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Abstract The interconnection of distribution generation systems into distribution
networks has great impact on real-time system operation, control, and planning. It is
widely accepted that microturbine generation (MTG) systems are currently attracting
a lot of attention to meet customers’ needs in the distributed power generation market.
In order to investigate the performance of MTG systems, their efficient modeling is
required. This article presents the dynamic model of an MTG system, suitable for
grid connection to study the performance of the MTG system. The presented model
uses back-to-back power electronic converter topology for grid connection, which
allows the bidirectional power flow between the grid and MTG system. Thus, the need
of separate starting arrangements during launching of the microturbine is avoided.
The components of the system are built from the dynamics of each part with their
interconnections. The dynamics of the model have been studied under various grid
disturbance conditions. The converter control strategies for MTG system operation
in grid-connected mode are presented in this article. This article also compares the
various grid connection topologies suitable for MTG system interconnection. The
simulation results show that the developed model performance is not affected by
the grid disturbances considered in the study, and that it has the ability to adjust the
supply as per the power requirements of the load within the MTG system rating.

Keywords distributed generation, MTG system, permanent magnet synchronous
generator, grid connection, voltage unbalance

1. Introduction

The deregulation of electric power utilities, advancement in technology, environmental
concerns, and emerging power markets are leading to increased interconnection of dis-
tributed generators to the utility system. This is leading to the integration of a large
number of distribution generation (DG) systems to utility network. The DG systems
can be based on renewable technologies, such as wind turbine, photovoltaic, or recent
promising non-renewable technologies such as microturbine and fuel cell. Small DG
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systems based on microturbine technology with a capacity smaller than 500 kW are
gaining popularity among industry and utilities in the last few years due to their higher
operating efficiencies, lower emission levels, and low initial cost [1]. The microturbine
generation (MTG) systems are more reliable and lightweight, can operate with different
fuels, and are proving to be a supplement to the traditional forms of power generation,
whether it is stationary, mobile, remote, or interconnected with the utility applications.

Once connected to the power distribution system, these generators will affect the
dynamics of the system, and their transient behavior can be assessed only if a detailed non-
linear dynamic model is used. Thus, an accurate model of the MTG system is required to
analyze the factors (such as transient response, stability, power quality including harmon-
ics, voltage regulation, and protection) when connected to the distribution network [2].
Until now, few works were undertaken on the modeling, simulation, and control of the
MTG systems, even though microturbine is based on gas-turbine technology, which is
well established. Also there is a lack of adequate information on the performance of
the MTG systems. The power electronic converter interface is needed for connecting a
single-shaft MTG system to utility or customer load. This presents a significant challenge
in modeling power electronic converter controls to provide increased functionalities under
various network conditions for better performance [3]. The dynamic model of the MTG
system for isolated operation is presented in [4-6]. In these references, a combustion
gas-turbine model (presented in [7]) is used to model the microturbine and topology of
passive rectifier, and an inverter with a DC link is used to interface the MTG system to
the utility. A simplified transfer function model of the turbine and governor is used to
model the MTG system [8].

A grid-connected model of the MTG system with matrix converter and AC-DC-
AC converters are reported [9, 10] for the evaluation of the electromagnetic transients
of the MTG system. In these studies, a thermodynamic model of the microturbine is
proposed, and PSCAD/EMTDC software is used for simulation. The performance of the
reduced-order model of the MTG system, based on auto-regression with the exogenous
(ARX) signal identification algorithm, is compared with the full model when connected
to distribution feeders in [11]. Modeling of power electronic converter interface for grid
connection of the MTG system with bidirectional power flow between the MTG system
and grid is considered in [12]. The grid-side converter uses the instantaneous current-
control-based pulse width modulation (PWM) with DC-voltage control. Simulation re-
sults of the performance of the modeled MTG system are validated with actual system
operation [12].

This article presents a single-shaft MTG system model developed in Simulink of the
MATLAB. The developed model considers the bidirectional power flow between the grid
and MTG system with back-to-back converter topology. The grid-side converter uses the
two-loop controller structure—a fast inner current control loop and a slow outer DC-link
voltage-control loop. The independent control of dg components of the currents are done
through decoupling for both machine- and grid-side converters. Extensive simulation is
carried out to study the performance of the model when connected to the distribution
network. The work also discusses the merits and demerits of various grid connection
topologies for the MTG system.

2. MTG Systems

Two types of microturbine designs are available. One is the high-speed single-shaft
design with the compressor and turbine mounted on the same shaft as the permanent
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Figure 1. Schematic diagram of: (a) single-shaft MTG system and (b) split-shaft MTG system.

magnet synchronous generator, as shown in Figure 1(a). The generator generates power
at very high frequency ranging from 1500 to 4000 Hz. The high-frequency voltage is first
rectified and then inverted to a normal 50- or 60-Hz voltage. Another is the split-shaft
design that has a power turbine rotating at 3600 rpm, and a conventional generator
(usually an induction generator) connected via a gearbox, as shown in Figure 1(b).
The power electronic interfacing is not required in this design. In both designs, along
with the turbine, there are control systems, namely speed and acceleration control, fuel-
flow control, and temperature control. The recuperator increases the efficiency of the
microturbine by transferring heat from hot exhaust gases to the compressed air that is
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fed to the combustion chamber. The MTG system can generate power in the range of
25 kW to 500 kW, and its efficiency for combined heat and power (CHP) application
can go above 80% [1].

There are different topologies available for connecting the single-shaft MTG system
to the grid. Figure 1(a) shows the passive rectifier and inverter combination with the DC
link, and this topology needs a separate startup inverter to launch the microturbine. A
cycloconverter or a matrix converter, shown in Figures 2(a) and 2(b), respectively, can be
used to interface the microturbine generator to the grid [9, 13]. These converters directly

OO DRG
D OORRGJ

Q )
Q 1)
DODROG |L—
Uit HOOQQE
ICIOIEIEAICY
POORO®
(a)
D
NN L

(b)

Figure 2. (a) Cycloconverter interface model and (b) matrix converter interface model.
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Figure 3. MTG system with back-to-back converter interface.

convert AC voltages at one frequency to AC voltages at another frequency with variable
magnitude. For this reason, they are also called frequency changers. The disadvantages of
these converters are that they have double the number of switches compared to the DC-
link approach, and energy storage is not possible. Without energy storage in the converter,
any fluctuations at either side of the converter will directly influence the other side.

The matrix converter can be used at a lower frequency than the PWM-based convert-
ers. Some advantages of the matrix converters are less thermal stress on the semiconduc-
tors and absence of the DC-link capacitors, which may increase the efficiency and life
time. The drawbacks are the intrinsic limitation of the output voltage, the unavailability
of true bidirectional switches, and the lack of decoupling between the input and output
of the converter (as in the case of the back-to-back converter), and these may lead to
some instability issues [3].

The configuration presented in this article uses back-to-back voltage-source convert-
ers (VSCs), as shown in Figure 3. This topology allows bidirectional power flow between
the converter and grid, and hence, no separate starting arrangement is required. When
starting, the permanent magnet synchronous machine (PMSM) acts as a motor and draws
power from the grid to bring the turbine to a certain speed. In this mode, the line-side
converter acts as a controlled rectifier, and the machine-side converter acts as an inverter
and provides AC supply to the motor. During the generating mode, the PMSM acts as
a generator and power flows from the MTG system to the grid. The machine-side and
line-side converters act as a controlled rectifier and inverter, respectively. In both modes
of operation, the grid-side converter regulates the DC-bus voltage, while the machine-side
converter controls the PMSM speed and displacement factor.

3. Modeling of MTG System Components

3.1. Microturbine

A simplified single-shaft microturbine, including its control systems, is implemented in
Simulink of the MATLAB and shown in Figure 4. In this article, the model presented
in [7] has been implemented in Simulink of the MATLAB. The model consists of fuel
control, turbine dynamics, and speed governor blocks. In this work, the electromechanical
behavior of the MTG is the main interest. Thus, the recuperator is not included in the
model, as it only serves to increase the turbine efficiency. Also, due to the recuperator’s
very slow response time, it has little influence on the timescale of our dynamic simulation.
The speed controller operates on the speed error formed between the reference speed (one
per unit) and speed of the PMSM [14]. Speed control is usually modeled by using a lead
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Figure 4. Simulink model of the microturbine.

lag transfer function or by a proportional-integral-derivative (PID) controller [15]. In this
work, a lead lag transfer function has been used to represent the speed controller.

The governor-control parameters (shown in Figure 4) can be adjusted such that it can
act with droop or as an isochronous governor. The temperature and acceleration controls
are not included in the model and can be found in [6]. The per-unit value of the fuel
demand signal directly corresponds to the per-unit value of mechanical power on the
turbine base in steady state. The fuel-flow control system consists of a series of blocks
including the valve position and flow dynamics. The fuel system positioner and actuator
are represented in Eqs. (1) and (2).

The valve positioner equation:

e = goeFu M)
The fuel system actuator equation:
1
wy = YT 2)
Turbine torque:
T =13(ws—0.23) + 0.5(Aw), 3)

where Fy is the input to the fuel system, and w is the output of the fuel system. The
valve positioner input signal e; is scaled by the gain value of 0.77 and offset by a value,
which is the fuel flow, at no-load and at rated speed condition. The time delay after the
fuel-flow control represents the delay in the governor control, using digital logic in place
of analog devices. The fuel burned in the combustor results in turbine torque. The turbine
torque is given in Eq. (3), where Aw is the change in per-unit speed. The fuel flow at
no-load is 23% and rises to 100% at the rated load. The model parameters given in [14]
are used in this work.

3.2. PMSM

The PMSM drive is modeled with an assumption of sinusoidal-distributed windings and
neglecting saturation, eddy currents, and hysteresis losses [16]. With these assumptions,
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the stator dq equations of the PMSM in the rotor reference frame are

. dig .
vg = Riig + Ld? _erqlqa 4
vy, = Rsiy, + L ﬂ + o, Lgi A 5
q — Rglg th WrLglg + WiAm, ( )

where

the stator resistance is denoted by Rj;

the d-axis and g-axis inductances are L, and L,, respectively;
¢ 1s the flux linkage due to the permanent magnets; and

vg and v, are the dg-axis voltages.

In the dg-frame, the expression for electro-dynamic torque becomes
T, = 1.5pQuniq + (La = Ly)igia)- (©)

The equation for motor dynamics can be given as

d 1

Ewr = 7(T€ - er - TM), (7)
d

_91' = Wy, 8
7 w ®)

where

p is the number of pole pairs,

T, is the electromagnetic torque,

F is the combined viscous friction of the rotor and load,
w, 18 the rotor speed,

J is the moment of inertia,

0, is the rotor angular position, and

T, is the shaft mechanical torque.

The d and ¢ variables are obtained from the a, b, and ¢ variables through Park’s
transformation given in Eq. (9), and the a, b, and ¢ variables are obtained from the
d and g variables through the inverse of Park’s transformation as given in Eq. (10):

vq_ 5 cos @, cos(6, —120) cos(6, + 120) | | v,

v | = 3 sinf, sin(f, —120) sin(6, + 120) v |, 9
| v | 1/2 12 1/2 Ve
v, ] cos 0, sin 0, 1 Vg

vp | = | cos(6, —120) sin(f, — 120) 1 vg | . (10)
| ve | cos(6, + 120) sin(f, +120) 1] | v
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3.3. Machine-side Converter Control

Figure 5 shows the high-efficiency drive control system for the MTG system. The
commanded speed w, is pre-calculated according to the turbine output power and is set
to the optimum speed [17]. Based on the speed error, the commanded g-axis reference
current iy.s is determined through the speed controller. In this system, the following
proportional-integral (PI) controller is employed as the speed controller:

iqref = Kppe, + Klw/ewdta (11)

where Kp, and Kj, are the proportional and integral gains of the speed controller,
respectively, while e, is the error between the reference speed and measured speed. The
commanded optimal d-axis current iy, is obtained from the maximum allowed phase-
voltage and phase-current constraints of the drive, which are given in Eqgs. (12) and (13).
These constraints depend upon the machine rating and DC-link voltage.

12)

max”>

2 2 2
vd+vq§V

ig+i; <ID,.. (13)

Using the above constraints, and neglecting the voltage drop due to the stator resistance,
the optimal d-axis current for a non-salient PMSM (L; = L,) can be obtained as

Vnzlax _ LZIZ _ AZ
2 q " max m
I =2 ) 14
d 2L (14)
Considering the relationship 12, = iﬁ +1i 5, the optimal d-axis current can be given as

a function of the g-axis current i , as

. Am + Vmax 2 Lq. 2 (15)
= Ld a)Ld Ld lq ’

— Pl |+

_ vd
Theta id Decoupling theta | To PWM Gen.
ouput theta I id Ly abc —»(1D)
—

Theta
l ed

\ A 4
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Figure 5. Machine-side converter controller.
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Based on the current errors, the dg-axis reference voltages are determined by PI
controllers, given as

vg = Kpieiqg + Ku/efddl —wrLyly, (16)

vy = Kp,-e,-q + Kj; /e,-th + o, (Lgig + Am), (17)

where Kp; and K;; are the proportional and integral gains of the controller, respectively;
eiq = lqrf —iq4 18 the d-axis current error; and e;; = iy.f —i4 is the g-axis current error.
The decoupling terms (—w, Lyiy) and (w-(Laiq + Anm)) are used in Eqgs. (16) and (17),
respectively, for the independent control of the d- and g-axis currents. The commanded
dg-axis voltages (vg, vy) are transformed into a, b, and ¢ variables (v4, vy, and v.) and
given to the PWM generator to generate the gate pulse for the machine-side converter.

3.4. Grid-side Converter Control

The objective of the grid-side converter is to keep the DC-link voltage constant, regardless
of the magnitude and direction of the rotor power. A vector-control approach is used,
with the reference frame oriented along the stator (or supply) voltage vector position,
enabling independent control of the active and reactive power flowing between the supply
and grid-side converter. The controllers of the grid-side VSC will be obtained with respect
to Figure 6. Three phase voltages at the grid-side terminals of the converter are given as

dig .

Van = sz + Rfla + Vgan, (18)
di

Vpn = Lfd_tb + Ryip + Vgpn, (19)
dic .

VUen = Lf dt + Rflc + Vgen, (20

where Ly and R are the filter inductance and resistance, respectively. Using Park’s trans-
formation, Egs. (18)—(20) can be transformed to the dg-reference frame. The resulting

IR

b

a

i

\ e« Ji}

Figure 6. Grid-side VSC.
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voltage equations in the dg reference frame are given as

di

Vg = Lfd_ld + Ryrig—wLyiy + vy, 21
di

vy = Lfd—t" + Ryig + wLfig + vg. (22)

The control structure for the grid-connected mode of operation of the MTG system
is implemented using Eqgs. (21) and (22) along with the DC voltage controller, as shown
in Figure 7. The standard PI controllers are used to regulate the currents in the dg
synchronous frame in the inner control loop. Another PI controller is used in the outer
loop to regulate the capacitor voltage in accordance with the current to be injected
into the grid. Its output is the reference for the active current PI controller. In order
to obtain only transfer of active power, the i, current reference is set to zero. Also, to
have an independent control of the current components i, and i,, the decoupling voltage
components are added to output of the PI current controllers.

4. Simulation and Results

Figure 8 shows the simulation model implemented in the SimPowerSystems of the
MATLAB to study the performance of the MTG system operation in grid-connected
mode. The utility network, to which the MTG system is connected, is represented by a
three-phase sinusoidal source with its impedance. The series resistor and inductor (RL)
filter is used at the grid side of the MTG system.

The simulation parameters of the model are given in Table 1. The microturbine
generation system takes per-unit speed of the PMSM as input. The torque output of the
microturbine is given as an input mechanical torque (7},,) to the PMSM. The direction of
the torque T, is positive during the motoring mode and made negative during generating
mode of the PMSM. The machine-side converter controller takes the rotor-angle speed
and three phase stator current signals of the PMSM as inputs. In all presented cases, the
voltage across the capacitor is zero at the start of simulation.

During the start up, the PMSM operates as a motor to bring the turbine to a speed
of 30,000 rpm. In this case, power flows from the grid to the MTG system. Figure 9(a)
shows that the microturbine reaches the set value of speed in 0.4 sec. At this speed, the
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Figure 8. MATLAB/SimPowerSystems implementation of MTG system connected to grid.

MTG system absorbs power of 5.4 kW, as shown in Figure 9(b). The PMSM terminal
voltage reaches 192 V at a frequency of 500 Hz at this speed. To ensure this operating
condition at a unity displacement factor, the pre-calculated reference speed and direct
current component iy are set to 3142 rad/sec and —5.36 A, respectively [18]. The speed
regulator provides the reference for the i, current component.

At t = 0.4 sec, the sign of the PMSM input torque is changed to operate in
generating mode. The power starts flowing from the MTG system to the grid, as shown
in Figure 9(b). At ¢ = 0.4 sec, the reference speed and i; current are set to the pre-
calculated values of 5849 rad/sec and —15.89 A in order to generate power of 14 kW. In
order to study the performance of the MTG system model for the change in power, the
reference values of speed and i; current component are again changed at ¢+ = 1.3 sec
to generate the rated power of 28 kW. When PMSM generates 28 kW, its line-to-line
voltage and fundamental root mean square (RMS) output current reach the value of 480 V
and 33.84 A, respectively. Figure 9(c) shows that the reactive power injected to the grid
during the simulation period is zero.

Figure 10(a) shows the variation of electromagnetic torque of the PMSM. It can
be observed that the change in the operation mode of the PMSM in simulation is
instantaneous. But this may not be the same in practicality because of the inertia of the
machine. Figure 10(b) shows the nature of the stator current waveform of the PMSM.

Table 1

Simulation parameters for the model shown in Figure 8
Grid parameters 480V, 60 Hz, Ry, = 0.4 Q and L; = 2 mH
Filter parameters L=097mH, R =021 Q
Switching frequency Grid-side converter = 8 Khz

Machine-side converter = 20 KHz

DC-link capacitance 5000 uF
PI controllers sampling time 100 psec
PMSM parameters 480 V, 30 kW, 1.6 KHz, 96,000 rpm

R, =025, L, = Ly = 0.0006875 H
Microturbine parameters Gain(K) =25, X =04,Y =0.05,and Z =1
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Figure 9. Motoring and generating operation of PMSM: (a) speed variation of PMSM, (b) active
power variation at the grid side of the MTG system, and (c) reactive power variations at the grid
side of the MTG system.

It can be observed from Figure 10(c) that the DC-link voltage is regulated to 760 V by
the grid-side converter [19].

Figures 10(d) and 10(e) show the variation of the i; component of the injected-grid
current and the voltage across the terminals of the load. There is a small decrease in the
voltage for # < 0.4 sec, as shown in Figure 10(e). This is due to the increasing power
drawn by the MTG system during motoring-mode operation as, shown in Figure 9(b).
In motoring mode, both the MTG system and the load draw power from the grid. The
total harmonic distortion (THD) of the voltage is about 2.3% during the entire simulation
time, as shown in Figure 10(f).

4.1. Response of the MTG Model for Various Disturbances in the Grid

Simulations are carried out to study the performance of the developed model of the
MTG system under various disturbances originating from the grid. Three grid disturbance
conditions are considered for study. They are balanced voltage dip, unbalanced voltage,
and harmonic distortion in the grid voltage. In all these conditions, the MTG system is
operated to deliver 28 kW.

4.1.1. Balanced Voltage Dips. The simulation results in Figure 11 show the perfor-
mance of the MTG system under balanced grid voltage dip. At = 1.4 to 1.5sec (10
cycle), 20% balanced voltage dip is introduced in the grid, as seen from Figure 11(a).
The variation of the injected reactive power due to the balanced dip is regulated to zero
by the grid-side converter controller, as shown in Figure 11(b). Figures 11(c), 11(d),
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and 11(e) show the variation in the active power output of the MTG system and the i,
and i; components of the injected current to the grid, respectively.

4.1.2. Voltage Unbalance. At t = 1.4 sec, the voltage unbalance in the grid is intro-
duced by creating a short-circuit fault between phase A and ground. Thus, the phase A
voltage is reduced by 20% of its nominal value. In this case, it is assumed that unbalance
exist until the end of the simulation time. The simulated phase voltage of the grid is
shown in Figure 12(a). At the point of voltage unbalance, reactive power injected to the
grid suddenly increases and then is regulated to zero, as seen in Figure 12(b). The active
power injected to the grid is not affected by the unbalance in the grid voltage, as observed
in Figure 12(c). There is no variation in the iy and i, components of the injected-grid
current during unbalance in the grid voltage, as shown in Figures 12(d) and 12(e). During
this unbalance, phase A current increases to keep the active power output of the MTG
system constant.
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Figure 11. Response of MTG system for balanced voltage dip in the grid: (a) balanced voltage dip
in line-to-line grid voltage, (b) reactive power exchanged with grid, (c) the injected active power
to the grid, (d) i; component of the injected current, and (e) iy component of the injected current
to the grid.

4.1.3.  Polluted Grid Voltage. The simulation results in Figure 13 show the performance
of the MTG system under harmonic-polluted grid voltages. The various non-linear loads
connected to the grid are the main cause for the harmonic pollution in the grid voltage. In
order to study the performance of the model under polluted-grid voltage, along with the
fundamental component, 10% of the fifth and 6% of the seventh harmonics are injected
to the grid. The polluted-grid voltages under this condition are shown in Figure 13(a).
As per IEEE Standard 1547-2003 [20], the THD at the point of common coupling to the
grid should be kept below 5%, but in this case, it varies from 10 to 8%, as shown in
Figure 13(b). Figures 13(c) and 13(d) show the variation of reactive power exchanged
with the grid and injected active power, respectively. The variation of the dg component
of the injected line currents is shown in Figures 13(e) and 13(f), respectively.
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Figure 12. Response of MTG system for voltage unbalances in the grid: (a) unbalanced phase
voltage of the grid, (b) variation of injected reactive power to the grid, (c) variations of injected
active power to the grid, (d) i; component of the injected current to the grid, and (e) iy component
of the injected current to the grid.

5. Conclusions

The grid-connected performance of a single-shaft MTG system has been evaluated in this
article. The mathematical modeling of the individual components of the MTG system
has been presented. The detailed simulation model of the MTG system is developed
using SimPowerSystems library of the MATLAB. The simulation results demonstrate the
robustness of the controllers in maintaining the active power output constant during both
unbalance and polluted-grid voltage conditions. The developed model of the MTG system
is a useful tool for studying and accurately analyzing most of the electrical phenomena
that occur when a microturbine is connected to the grid. The simulation results show that
the developed model of the MTG system has the ability to adjust the output depending
on the commanded power within the MTG system rating.
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Figure 13. Response of MTG system for polluted-grid voltage: (a) polluted-phase voltage of the
grid, (b) variation of the THD in percentage, (c) variation of injected reactive power to the grid,
(d) variations in injected active power to the grid, () i; component of the injected current to the
grid, and (f) iy component of the injected current to the grid.
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