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ABSTRACT

The microturbine generation (MTG) system are becoming the popular source of distributed generation
(DG) due to their fuel flexibility, reliability and power quality. The MTG system is a complicated
thermodynamic electromechanical system with high speed of rotation, frequency conversion and its control
strategy. In spite of several techniques to control high speed of microturbine is not accurate and reliable
due to their anti-interference problem. This paper presents a fuzzy logic controlled MTG system for grid
connected and islanded mode of operation. The development of fuzzy logic based speed governor includes
input and output membership function with their respective members. The load variation on MTG systemis
performed using conventional Pl controller and fuzzy logic controller are implemented in Matlab/S mulink
and their results are compared with each other. The simulation result of MTG system shows the
performance improvement of fuzzy logic governor over a conventional governor.
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1. INTRODUCTION

Distributed Generation (DG) is predicted to play an increasing attention in the electric power
system of the near future. DG islimited size of generation (25kW to IMW) and interconnected at
the substation, distribution feeders or consumer load levels [1]. The microturbine generation
(MTG) system is a typical and practical system of DG source, because of its small scale
generation with fuel flexibility, reliability and power quality. It has been applied in various fields,
such as peak power saving, co-generation, remote and premium power applications[2]. The MTG
system composed of microturbine as a prime mover, permanent magnet synchronous machine
(PMSM), power interfacing circuit for frequency conversion between generation and load. A
microturbine is thermodynamically complex mechanical system cannot be modelled accurately
and it is difficult to control the speed [2]. A microturbine is integrated with PMSM produces high
frequency AC power, where the operating speed ranges generally between 50,000 to 120,000
rpm. The power produced at the generator is around 1 k to 2 kHz of frequency, this high
frequency AC power is convertedto DC then inverted back to 50 or 60Hz AC power using
suitable converter and inverter [3]. The nonlinear controlled methods based on model cannot
solve the various control problems on MTG system, some advance control method as have been
applied such as incremental fuzzy Pl controller, fuzzy PID controller and neural network
controllers. Controlled agorithm based on fuzzy logic have been implemented in many processes
the application of such control techniques has been motivated by the following reasons, 1) it
improves the robustness over a conventiona linear control algorithm, 2) Simplified control
design for difficult system model 3) Simplified implementation[4]. This paper presents a fuzzy
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logic controlled speed governor and conventiona transfer function governor for amicroturbine to
predict the performance of fuzzy logic controller. The microturbine is used as MTG system once
it is compared with nomina controller connected to the grid and isolated mode of DG system.
The simulation result shows the performance of fuzzy logic controller for different load on MTG
system.

2. MICROTURBINE GENERATION (MTG) SYSTEM

Microturbines are smaller version of heavy duty gas turbines compact in size and components
like compressor, heat exchanger, burner and turbine. Basically there are two types of
microturbines, classified based on construction and location of its components. One is a high
speed single shaft design with compressor and the turbines are mounted on the same shaft usually
the PMSM is use to generate the electrical power. Another is split shaft design that uses a power
turbine rotating a 3600 rpm and a conventional generator (usualy induction generator or
synchronous generator) connected via a gearbox [6]. The microturbine system presented in this
paper is based on gas turbine model presented by W | Rowen[5] which was successfully adopter
as microturbine generation(MTG) system by Huang Wei[6] connected in parald to the
microgrid, and used as DG system by Gaonkar[7] and Guda S R[8] in isolated mode. The
turbine model was proposed by W | Rowen[5] is to be adopted as single shaft microturbine with
fuzzy logic speed governor implemented in MATLAB/Simulink is shown in Figure.l, and the
same is used as prime mover for the MTG with PMSM and power electronics circuit interfacing
system shown in Figure.2.
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Figure.2 Fuzzy logic controlled MTG system
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The linear pattern is utilizes as generator model applicable for transient analysis and the model
comprises temperature controller, fuel control, turbine dynamics, speed governor and acceleration
controller blocks [7]. The speed governor for a microturbine can be divided into droop regulation
and non-drop regulation, which is utilized and designed for the purpose of adopting the
requirement of different load characteristics. Speed controller is usually modelled using lead-lag
transfer function or by PID controller. In thiswork afuzzy logic based governor has been used as
speed and change in speed are input member ship function, regul ated speed as output membership
function. The membership function can adjusted so that the governor can act with droop or as
isochronous governor [7][8]. The fuel flow is controlled as a function of Vce are shown in a
series of blocks including the valve position and flow dynamics, the output of low va ue selector
(represented by Min in MATLAB/Simulink) is the lowest of the three inputs and results in the
amount of fue to the compressor-turbine, and V ce represents the final amount of fuel demand for
that particular operating point and is an input to the fue system [6][8]. The slow dynamics
performance of the MTG system is focused here based on the ssimplified model is built in with an
assumption, i.e. MTG system is operating under normal condition by neglecting the fast dynamics
of microturbine (start up, shut down, internal faults, sudden loss of power etc). In addition to that
the proposed model employees per unit system to represents the microturbine as its control
system with expectation of temperature, each important control block is discussed as subsection
in[7] [8]. The model presented in this paper is concentrates on slow dynamics of MTG system.

3.Fuzzy LoalIc

Fuzzy logic controller is rule based controller where a set of rules represents a control decision
mechanism to correct the effect of certain cause used for generation systems. In fuzzy logic, the
linguistic variables are expressed by fuzzy sets defined on their respective universe discourse, to
overcome the difficulties of soft controlling fuzzy logic found to be effective aternating to
conventional control techniqueg[9]-[10]. The configuration of fuzzy logic based system into four
parts they are, Fuzzification, Knowledge Base, Interface Mechanism and Defuzzification. The
lead lag transfer function compensator is replaced by the equivalent fuzzy logic based speed
governor, the design of Pl-like fuzzy knowledge base controller works on the area control error
(ACE) and change in area control error (AACE) is considered as input to the fuzzy logic
controller. For the automatic generation control problem the input to fuzzy controller for ith area
at a particular instant are ACEi(t) and [/ACEi(t). The input and output are transformed into
linguistic variables as VHS: Very High Speed, HS: High Speed, NC: No Change, NS: Normal
Speed, LS: Low Speed, VLS: Very Low Speed, LN: Large Negative, N: Negative, P: Positive,
LP: Large Positive, VL: Very Low, L: Low, Z: Zero, H: High, VH: Very High- respectively. All
the variables of ACE, AACE and AU are considered in a symmetrical triangular membership
function. The membership function of ACE over the operating range of minimum and maximum
values of ACE is shown in Figure.3 (a) (b) and (c). The membership function would perform a
mapping from the crisp values to a fuzzified value, One such particular crisp input ACE is
converted to fuzzified vaue i.e. 0.8/VHS + 0.2/HS where 0.8 and 0.2 are membership grade
membership function.

VHS HS NS LS VLS INNNC P LP

Figure.3 a) Speed b) Change in speed c) Reg, speed
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Corresponding to the linguistics variables VHS and HS in fuzzy system a membership grades are
zero for dl other linguistic values except VHS and HS. Here the crisp value input to the system
will be converted to fuzzified value considering severa membership grades corresponding to
each linguistic variable. Same way the other input of AACE and AU are fuzzified. The output of
the inference mechanism is a fuzzy value, and hence it is necessary to convert the fuzzy value to
(crisp) real value sine, the physical process can’t deal with fuzzy values. This operation whichis
inversely fuzzified is known as defuzzification. The well known centre of defuzzification method
has been used for its smplicity. The mgjor drawback of Mean of Maximum (MOM) method is
that it does not use al the information converted by the fuzzy command and hence it becomes
difficult in generating commands that run the system smaoothly.

AU = Z (Membership 4 *Output correspond ing '4)
- Y (Membership  of 14)
AR
] (1)

AU is determined using the centre of gravity method pj is the membership value of the
lingivustic variables recommending the fuzzy control action, Uj is the precise numerical
value corresponding to the fuzzy control action. The AU obtained from (9) is added with
the existing previous signal to obtain the actual output signal U which is given to the
microturbine [11].

AU =

Table. 1 Fuzzy logic tables

Speed
Speed VL L z H V H
VLS LN LN LN N NC
LS LN LN N NC P
NS LN N NC P LP
HS N NC P LP LP
VHS NC P LP LP LP

3. MODELLING OF PM SM

Based on the d-q reference frame, the stator voltage equitation of PMSM can be described as
[12].

0 d .
audz (;I:d_if/qw"'rs'd
O dy
O, = q ;
u, = AN
q q
H dt )

Where, ug, & dq are d and g components of the stator winding voltage, ¢d & Yq are d
and g components of stator flux, iq,iqare d g component of stator winding current,  is
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the angular speed, rsis the stator resistance. The flux linkage of PMSM can be expressed
as,

Oy = Lalg + ¥ py

o _ L

@4 = Ldla ©)
Where, Lg, Lq are d and q axis inductances, Ypu iS the permanent magnet rotor flux
linkage, The electromagnetic torque equation of the PMSM isgiven as[12],

T, = p(y/diq_l//qid)

e

N | w

4
Where p is the number of pole pairs, the motion equation is expressed as,

1,233 1 go T,
ot

©)

2= ©

Where, Ypy is the rotor flux linkage, J is the moment of inertia, B is the damping torque
and T, isthe motor |oad.

3. POWER ELECTRONICS CONVERTER

The power electronics interfacing is a critical component in the single shaft microturbine design
and represents significant design challenge, especialy in matching turbine output power to the
connected load or grid. There are different configurations available to interface the MTG power
to load. One possible is to use a three phase diode rectifier, voltage source invert and filter. This
requires a separate start-up arrangement for the microturbine. The configuration used in this paper
is assumed to be brought to rated speed for the isolated mode of operation and bidirectional
power converter has been used for the grid connected mode of operation.

For a single shaft microturbine the power interfacing circuit is used to convert high frequency AC
power produced by the PMSM into usable electrical power. The power conditioning circuit is one
of the critical components in a single shaft microturbine design and represents significant
challenge in design. Especially in matching turbine output to required load. The control structure
for grid connected mode of operation is shown in Figure 4. The grid side converter operates as a
controlled power source. The standard Pl controller is used to regulate the grid current in the dg
synchronous frame in the inner control loops and the DC voltage regulator in the outer loop. It is
seen that a Pl controller regulates the DC bus voltage by imposing an id current component. Id
represents the active power component of the injected current into the grid and iq is it reactive
component. In order to obtain only a transfer of active power only atransfer of active power, the
id current reference set to zero. The decoupling terms are used to obtain independent control of id
andiqin. A PLL isused to synchronize the converter with the grid. The philosophy of the PLL is
that the difference between the grid phase and inverter phase angel can be reduced to zero using
PI controller and locking the line side inverter phaseto grid [8].
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Figure 4: Line side converter control for grid connected mode

For the isolated mode of operation the power conditioning unit consist of a three phase diode
rectifier, a voltage source inverter (VSl) and LC filter are used. The control system for a voltage
source inverter isshown in Figure 5. A 166 Hz, voltage source feeds a 50Hz, 50kW |oad through
an AC/DC/AC converter. The 480V, 166Hz AC power is first rectified by six pulse diode bridge
rectifier and filtered. DC link voltage is given to an IGBT two level inverter generating 50Hz.
The IGBT inverter uses Pulse Width Modulation (PWM) with 2 kHz carrier frequency. The
voltage is regulated at 1p.u.(480 Vrms) by a Pl voltage regulator using abc to dg and dq to abc
transformation. The first output voltage regulator is a vector containing the three modulation
signals used by the PWM generator to generate six IGBT pulses[8].
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Figure 5: Line side converter control for isolated mode

3. SSIMULATION RESULTS

Before connection the MTG system to an electrical load, the performance of microturbine
controller is verified by the fuzzy logic and nominal Pl controller in Matlab/simulink. Form the
performance test of microturbine it is ascertained that, the fuzzy logic based controller settling
time is less than nomina Pl controller and aso the oscillation are eliminated in fuzzy logic
controller. The comparison study of fuzzy logic and nominal Pl controller are considered for the
fuel demand, turbine torque, speed and power. The ssimulation is performed for atotal duration of
time t=80 second. The turbine is loaded in steps of half load and full load respectively. The
variation of fuel demand and turbine torque with fuzzy logic and nomina Pl controller are shown
in Figures 6 and 7 respectively. From the reported Figures 6 and 7 it is observed that, the settling
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time of fuzzy logic controller isless then Pl controller. With respect to fuel flow, the variation of
turbine speed and power are shown in Figures 6 and 7.

Fuel demand (p.u

Turbine torque (p.u)

Figure.7 Turbine torque

! f f f ! ‘[—Fuzzy controller
‘ o 'l —P1 controller
1 S P L
oo | |

4
Q
)

Turbine speed(p.u.)

40
Time (s)

Figure 8. Turbine speed

o
=

o
i)

o

Turbine power (p.u)

|
o e N
s S
| | | —Fuzzy logic controller
| | n —PI controller

10 20 30 40 50 60 70 8l

Figure 9. Turbine power

3.1 GRID CONNECTED MODE

The MTG system in connected to the grid is supplying a power to the grid is predicted on the
basis of active and reactive power. The active and reactive power supplied by the fuzzy logic
controlled MTG system is shown in Figure.10. From the reported Figure.10 it is observed that,
the active power is 50kW and reactive power is aimost zero. Hence it is ascertained that the
PMSM supplies only active power. The DC link voltage and turbine torque are shown in Figures
11 and 12 respectively. From the reported Figurel? it is observed that the turbine torque is
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negative in per unit, it means that, the PMSM is running as generator. To generate the turbine
toque the proportional fuel demand and speed are shown in Figures 14 and 15. The inverter
output voltage and load voltage are shown in Figures 16 and 17 respectively. From the Figures 16
and 17 it is observed that, the MTG system is supplying quality power to the grid.
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Figure.17 Load voltage

The fuzzy logic controlled MTG system is connected to an isolated mode and it performance is
simulated for the total duration of 30sec. The variation of turbine fuel flow and torque are shown
in Figure.18 and 19 respectively. From the reported Figures 18 and 19 it is observed that, the fud
demand and turbine torque increase with increase in load and decreases with decrease in load.
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The variation of turbine speed due to the increase and decrease of load on the MTG system is
shown in Figure. 20. The active and reactive power is one of the important parameters of MTG
system in connected to the load. Since the MTG system power generation by PMSM, it can
supply only the active power. it is observed from the reported Figure.22. It has been measured
between phase to ground voltage and current. The variation of load voltage and current between
phases to ground is shown in Figures 23 and 24 respectively. From the reported Figures 23 and 24
it is observed that, the variation of load voltage and current maintains the power quality.
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4. CONCLUSIONS

The Fuzzy logic controlled MTG system connected to the grid and isolated load has been
implemented and simulated using Matlab/Simulink. Initially the microturbine controller verified
by the both nominal PI controller and fuzzy logic controller. Form the simulation study, the fuzzy
logic controller is preferred over anominal Pl controller due to minimum oscillation and steeling
time. The fuzzy logic based verified microturbine is used for the MTG system in connected to
the grid and isolated model of operation. The developed model of MTG system includes
microturbine, PMSM and power eectronics interfacing circuit. From the simulation study of the
MTG system is supplying power to the grid and the performance of load fallowing character is
ascertained. The fuzzy logic controlled MTG system will maintain the quality power and fewer
harmonic. From the smulation study it is observed that, the active and reactive power injected by
the MTG system for grid connected as well asisolated mode of operation.
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