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Electromagnetic Transients of a Micro-Turbine
Based Distributed Generation System

H. Nikkhajoei,Member, IEEE, R. Iravani,Fellow, IEEE

Abstract— This paper evaluates the electromagnetic transients
of a micro-turbine based distributed generation system that in-
cludes an AC-DC-AC converter. An outline of modelling the
micro-turbine based generation system including the AC-DC-AC
converter is presented. A controller for the converter, that consists
of a number of single-input single-output sub-controllers, is de-
signed based on the developed model of the system. Furthermore,
the thermodynamic model of micro-turbine system is presented.
The electromagnetic transients of the overall micro-turbine based
generation system including the micro-turbine and converter con-
trollers are evaluated based on time-domain simulation studies in
the PSCAD/EMTDC software environment. The study considers
the dynamic models of generator, converter and power system and
the thermodynamic model of micro-turbine system.

Index Terms—Electromagnetic Transient, Micro-Turbine Gen-
erator, Distributed Generation, Dynamic Model, AC-DC-AC Con-
verter, Control Design, Thermodynamics.

I. I NTRODUCTION

THE Micro-Turbine Generator (MTG) has emerged as a
viable source of electric energy in the context of Dis-

tributed Generation (DG) [1]-[3]. It can also provide power de-
mand for remote military/commercial applications, as a stand-
alone generator unit. An MTG unit is usually a high-speed
(up to 120 krpm) rotating machine with the output power of
up to a few hundreds of kilowatts, and the output frequency
of higher than 50/60 Hz (e.g. 400 Hz and up to several
kHz). Thus, it is interfaced through a power electronic con-
verter to the load/utility system. The converter provides con-
version/control of frequency as well as control of the output
voltage and power flow of the MTG-converter module. Differ-
ent types of AC-AC conversion systems, e.g. matrix converter
[4], [8] or AC-DC-AC converter, can be adopted as the power
electronic interface of an MTG unit. However, the AC-DC-AC
based configuration is conventionally used for the MTG unit
[5]-[7]. In this configuration, the MTG-side converter is either
a diode-rectifier, a thyristor-rectifier or a Voltage-Sourced Con-
verter (VSC) and the utility side converter is often a VSC unit,
Fig. 1.

The main focus of this paper is to study the electromagnetic
transient behavior of an AC-DC-AC based MTG system. This
paper also presents a detailed dynamic model of the overall
system that is used to design a controller for the AC-DC-AC
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converter. The model is based on transformation of the sys-
tem equations to a Switching Reference Frame (SRF) [4] and
then to thedqo reference frame. Thedqo reference frame is
selected such that the operating parameters of system can be
independently controlled. As a result, the multi-input multi-
output converter system is decomposed to a number of Single-
Input Single-Output (SISO) sub-systems. For each subsystem,
a SISO controller is systematically designed.

The thermodynamic behavior of micro-turbine system is ad-
dressed in this paper and the corresponding thermodynamic
model is presented. Based on this model, a fast response con-
troller is designed for the micro-turbine system. The thermody-
namic model is incorporated in the dynamic model of the MTG
system since thermodynamics of the high-speed micro-turbine
has a fairly small time constant which is comparable to that of
the electromagnetic transients of a 50/60 Hz power system [4],
[8]. The electromagnetic transient behavior of the overall MTG
system including the designed controllers is evaluated based on
digital time-domain simulation studies.

II. CONVERTERMODEL

Fig. 1 shows schematic diagram of a back-to-back VSC that
interfaces two AC systems with nominal frequencies ofωi and
ωo. The AC systems are referred to as source-side and network-
side systems, and are simplified representations of a micro-
turbine generator and a utility distribution system, respectively.
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Fig. 1. Schematic representation of two AC systems interfaced by a back-to-
back VSC

A. Switching Reference Frame based Model

The theoretical concept of Switching Reference Frame (SRF)
is introduced in [4], [8]. For a back-to-back VSC, transforma-
tion to the SRF for the rectifier module, Fig. 1, is defined by

F s
i = SRFsi, (1)
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where

F s
i = [ fs

ai fs
bi fs

ci fdi ]T (2)

Fsi = [ fasi fbsi fcsi fdc ]T (3)

SR =




0 0 0 S1 − 1
3

0 0 0 S2 − 1
3

0 0 0 S3 − 1
3

3
2S1

3
2S2

3
2S3 0


 . (4)

S1, S2 andS3 are the switching functions of the switches of the
rectifier module. In (2) and (3),f represents an electrical quan-
tity, e.g. voltage or current, the subscripts “i” and “si” represent
quantities related to the converter input side and the source, re-
spectively, and superscript “s” denotes quantities transformed
to the SRF.fdc represents a DC-link quantity andfdi is the
equivalent quantity in the SRF. For the inverter module, Fig. 1,
a set of equations similar to (1)-(4) can be written.

The voltage equation related to the source-side circuit of con-
verter, Fig. 1, is

vabcsi = Riiabcsi + Lip(iabcsi) + vabci, (5)

where p is the d
dt operator, Ri = diag{Rsi, Rsi, Rsi},

Li = diag{Lsi, Lsi, Lsi} and

vabcsi = [ vasi vbsi vcsi ]T (6)

iabcsi = [ iasi ibsi icsi ]T (7)

vabci = [ vai vbi vci ]T . (8)

Transferring (5) to the SRF based on (1), we deduce

vdi =
3
2
Rsiidi +

3
2
Lsip(idi − idi0) + vdc, (9)

wherevdi andidi are equivalents of the voltage and current of
the sourcevabcsi in the SRF. Similarly, for the network-side
circuit of Fig. 1, the voltage equation transferred to the SRF is

vdo = −3
2
Rsoido − 3

2
Lsop(ido − ido0) + vdc, (10)

wherevdo andido are equivalents of the voltage and current of
the sourcevabcso in the SRF.

B. System Model indqo Frame

Since the dynamic model of an electrical system is tradition-
ally developed in thedqo rotating reference frame, it is desir-
able to obtain the model of system of Fig. 1 in thedqo frames of
the source and network sides. To transfer the source (network)
side variables to thedqo frame, a transformation matrix is se-
lected such that thed and q components of source (network)
current are proportional to the corresponding real and reactive
power components. Thus, control of each current component
regulates the corresponding power component.

The converter source-side variables are transferred to thedqo
frame by

fs
qdoi = Ks

i fabci, (11)

where the transformation matrixKs
i is

Ks
i =

2
3




cos θi cos(θi − 2π
3 ) cos(θi + 2π

3 )
sin θi sin(θi − 2π

3 ) sin(θi + 2π
3 )

1
2

1
2

1
2


 , (12)

θi(t) =
∫ t

0

ωi(t)dt + αi(0). (13)

αi is phase-angle of the source phase-a voltage, i.e.vasi. As-
sume that the switching functionsS1, S2 andS3, Fig. 1, are
approximated with their fundamental components as




S1(t)
S2(t)
S3(t)


= Ami




sin θmi(t)
sin(θmi(t)− 2π

3 )
sin(θmi(t) + 2π

3 )


 , (14)

whereθmi(t) = ωit + αmi. Ami andαmi are the amplitude
and angle modulation indices of the rectifier module, Fig. 1.
The transformed version of source-sideabc variables of Fig. 1
to the correspondingdqo frame, based on (5), (11) and (14), is

vmsi




0
1
0


=Rii

s
qdosi+Lip(isqdosi)+ωi




0 1 0
−1 0 0
0 0 0


Lsii

s
qdosi

+
1
2
Amivdc




sin(αmi − αi)
cos(αmi − αi)

0


 , (15)

wherevmsi andvdc are the amplitude of source voltage and the
DC-link voltage, respectively. Similarly, for the net-work side
circuit of Fig. 1, it can be shown that

−vmso




0
1
0


=Roi

s
qdoso+Lop(isqdoso)+ωo




0 1 0
−1 0 0
0 0 0


Lsoi

s
qdoso

−1
2
Amovdc




sin(αmo − αo)
cos(αmo − αo)

0


 . (16)

In (16),vmso andαo are the magnitude and angle of the source
phase-a voltage, i.e.vaso, andAmo andαmo are the amplitude
and angle modulation indices of the inverter module, Fig. 1.

For the DC-link circuit of Fig. 1, we have

p(vdc) =
1
C

(idi − ido), (17)

where

idi =
3
4
Ami[isqsi sin(αmi − αi) + isdsi cos(αmi − αi)] (18)

ido =
3
4
Amo[isqso sin(αmo−αo)+ isdso cos(αmo−αo)]. (19)

Thedqo-based model of the system of Fig. 1 is given by (15),
(16) and (17). Based on this mathematical model, the system of
Fig. 1 can be represented by the equivalent circuits of Fig. 2.
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Fig. 2. Dqo reference frame-based model of the system of Fig. 1: (a) d-axis
and (b) q-axis equivalent circuits of source/network sides, (c) DC-link equiva-
lent circuit

III. C ONVERTERCONTROL

For the system of Fig. 1, the back-to-back VSC can be con-
trolled based on thedqo model of the system shown in Fig. 2.
The voltage equations of the source-side system, based on the
equivalent circuits of Fig. 2, are

vs
di = vmsi−Rsii

s
dsi−Lsip(isdsi)+Lsiωii

s
qsi (20)

vs
qi =−Rsii

s
qsi−Lsip(isqsi)−Lsiωii

s
dsi, (21)

wherevs
di andvs

qi are thed- andq-axis components of the ter-
minal voltage of the rectifier module, respectively, Fig. 2. To
have a simple control system for the converter, a set of interme-
diate variables is selected such that the real and reactive power
components at the source (network) side are independently con-
trolled. As a result, the multi-input multi-output converter sys-
tem can be controlled by a number of SISO sub-controllers. The
stability of each sub-system guarantees the stability of overall
multi-variable system [9]. To simplify the control system, the
derivatives of the current componentsisdi and isqi are defined,
based on (20) and (21), as

p(isdsi) = −Rsi

Lsi
isdsi + dvdi (22)

p(isqsi) = −Rsi

Lsi
isqsi + dvqi, (23)

where

dvdi = ωii
s
qsi −

vs
di − vmsi

Lsi
(24)

dvqi = −ωii
s
dsi −

vs
qi

Lsi
. (25)

For dvdi anddvqi given by (24) and (25), the current compo-
nentsisdsi andisqsi are fictitiously decoupled based on (22) and
(23) and, therefore, can be independently controlled. Based on
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Fig. 3. SISO sub-controllers for the system of Fig. 1: (a),(b) source
real/reactive current components, (c),(d) network real/reactive current compo-
nents, (e) DC-link voltage

(20) and (21), the voltage componentsvs
di andvs

qi in terms of
dvdi anddvqi and the current componentsisdsi andisqsi are

vs
di = vmsi −Rsii

s
dsi − Lsidvdi + Lsiωii

s
qsi (26)

vs
qi = −Rsii

s
qsi − Lsidvqi − Lsiωii

s
dsi. (27)

For the network-side circuit of Fig. 1, equations similar to
(22)-(27) can be obtained based on thed- and q-axis repre-
sentation of the circuit shown in Fig. 2. Based on the mathe-
matical model of (22)-(27) and that of the network-side circuit,
the system of Fig. 1 is decomposed to a number of SISO sub-
systems that are shown in Fig. 3. Based on these SISO sub-
systems, each PI controller represented by the left-side block,
Fig. 3, is designed using MATLAB SISO tools, where the sys-
tem parameters are given in Appendix A. Table I lists the propo-
tional/integrating parameters of the five PI controllers shown in
Fig. 3. The controller of the DC-link voltage is designed based
on the SISO sub-system of Fig. 3(e). The transfer function of
this sub-system is the resultant block of the system of Fig. 3(a)
that relatesis

∗
dsi to isdsi.

TABLE I: PARAMETERS OF THE PI CONTROLLERS

PI Controller Gain Time Constant (ms)
Fig. 3(a) 11000 20
Fig. 3(b) 11000 20
Fig. 3(c) 1450 0.8
Fig. 3(d) 1450 0.8
Fig. 3(e) 200 0.5
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When the values of variablesdvdi, dvqi, dvdo anddvqo are cal-
culated based on Figs. 3(a)-(d), the settings of converter mod-
ules, i.e. Ami, αmi, Amo andαmo, can be obtained. For in-
stance, the settings of the rectifier module are calculated from

Ami =
2

vdc

√
(vs

di)2 + (vs
qi)2 (28)

αmi = tan−1(
vs

qi

vs
di

) + αi, (29)

wherevs
di and vs

qi are obtained from (26) and (27) for given
values ofdvdi anddvqi.

IV. M ICRO-TURBINE GENERATOR

The MTG unit is composed of a high-speed (up to 120 krpm)
gas turbine and a permanent-magnet synchronous (PMS) gen-
erator. The turbine includes the three compartments of com-
pressor, combustion chamber and turbine. Fundamentals of op-
eration and details of the compartments of a gas turbine can be
found in [8], [10].

A micro-turbine has much smaller physical dimensions than
a conventional gas turbine. The length of each compartment
of a micro-turbine is relatively short and gas moves at a rel-
atively fast speed, e.g.100 m

s [11], inside the micro-turbine
compartments. Hence, each compartment of a micro-turbine
has a small thermodynamic time constant, e.g. 1.5 ms, [11].
Thus, any change in the input fuel or the air flow of a micro-
turbine affects its output mechanical power in a short period of
time. Therefore, thermodynamics of the micro-turbine should
be considered in the analysis of the dynamic performance of an
MTG unit, and the input mechanical power to the generator can
not be considered as a constant value during electromechanical
dynamics of the generator.

A. Micro-Turbine Control

A block diagram representing the operation of a micro-
turbine system is shown in Fig. 4(a). The thermal behaviors
of the compartments are quantified by the parameterkp and the
temperaturesTa, Tc, Tcc andTT . The thermal power of the
compressorPth,c changes its output power with a time constant
of τc. The micro-turbine inputs, Fig. 4(a), are the air and fuel
mass flow rates. The mass flow rate of the fuel is proportional
to that of the air [8]. Hence, the air mass flow rate can be con-
sidered as the input of a micro-turbine. The output is the me-
chanical powerPm(t) which is delivered to the generator [8].

In an MTG unit, to control the electrical power of the gener-
ator, the output mechanical power of the micro-turbine is con-
trolled. The block diagram of the micro-turbine controller is
shown in Fig. 4(b). It includes a PI controller to regulate the in-
put air mass flow rate based on the command of the output me-
chanical power. The controller of Fig. 4(b) also includes a feed-
back signal from the generator speed to adjust it to the desired
reference speedω∗m. The controller inputs are the reference
values of speed(ω∗m) and power(P ∗m) and the corresponding
measured values, i.e.ωm andPm. The scaling factors of speed
and power arek1 = 14.33 andk2 = 1, respectively. The input
of the PI controller is the summation of the scaled errors and
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Fig. 4. (a) Block diagram of micro-turbine system (b) Micro-turbine controller

the output is the reference of the air mass flow rateṁo which
is given as the input to the micro-turbine system. The parame-
ters of the micro-turbine system of Fig. 4(a) is given in Table II.
The parameters of the PI controller of Fig. 4(a) arek = 500 and
τ = 0.1 ms.

TABLE II: PARAMETERS OF MICRO-TURBINE SYSTEM

Compressor time constant,τc 13 ms
Combustion chamber time constant,τcc 14 ms
Turbine time constant,τT 0.294 ms
Ambient temperature,Ta 25 ◦C
Compressor outlet temperature,Tc 210◦C
Combustion chamber outlet temp.,Tcc 982◦C
Turbine outlet temperature,TT 315◦C
Heat capacity constant of gas,kp 470.39

V. PERFORMANCE OFMTG SYSTEM

This section investigates the closed-loop performance of the
overall MTG system including the power and control sub-
systems as depicted in Fig. 5. The system of Fig. 5 consid-
ers a micro-turbine generator in the place of the simplified rep-
resentation of the generator, Fig. 1, that was used specifically
for modelling of system and design of a controller for the con-
verter. In the system of Fig. 5, the micro-turbine is represented
by its thermodynamic model of Fig. 4(a). The generator is a
permanent-magnet, synchronous machine which is represented
in its d-q frame with two windings on each axis [12]. The gen-
erator is rated at 100 kW, 600 V and its rated output frequency
is 2221 Hz. The converter is represented by the circuit shown
in Fig. 5 and the converter switches are modelled as ideal on-
off switches. The conventional sinusoidal PWM strategy of is
used to turn the switches on and off. The utility system is mod-
elled as a three-phase ideal voltage source in series with an R-L
branch in each phase. The converter control is represented by
the block diagrams of Figs. 3(a) to (e). The micro-turbine and
its control are represented by the block diagrams of Figs. 4(a)
and 4(b). The studies presented in this section are conducted in
time-domain in the PSCAD/EMTDC software environment.
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Fig. 5. The overall study system including the power and control sub-systems.

A. Transient Response to a Control Command

Fig. 6 shows the transient response of the system of Fig. 5 to
a step change in the reactive power demand of the utility sys-
tem. Initially the system is under a steady-state condition and
supplies almost no reactive power to the utility system at its ter-
minal. At t=0.1 s, the reactive power command,Q∗o, is changed
from 0 to -0.5 pu. Fig. 6(a) shows variations in the reference
isqo

∗, associated withQ∗o, andisqo. Fig. 6(b) indicates that al-
though the real power commandisdo

∗ remains unchanged,isdo

is temporarily changed and the real power controller, Fig. 3(c),
forcesisdo to track the initial set value. Figs. 6(c) and (d) show
the dynamics in the generator speed and electromagnetic torque
in response to the command change. Figs. 6(e) to (h) show
changes in of the amplitude and angle modulation indices of
the rectifier and inverter modules in response to the change of
system commands.

B. Transient Response to a Fault

Fig. 7 shows transient response of the system of Fig. 5 to
a phase-to-phase short-circuit fault at the converter source-side
terminals. The fault occurs at t=0.1 s and is cleared after 50 ms.
Figs. 7(a) and (b) show variations of the real and reactive com-
ponents of utility current during and after the fault. Figs. 7(c)
and (d) show variations of the reactive component of generator
current and the DC-link voltage due to the short-circuit fault.
Figs. 7(e) and (f) show changes of the generator speed and elec-
tromagnetic torque in response to the fault.

VI. CONCLUSIONS

This paper evaluates the electromagnetic transient behavior
of a high-speed micro-turbine generation system which is in-
terfaced to a utility system by a back-to-back converter. The
paper also develops the dynamic model of the overall system,
including the models of the converter and micro-turbine sys-
tems. The converter dynamic model is used to design a con-
troller for the converter based on a systematic approach. Fur-
thermore, the thermodynamic behavior of the micro-turbine is
addressed and, based on the turbine thermodynamic model, a
controller is designed for the micro-turbine system. The pre-
sented results show that the designed controllers for the con-
verter and micro-turbine systems ensure desirable performance
and stability of the overall micro-turbine generation system as
a distributed generation unit.
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Fig. 6. Transient Response of the system of Fig. 5 to a step change in the
reactive component of utility current: (a) q-axis and (b) d-axis components of
utility system current, (c) generator speed, (d) electromagnetic torque, and am-
plitude and angle modulation indices of rectifier ((e),(f)) and inverter ((g),(h))
modules

VII. A PPENDIX A: SYSTEM PARAMETERS

The parameters of the system of Fig. 1 are listed in Table III.
The base values of the system power and the source/network
side line voltages are, respectively,Sb =100 kVA, Vbi=600V
andVbo=600V .
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Fig. 7. Transient Response of the system of Fig. 5 to a phase-to-phase short
circuit at the converter source-side terminals: (a) q-axis and (b) d-axis com-
ponents of utility system current, (c) q-axis component of generator current,
(d) DC-link voltage, (e) generator speed, and (f) electromagnetic torque

TABLE III: PARAMETERS OF THE SYSTEM OF FIG. 1

Source-Side Parameters
Source rated power 1.0 pu
Source voltage,vi 1.0 pu
Source frequency,fi 2221 Hz
Source resistance,Rsi 0.014 pu
Source reactance,Xsi 0.969 pu
Rectifier switching frequency,fswi 20 kHz

Network-Side Parameters
Network voltage,vo 1.0 pu
Network frequency,fo 60 Hz
Network resistance,Rso 0.167 pu
Network reactance,Xso 0.628 pu
Inverter switching frequency,fswo 1860 Hz

DC-link Capacitor,C 1000µ F
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