeled by a nearly liner
regulation curve [8]:

Vdc = Kewm - Kxa)mldc[v] (1)
where the constants are defined as,
3pK Vv
Ke=—tv | L 2)
27 | rad /seg
2
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In Eq. (1) lg is the average rectified PMSG current. The
equivalent circuit of the ideal PMSG with FWDB, considered
in this paper is shown in Figure 4.

Fig. 4. Equivalent circuit model of a ideal PMG with FW diode rectification.

Reference [8] contains a full development of the general
approach used to create a mathematical model for PMSG with
FWBD. In modeling the dynamic of the rectified PMSG and
dc bus capacitor (Vy), it is recognized that capacitor voltage is
a fundamental state of the system, and the block diagram of
the system is shown on Figure 5.

Fig. 5. Equivalent circuit model of a ideal PMG with FW diode rectification
The rotational inertial equation was used to simulate the
effect of unbalance between the electromagnetic torque (Te)
and mechanical torque (T,) of PMSG.
J ((jj_? = Tm _Te (4)

2) Inverter

The control inverters used to supply power to an ac system
in a distributed environment should be based on information
that is locally at the inverter [10], [2]. The control of the active
and reactive power flow to the grid is performed by the
inverter. The P and Q flows in ac system are coupled; small
changes P is predominantly dependent on the power angle o,
while Q is dependent on the magnitude of the converter’s

voltage [3].

P:ﬂsené‘ (5)
ol
V? EV
=————C0S0 6
Q ol wlL ©)

ConsiderinJ%Iy the fundamental frequency, the circuit
equivalent and phasor diagram of the inverter is given in the

Figure 5.
wm VOC +

Rectification
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Fig. 5. Fundamental frequency equivalent circuit and phasor diagram for the
output converter

The real and reactive power fed into the ac system are two
variables that are controlled by the inverter [10], [11]. Given
two points for real and reactive power P” and Q”, the real and
reactive power, P and Q into ac system can be controlled by
different ways. For current controlled inverter, full decoupling
of the active and reactive power regulation loops can be easily
achieved, employing the vector control principle.

The entire cg@row erformed in stationary d-q reference.
Using the output v%ltage measure of the inverter in stationary
d-q reference and the P" and Q" reference values, can be
derived the set-point of current in stationary d-q reference
frame:

-2 VdP*+\7L_Q* ;

o 0

Lx 2 VdQ*_ -
Ké(ﬁ@[jﬁ%‘f} ®)

=

|
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Fig. 6. Active and reactive power regulation with a current controlled inverter.

The reference current in a-b-c frame, are compared with
measured output current, and the error of each phase current is
controlled by a two level hysteresis comparator sensitizing the
switching logic to the inverter (Figure 6).
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Simulations have been performed in order to verify the
performances of the model in the grid connected operation
mode. In this mode any power difference between that
developed by the micro-turbine and that required by the load
is supplied by the grid. The simulations are focused on the J
dynamic behavior of the micro-turbine during changes on
load. The software used is Matlab SIMULINK™ [XX].

The considered micro-turbine has=a nominal speed of
60,000 rpm/min, a rated electrigal output power of 75 kW and Vdc
the parameter estimated for this micro-turbine are shown on

Table I. ]d
c

SIMULATIONS AND RESULTS

dec bus
capacitor
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TABLE |
PARAMETER OF THE PMSG MODEL
Parameter Value Unit
Rated Speed 60,000 rpm
Number of poles 2 -
Rated Power 75 kw
Inertia Constant 0.085 kg-m?
Ke 0.092 V/(rad/s)
Ky 0.096 V/(rad/s)
Ky 8.459x10° Q/(rad/seg)

A. Grid-Connected Mode

The micro-turbine was connected to the utility grid and
operated in grid-connect mode. To evaluate the dynamic
behavior of the micro-turbine several simulations were
developed considering load changes.
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Fig. 7. Power output, rotor speed DC link voltage and current, dc power and
capacitor current for full-no-full load cycle.
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A complete load cycle was simulated, starting at rated
output, stepped down to no-load and then stepped to rated
output; results are shown in Fig. 7.
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Fig. 8. Inverter voltage, phase voltage and current in per unit.

During a step down in micro-turbine power output, several
characteristics could be seen. First when the power reduction
command was entered, there was an immediate rise in the DC
link voltage (15 to 20 volts), followed shortly by a rise in the
turbine shaft speed (1,000 to 1,500 rpm). As the micro-turbine
reached the new power level, turbine speed stabilized at a
lower level (52,000 rpm). The dc link voltage reduced to
about 500 volts and went no lower. During a step up in the
micro-turbine power output, a similar set of circumstances
prevailed. When the output increase command was entered,
the turbine shaft speed and dc link voltage both increased
quickly and peaked when power reached the new setting. Dc
link voltages increased from 30 to 50 Vdc as turbine speed
increased from 3,000 to 13,000 RPM. When the new
operating level was established, the turbine speed and DC link
voltage levels decreased to steady-state levels for that power
output.

Interesting transient is shown on the capacitor current.
During the step down in micro-turbine power output, the
capacitor is charged with a current transient about 0.5 sec, and
during step up of output power, the capacitor is discharged
rapidly.

The inverter voltage can be seen on Fig 8, and terminals
variable exhibit a perfect dynamic behavior. The voltage
regulation looks good as seen on Fig 8. From no-load to full
load, the regulation is below 0.5%.

Two loading sequences were simulated. Load step changes
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for 20 percent of the rated power, was considered. Only active
power step was simulated, the micro-turbine was assumed
operating at unity power factor. After each step change, a
short period of time was allowed for variable stabilization
before next step change was initialized. Step changes for 20
percent of the rated power. The first is power steps of 15 kW
starting from 75 kW, stepping to 0 kW and then stepping back
to 75 kW (Fig. 9)
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Fig. 9. Power, rotor speed, dc link current and voltage, phase current for first
loading sequence.

The second loading sequence contains power steps of 15 kW
starting from no load, stepping to rated power and then
stepping back to no load (Fig. 10).

Based on the simulation of both loading sequences, we
highlight that the transition times during power increase and
decrease were similar. Note the speed overshoot in both the
positive and negative load change directions. Furthermore, the
simulation demonstrate the fast dynamic behavior of the micro
turbine, and show that this device can respond to load changes
rapidly.
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Fig. 10. Power, rotor speed, dc link current and voltage, phase current for
second loading sequence.

To evaluate the impact of the high penetration level of
micro-turbines based resources, a typical five buses
distribution feeder as shown in Fig. 11, with radial topology
was simulated.

5 4 3 2 1

| |~
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Load 2 Load 1

[wr2] [ wm

Fig. 11. Distribution System Diagram.

For simplicity, only real power is consumed by the load,
and they are modelled by impedance constant. Three micro
turbine plants are included, MT1, MT2 and MT3 at buses 2, 3
and 5 respectively. Each plants consist a single-shaft micro-
turbine with P,y = 75kW and V4 = 480 Vac as modelled

MT3
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above. A step up transformer was include for connect each
micro-turbine to the 6,600 volts level of the distribution
feeder. The network and units parameters are not due to space
limits. Thought the power conditioner of the fuel cell system
can output not only real power, for simplicity only real power
output is considered to the inverter. The inverter control
system is designed to follow the load at the terminal of the
micro turbine.

Suppose at a certain time, the total load in this distribution
system is Pjag = 100 kW, and each micro-turbine is adjusted
to fed all the power of the local load at the bus. The micro
turbine penetration level is about 75%. A sequential step
increase of 100 % on Load 2, 3 and 5 occurs in time: 0.5s,
0.6s, and 0.7s. Fig. 12 shows the dynamic response of rotor
speed, and dc link variables.

6.6

6.5

o
~

o
w

o
N

Rotor Speed [rpm]
(2]
N

o

B
o
o

L
w
o
o

(9]

~

=)
-

3
[o2]
o
T
w
o
o

3
[=2]
o
T
N
(4]
o

o
(52
o

a

a

o
T

= N
u o
o o
DC Link Current [A]

Dc Link voltage [V]

o

&

a
T

100

o

5

o
T

450

4]
w
o

530
0.5

Time [s]
Fig. 12. Rotor speed, dc link voltage and current for micro turbine 1,2 y 3,
100% load step

Changes of the rotor speed for three micro turbines is
similar, because this machines are coherent. When the micro
turbine output increase, the turbine shaft speed and dc link
voltage both increased quickly and peaked when power
reached the new setting. Dc link voltages increased from 10 to
20 Vdc as turbine speed increased 5,000 to 8,000 rpm.
Finally, a sequential step increase of 400 % on Load 2, 3 and
5 occurs in time: 0.5s, 0.6s, and 0.7s was simulated. Fig. 13
shows the dynamic response of inter-tie power flow and the
output power of each micro-turbine. Furthermore dc link
variables behaviour is shown in Fig. 13. The load increase
force the micro turbine output to reach the rate power, then the
control system acts to prevent the overload of the
plant.
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Fig. 13. Inter-tie power flow, power output and rotor speed for micro-turbine
1,2 and 3, 400% load step

The power difference between that developed by the micro-
turbine and that required by the load is supplied by the grid as
shown on Fig 13. The rotors speed exhibit a saturation
characteristic motivated for the speed limitation and power
limitation control system.

IV. CONCLUSION

In this paper a simple model of a single-shaft micro turbine
system suitable for dynamic behavior studies was developed.
The novelty of this paper is the use of the controls-oriented
model of a permanent magnet synchronous generator, to
modeling the PMSG output after the full-wave diode rectifier
into a voltage-stiff DC bus. Furthermore, a realistic voltage
source inverter with current band hysteresis control was
include to simulate the micro-turbine system.

This model results suitable for dynamic behavior studies as
demonstrated in this paper with several simulations.

Simulations of several loading sequences shows similar
transition times during power increase and decrease. And
speed overshoot in was found both the positive and negative
load change directions. The fast dynamic behavior of the
micro turbine was demonstrated, and the feasibility of this
device to respond to load changes rapidly.
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