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Abstract— This paper evaluates the electromagnetic transients converter. The model is based on transformation of the sys-
of a micro-turbine based distributed generation system that in- tem equations to a Switching Reference Frame (SRF) [4] and
cludes an AC-DC-AC converter. An outline of modelling the hap 15 thedqo reference frame. Thégo reference frame is

micro-turbine based generation system including the AC-DC-AC lected h that th fi X f t b
converter is presented. A controller for the converter, that consists selected suc at the operaling parameters of system can be

of a number of single-input single-output sub-controllers, is de- iNdependently controlled. As a result, the multi-input multi-
signed based on the developed model of the system. Furthermore,output converter system is decomposed to a number of Single-
the thermodynamic model of micro-turbine system is presented. |nput Single-Output (SISO) sub-systems. For each subsystem,
The electromagnetic transients of the overall micro-turbine based 5 5150 controller is systematically designed.

generation system including the micro-turbine and converter con- The thermodynamic behavior of micro-turbine svstem is ad-
trollers are evaluated based on time-domain simulation studies in y Yy

the PSCAD/EMTDC software environment. The study considers dresseq in this paper and the C_Orresponding thermodynamic
the dynamic models of generator, converter and power system and model is presented. Based on this model, a fast response con-

the thermodynamic model of micro-turbine system. troller is designed for the micro-turbine system. The thermody-
Index Terms—Electromagnetic Transient, Micro-Turbine Gen- nNamic model is incorporated in the dynamic model of the MTG
erator, Distributed Generation, Dynamic Model, AC-DC-AC Con-  system since thermodynamics of the high-speed micro-turbine

verter, Control Design, Thermodynamics. has a fairly small time constant which is comparable to that of
the electromagnetic transients of a 50/60 Hz power system [4],
|I. INTRODUCTION [8]. The electromagnetic transient behavior of the overall MTG

HE Micro-Turbine Generator (MTG) has emerged as y_s.tem.including Fhe .desigr_1ed cont.rollers is evaluated based on
T viable source of electric energy in the context of Disdidital ime-domain simulation studies.
tributed Generation (DG) [1]-[3]. It can also provide power de-
mand for remote military/commercial applications, as a stand- Il. CONVERTERMODEL
alone generator unit. An MTG unit is usually a high-speed Fig. 1 shows schematic diagram of a back-to-back VSC that
(up to 120 krpm) rotating machine with the output power dhterfaces two AC systems with nominal frequencies/pénd
up to a few hundreds of kilowatts, and the output frequency,. The AC systems are referred to as source-side and network-
of higher than 50/60 Hz (e.g. 400 Hz and up to severaide systems, and are simplified representations of a micro-
kHz). Thus, it is interfaced through a power electronic conurbine generator and a utility distribution system, respectively.
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- EVSC Rectiier 0o, Inverter
ent types of AC-AC conversion systems, e.g. matrix converter | idiido
[4], [8] or AC-DC-AC converter, can be adopted as the power"gmietueer dpat [ [ [
electronic interface of an MTG unit. However, the AC-DC-AC ™ 3" i oo
based configuration is conventionally used for the MTG uhit - W
[5]-[7]- In this configuration, the MTG-side converter is either i i
a diode-rectifier, a thyristor-rectifier or a Voltage-Sourced Cofr;; ol
verter (VSC) and the utility side converter is often a VSC unit 5*{52{3‘( :
Fig. 1. i f

The main focus of this paper is to study the electromagnetic :
transient behavior of an AC-DC-AC based MTG system. Thigg. 1. Schematic representation of two AC systems interfaced by a back-to-
paper also presents a detailed dynamic model of the ovefaitk VSC
system that is used to design a controller for the AC-DC-AC
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where where the transformation matrix? is

Fy=[fu f5 fo& fal” 2 o | cosbi cos(f; — Z)  cos(0; + )
Fy =1 fasi fosi fesi fac ¥ A3) K} = 3 siri 6; sin(@il— 2m) sin(@il—k ) 1, (12
2 2 2
0 0 0 Si— % ¢
0 0 0 S-1 0(t) = [ wi(t)dt + ai(0), (13)
SE=1 0 0 0 - % ' () 0
38, 35, 28 0 «; is phase-angle of the source phase-a voltagepj,g. As-

o ) ) sume that the switching functiorts;, S and Ss, Fig. 1, are
S1, 52 andSs are the switching functions of the switches of thgpproximated with their fundamental components as
rectifier module. In (2) and (3); represents an electrical quan-

tity, e.g. voltage or current, the subscripts “i” and “si” represent Sy (t) SN O,y (1)
quantities related to the converter input side and the source, re- Sy(t) | = Ams | sin(@ms(t) — %fr) , (14)
spectively, and superscript “s” denotes quantities transformed Ss(t) Sin (0 (t) + 2F)

to the SRF.f,. represents a DC-link quantity anf}; is the
equivalent quantity in the SRF. For the inverter module, Fig. Jshered,,,;(t) = wit + m;. Am; anda,,; are the amplitude

a set of equations similar to (1)-(4) can be written. and angle modulation indices of the rectifier module, Fig. 1.
The voltage equation related to the source-side circuit of cophe transformed version of source-side: variables of Fig. 1
verter, Fig. 1, is to the correspondingdgo frame, based on (5), (11) and (14), is

Vabesi = Riiabcsi + Lip(iabcsi) + Vabeis (5) 0 0 10
. msi | 1| = Rilggosit Lip(iggosi)twi [ =1 0 0 | Lgiig o
where p is the 4 operator, R; = diag{R.i, Rsi, Rsi}, ! 0 Ritggosit Lib{iqaon o 0 00 fqdosi
Ll‘ = diag{Lsi, Lsia Lm} and
1 sin(@m; — @)
Vabesi = [ Vasi Ubsi Uesi ]T (6) +5147”r7,11v(1c COS(ami - ai) ) (15)
. , . . 0
labesi = [ lasi bsi lesi ]T (7)
Vabei = [ Vai Vbi  Vei |- (8) wherev,,,; andu,,. are the amplitude of source voltage and the
) DC-link voltage, respectively. Similarly, for the net-work side
Transferring (5) to the SRF based on (1), we deduce circuit of Fig. 1, it can be shown that
3. 3 . )
Vai = §Rsi7fdi + §Lsip(ldi —idi0) + Vde, ) 0 0 10
—Umso| 1 :ROiZdoso+L0p(i2doso)+w0 -100 Lsoifldoso
wherevy; andiy; are equivalents of the voltage and current of 0 0 00
the sourcevy,.; in the SRF. Similarly, for the network-side Sin(Qmo — Qo)
circuit of Fig. 1, the voltage equation transferred to the SRF is —~ Apovae | cos(mo — o) | . (16)
3 3. ? 0
Vdo = _iRsoZdo - §Lsop(7fdo - ZdoO) + Vde, (10)

In (16),v,,s0 anda,, are the magnitude and angle of the source
whereuv,, andig, are equivalents of the voltage and current gfhase-a voltage, i.@qs,, andA,,, anda,, are the amplitude
the sourcey,.s, in the SRF. and angle modulation indices of the inverter module, Fig. 1.
For the DC-link circuit of Fig. 1, we have

B. System Model idgo Frame 1

Since the dynamic model of an electrical system is tradition- p(vac) = 5(% — ldo), 17
ally developed in thelgo rotating reference frame, it is desir-
able to obtain the model of system of Fig. 1 in th@ frames of where
the source and network sides. To transfer the source (network)
side variables to théqo frame, a transformation matrix is se- iy = ~A,,;[i
lected such that thé and ¢ components of source (network) 4
current are proportional to the corresponding real and reactive
power components. Thus, control of each current componeny, = —A,,,o[i; ., Sin(Qmo — o) 4155, €OS(Amo — )] (19)
regulates the corresponding power component. 4

The converter source-side variables are transferred tdgihe The dgo-based model of the system of Fig. 1 is given by (15),
frame by (16) and (17). Based on this mathematical model, the system of

adoi = K fabei, (11) Fig. 1 can be represented by the equivalent circuits of Fig. 2.

s SIN(Qmi — @) + i3y, cos(Qumi — o) (18)
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Fig. 2. Dgqo reference frame-based model of the system of Fig. 1: (a) d-axis C 9 TgoS " 5+%’ "
and (b) g-axis equivalent circuits of source/network sides, (c) DC-link equiva- 50
lent circuit (d)
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I1l. CONVERTERCONTROL Vde + K [ININ Kdi'cdiis;l Ei,
. ’( ) v . g2 i .
For the system of Fig. 1, the back-to-back VSC can be con- Taes | [T ™+ (Kt 2 Tis + 1
trolled based on thdqo 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 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-

( g y . nents, (e) DC-link voltage
Vi = Umsi— Rsitgs; — Lsip(igs;) +Lsiwl’2;si (20)

p Rsiizsi_Lsip(izsi)_Lsiwiizsiv (21)

Vg =—

(20) and (21), the voltage componenfs andv,; in terms of

wherev; andvs; are thed- andg-axis components of the ter- dv4; andduv,; and the current components, andi;,; are

hmlnal volltage of the rectifier module, respectively, Flg.. 2. To V3 = Umsi — Rugityy; — Luidvas + Lywiisy;  (26)
ave a simple control system for the converter, a set of interme- » 3

diate variables is selected such that the real and reactive power = —Rsilgs; — Lsidvgi — Lsiwilgs;- (27)

components at the source (network) side are independently cpBr the network-side circuit of Fig. 1, equations similar to

trolled. As a result, the multi-input multi-output converter sys2)-(27) can be obtained based on theand g-axis repre-

tem can be controlled by a number of SISO sub-controllers. TBgntation of the circuit shown in Fig. 2. Based on the mathe-

stability of each sub-system guarantees the stability of overglhtical model of (22)-(27) and that of the network-side circuit,

multi-variable system [9]. To simplify the control system, thene system of Fig. 1 is decomposed to a number of SISO sub-

derivatives of the current componerifs andi;; are defined, systems that are shown in Fig. 3. Based on these SISO sub-

S
’qu

based on (20) and (21), as systems, each PI controller represented by the left-side block,
R.. Fig. 3, is designed using MATLAB SISO tools, where the sys-
p(iSs) = — LS% 5 + dva; (22) tem parameters are given in Appendix A. Table | lists the propo-
5 tional/integrating parameters of the five PI controllers shown in
p(iZsi) — i” i g+ dvg;, (23) Fig. 3. The controller of the DC-link voltage is designed based
st on the SISO sub-system of Fig. 3(e). The transfer function of
where this sub-syst*em is the resultant block of the system of Fig. 3(a)
, that relates, to:5_,.
dvg; = wiif; — % (24)  TABLE I: PARAMETERS OF THE PI CONTROLLERS
Us}m Pl Controller| Gain | Time Constant (ms
dvgs = —wiigsi = 7 (25) Fig. 3(a) 11000 20
Fig. 3(b) 11000 20
For dvg; andduvg; given by (24) and (25), the current compo- Fig. 3(c) 1450 0.8
nentsig,; andi;; are fictitiously decoupled based on (22) and Fig. 3(d) 1450 0.8
(23) and, therefore, can be independently controlled. Based on Fig. 3(e) 200 0.5
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. 0Compressor Comb. Chamber Turbine

culated based on Figs. 3(a)-(d), the settings of converter mj& 77777777777

When the values of variable®;, dvg;, dvg, anddv,, are cal- II

ules, i.e. A,.i, ami, Amo anda,,,, can be obtained. For |n
stance, the settings of the rectifier module are calculated from,

Vdc

S

/l] .
i = tan™ (L) + oy,

o 9 @ G
wherevj, andv?; are obtained from (26) and (27) for given § !
values ofdvg anddv,;. Lipe® + 0 iy
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IV. MICRO-TURBINE GENERATOR O
The MTG unitis composed of a high-speed (up to 120 krpm) P, (b)

gas turbine and a permanent-magnet synchronous (PMS) gen-
erator. The turbine includes the three compartments of com- ) : ) . .

. . Fig. 4. (@) Block diagram of micro-turbine system (b) Micro-turbine controller
pressor, combustion chamber and turbine. Fundamentals of 08-

eration and details of the compartments of a gas turbine can be

found in [8], [10]. the output is the reference of the air mass flow ratewhich

A micro-turbine has much smaller physical dimensions thag given as the input to the micro-turbine system. The parame-
a conventional gas turbine. The length of each compartmeags of the micro-turbine system of Fig. 4(a) is given in Table I1.
of a micro-turbine is relatively short and gas moves at a refhe parameters of the Pl controller of Fig. 4(a) Are 500 and
atively fast speed, €.g.00 ' [11], inside the micro-turbine - = 0.1 ms.
compartments. Hence, each compartment of a micro-turbine

has a small thermodynamic time constant, e.g. 1.5 ms, [ﬂ_. BLE Il: PARAMETERS OF MICRO-TURBINE SYSTEM

Thus, any change in the input fuel or the air flow of a micro- | Compressor time constant, 13 ms
turbine affects its output mechanical power in a short period of | Combustion chamber time constant, 14 ms
time. Therefore, thermodynamics of the micro-turbine should | Turbine time constant;r 0.294 ms
be considered in the analysis of the dynamic performance of an | Ambient temperaturel, 25°C
MTG unit, and the input mechanical power to the generator can | Compressor outlet temperatufe, 210°C
not be considered as a constant value during electromechanical Combustion chamber outlet temff,,. 982°C
dynamics of the generator. Turbine outlet temperaturé 315°C
Heat capacity constant of gds, 470.39

A. Micro-Turbine Control

A block diagram representing the operation of a micro-
turbine system is shown in Fig. 4(a). The thermal behaviorsThis section investigates the closed-loop performance of the
of the compartments are quantified by the paramgiemnd the overall MTG system including the power and control sub-
temperaturedy, 1., T.. andTr. The thermal power of the systems as depicted in Fig. 5. The system of Fig. 5 consid-
compressoP;;, . changes its output power with a time constargrs a micro-turbine generator in the place of the simplified rep-
of 7.. The micro-turbine inputs, Fig. 4(a), are the air and fueksentation of the generator, Fig. 1, that was used specifically
mass flow rates. The mass flow rate of the fuel is proportiorfar modelling of system and design of a controller for the con-
to that of the air [8]. Hence, the air mass flow rate can be coverter. In the system of Fig. 5, the micro-turbine is represented
sidered as the input of a micro-turbine. The output is the mby its thermodynamic model of Fig. 4(a). The generator is a
chanical powef?,, (t) which is delivered to the generator [8]. permanent-magnet, synchronous machine which is represented

In an MTG unit, to control the electrical power of the geneiin its d-q frame with two windings on each axis [12]. The gen-
ator, the output mechanical power of the micro-turbine is coprator is rated at 100 kW, 600 V and its rated output frequency
trolled. The block diagram of the micro-turbine controller iss 2221 Hz. The converter is represented by the circuit shown
shown in Fig. 4(b). It includes a PI controller to regulate the inn Fig. 5 and the converter switches are modelled as ideal on-
put air mass flow rate based on the command of the output nof-switches. The conventional sinusoidal PWM strategy of is
chanical power. The controller of Fig. 4(b) also includes a feedsed to turn the switches on and off. The utility system is mod-
back signal from the generator speed to adjust it to the desidted as a three-phase ideal voltage source in series with an R-L
reference speed’,. The controller inputs are the referencdranch in each phase. The converter control is represented by
values of speedw;,) and power(P;) and the corresponding the block diagrams of Figs. 3(a) to (e). The micro-turbine and
measured values, i.e,,, and P,,,. The scaling factors of speedits control are represented by the block diagrams of Figs. 4(a)
and power aré;; = 14.33 andk, = 1, respectively. The input and 4(b). The studies presented in this section are conducted in
of the PI controller is the summation of the scaled errors atiche-domain in the PSCAD/EMTDC software environment.

V. PERFORMANCE OFMTG SYSTEM
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A. Transient Response to a Control Command
099950

Fig. 6 shows the transient response of the system of Fig. 5%
a step change in the reactive power demand of the utility sys- (c)
tem. Initially the system is under a steady-state condition and °-7
supplies almost no reactive power to the utility system at its tees o7 )

0.2 0.4 0.6 0.8 1 1.2

minal. Att=0.1 s, the reactive power commany,, is changed ~* O:"ZWV e |
from 0 to -0.5 pu. Fig. 6(a) shows variations in the reference  __

is,*, associated witt);, andis,. Fig. 6(b) indicates that al- © 02 o -6 -8 * 12
though the real power commangl * remains unchanged;_ (d)

. . . 1.1
is temporarily changed and the real power controller, Fig. 3(c), | .| |
forcesi}, to track the initial set value. Figs. 6(c) and (d) show<-§ 1

the dynamics in the generator speed and electromagnetic torqueg os| ]
in response to the command change. Figs. 6(e) to (h) show oo} 55 S o' o5 + =
changes in of the amplitude and angle modulation indices of ©)
the rectifier and inverter modules in response to the change of g

system commands. o5 .
-E of i
B. Transient Response to a Fault —25] 7

Fig. 7 shows transient response of the system of Fig. 5 to % 0.2 0.4 0-6 0.8 1 1.2
a phase-to-phase short-circuit fault at the converter source-side ®
terminals. The fault occurs att=0.1 s and is cleared after 50 ms. llc;; 1

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)" 005 i
and (d) show variations of the reactive component of generator o

current and the DC-link voltage due to the short-circuit fault. o= o (;')6 e * =2
Figs. 7(e) z_;md ()] shpw changes of the generator speed and elec- |
tromagnetic torque in response to the fault. 10} 2
o Oor ~
CE —10F}F 4
VI. CONCLUSIONS —20 ]
This paper evaluates the electromagnetic transient behavior ~>% 0.2 0.4 0.6 0.8 1 1.2
of a high-speed micro-turbine generation system which is in- Time(s)
terfaced to a utility system by a back-to-back converter. The (h)

_paper_also develops the dynamic model of th_e Overa”_ SyStelpﬂg’. 6. Transient Response of the system of Fig. 5 to a step change in the
including the models of the converter and micro-turbine Sygeactive component of utility current: (a) g-axis and (b) d-axis components of

tems. The converter dynamic model is used to design a catility system current, (c) generator speed, (d) electromagnetic torque, and am-
troller for the converter based on a systematic approach. Fﬂl -‘éﬂfeind angle modulation indices of rectifier ((e), (7)) and inverter ((g),(n))
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- VII. APPENDIXA: SYSTEM PARAMETERS

sented results show that the designed controllers for the conThe parameters of the system of Fig. 1 are listed in Table II1.
verter and micro-turbine systems ensure desirable performangg base values of the system power and the source/network

and stability of the overall micro-turbine generation system &gde line voltages are, respectivel, =100 kVA, V;,,=600V
a distributed generation unit. andV;,=600V.



(b)

1
0.5F B
R *
o5 —0.5 B
_at
—1-55 0.2 0.4 0.6 o.8 1
(c)
JE— Vdc"
— Vac
0.6 0.8 1 1.2
(d)
0.6 0.8 1 1.2
(e)
0.6 0.8 1 1.2
Time(s)
®

-
Fig. 7. Transient Response of the system of Fig. 5 to a phase-to-phase sf’ -

(1]

(2]

(3]

(4

(5]

(6]

(7]

(8]
El

REFERENCES

F. R. Goodman, E. P. Dick, G. R. Berube, L. M. Hajagos, R. J. Marttila,
and R. D. Quick, “Integration of distributed resources in electric utility
distribution systems; distribution system behavior analysis for suburban
feeder,” EPRI and Ontario Hydro Technologieginal report, November
1998.

M. W. Davis, A. H. Gifford, and T. J. Krupa, “Microturbines-an economic
and reliability evaluation for commercial, residential, and remote load ap-
plications,”Proc. IEEE Power Engineering Society Winter Meetivgl. 2,

pp. 888-888, February 1999.

S. Hamilton, “Fuel cell-MTG hybrid the most exciting innovation in power
in the next 10 years,”Proc. IEEE Power Engineering Society Summer
Meeting Vol. 1, pp. 581-588, July 1999.

H. Nikkhajoei, A. Tabesh, and R. Iravani, “Dynamic model of a matrix
converter for controller design and system studi&gsubmitted, with mi-
nor revision, for publication in IEEE Trans. on Power Delivery

D. Casadei, G. Grandi, R. K. Jardan, and F. Profumo, “Control strategy of
a power line conditioner for cogeneration plant®toc. IEEE-PESC’99

Vol. 2, pp. 607-612, June 1999.

D. Casadei, G. Grandi, and C. Rossi, “Effects of supply voltage non-
idealities on the behavior of an active power conditioner for cogeneration
systems,”Proc. IEEE-PESC’0QVol. 3, pp. 1312-1317, June 2000.

R. K. Jardan, I. Nagy, T. Nita, and H. Ohsaki, “Environment-friendly
utilisation of waste energies for the production of electric energy in dis-
perse power plantsProc. ISIE Int'l Symposium on Industrial Electronjcs
Vol. 4, pp. 1119-1124, July 2002.

H. Nikkhajoei, “Matrix converter and its application in a micro-turbine
based generation system,” Ph.D. dissertation, University of Toronto, 2004.
J. M. Maciejowski, “Multivariable Feedback DesignAddison-Wesley
Publishing Company1989.

[10] P.P.Walsh and P. Fletcher, "Gas turbine performarBkickwell Science
Publications 1998.

[11] H. J. Nern, H. Kreshman, F. Fischer, and H. A. Nour Eldin, “Modelling
of the long term dynamic performance of a gas turbo generatorRet¢.
IEEE Conf. on Control Applicationsvol. 1, pp. 491-496, August 1994.
[12] P. C. Krause, "Analysis of electric machineryfMcGraw-Hill Publica-
tions 1986.

mm Hassan Nikkhajoei(M’2005) received the B.Sc. and
M.Sc. degrees from Isfahan University of Technol-
ogy, Isfahan, Iran, in 1992 and 1995, respectively,
and Ph.D. degree from the University of Toronto,
Toronto, Canadain 2004, all in electrical engineering.
He was a faculty member at the Department of Elec-
trical Engineering, Isfahan University of Technology,
from 1995 to 1997. He is currently a postdoctoral
fellow at the Department of Electrical and Computer
Engineering, University of Toronto. His research in-
terests include power electronics, distributed genera-

circuit at the converter source-side terminals: (a) g-axis and (b) d-axis Cofigm systems and electric machinery.
ponents of utility system current, (c) g-axis component of generator current,
(d) DC-link voltage, (e) generator speed, and (f) electromagnetic torque

TABLE Ill: PARAMETERS OF THE SYSTEM OF FIG. 1

Source-Side Parameters

Source rated power 1.0 pu
Source voltage; 1.0 pu
Source frequency; 2221 Hz
Source resistanck,; 0.014 pu
Source reactanc¥,; 0.969 pu
Rectifier switching frequency,,,; | 20 kHz
Network-Side Parameters

Network voltagey, 1.0 pu
Network frequencyf,, 60 Hz
Network resistanc®,,, 0.167 pu
Network reactanc&,, 0.628 pu
Inverter switching frequencyf,..,, | 1860 Hz

DC-link Capacitor

[ 1000, F |

Reza Iravani (F’2003) received the B.Sc. degree
from Tehran Polytechnic University, Tehran, Iran, in
1976, and the M.Sc. and Ph.D. degrees from the
University of Manitoba, Winnipeg, MB, Canada, in
1981 and 1985, respectively, all in electrical engi-
neering. He is currently a Professor at the University
of Toronto, ON, Canada. His research interests in-
clude power electronics and power system dynamics
and control.



