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Abstract

The paper describes the development of a dynamic model of a
microturbine system. The paper was done in close cooparatio
with the gas turbine manufacturer Turbec AB and the model

i 1 1 1 H 1. Generaka J.oRecuperalo
was tuned and verified against their microturbine systen0T10 S annerater 6 Exhaust gases
The microturbine unit consists of a compressor and a turbine 3. Compressor 9. Heat exchanger
. . 4. Air Lo recuperabor 10. Exhaust gas cutlet
connected on a single shaft to a high-speed generator. The 5. Combustion chamber 11. Hel water cutlet
B, Turbine 12. Water inlet

model includes all the main thermodynamic and mechanical
components of the microturbine.

Possible applications for the model are development ofrobntFigure 1: The thermodynamic components of the T100 micro-
strategies, dynamic performance verification, operatonitng  turbine

and control software/hardware verification. The emphaags h

been on the functionality and accuracy of the system model

and not of the component models. The model is written in tr\}\/eork of Tummescheit in [11], has been the main inspiration.

Modelica modelling Ianguag_e anq uses, when a\{allable, O confidentiality, the axes of some figures are removed.
ponents from the standard libraries or from previous work as

[11] and [6]. Steady-state verification has been done withtdgo ] ]
results. When the microturbine runs at full load of 100 kW2 The T100 microturbine system
there is an average error of 0.6 % for the 13 most important

thermodynamic variables compared to reference values. Iﬂ‘-e microturbine T100 from Turbec AB is a combined heat and

namic verification in three different experiments has beemed POWer (CHP) generation system, originally described in [B]

and the model shows a good fit to the measured data from th ased on a small gas turbine engine directly connected via
real microturbine rotating shaft to a high-speed generator without any ineelim

ate gear box. There is only one moving part, the rotatingtshaf

. . which minimizes the friction.
1 Introduction and problem formulation , _ _ , .
The T100 is a microturbine for two reasons, the physical size

For control system design, process knowledge is esse@tied. and the power output. The compressor and the turbine are 0.15
way to obtain better process understanding is through reodeh in diameter and the entire enclosure of the system is only
The microturbine T100 from Turbec AB is constantly bein@.92 x 1.90 x 0.87 m. This makes installation very easy e.g.
upgraded. In order to predict the effects of explicit changén can fit in a normal basement. The power output of 100 kW
in the control system or in the hardware configuration of the chosen to fit a special market demand, which corresponds to
microturbine system, a dynamic model saves time and monbwgtels, green houses, sport facilities and wastewateimissd

The safety issue is also a strong incitement, where mistates plants.

deficiencies can be revealed in a simulator instead of ingle r

X ) In Figure 1, a scheme of the thermodynamic stages of the T100
microturbine.

is shown. The microturbine’s combustor normally runs on nat
The objective with this project was to develop a dynamigral gas, but can be modified to accept various fuels such as
model, which should capture the main characteristics of td&sel, ethanol and bio-gas. A recuperator regenerates hea
microturbine system, but should also be easy to use in the &éem the exhaust gases to the air going into the combustor, in
ery day work for the control engineers of the company. Theeasing the electric efficiency to 30 %. After the recupmrat
model should be component-oriented and all developed cogas/water heat exchanger uses the last heat of the exhaest ga
ponent models should be easy to reuse in new microturbtioeheat water, giving the T100 a total efficiency of 80 %. The
system models. electricity created by the high-speed generator is coegénto

C voltage with a constant frequency using power electignic

. . L . . A
This paper is based on [8], which is a continuation of [6]. Thv(\e/hich is not modelled in this paper.



2.1 The control system and its operation modes Compressor map and model curves, at various speeds

The reference input to the controller is a power referenee,

the amount of electric power the generator should produice. i , )
High speed

main control signal is the fuel rate. The measurement sigr
for the feedback controller are speed, power from the therge
ator and turbine outlet temperature (TOT). The controlesyst <.
has two different modes, parallel mode and stand alone mcg
In the parallel mode, the T100 produces power in parallghw S
an existing external power grid, which serves as a poweehul 2
In the stand alone mode, the external grid is disconnected &
the microturbine should provide all the power needed in allo
power grid. The differences in the control system modes
elaborated in more detail in [8].

3 Simulation Tools

Corrected mass flow, mdotcorr = mdot sqrt(Tl) / [
The model code is written in the Modelica language. If pos-
sible, complete components have been used from the standa
Modelica libraries, especially the ThermoFluid library[ir]
or from [6]. To simulate the models, the program Dymola hasmplete derivation can be found in [8]. The specific wark
been used. can be computed as:

Dymola, Dynamic Modeling Laboratory, is a simulation pro-

=1
gram developed by Dynasim AB in Lund. It consists of a Weomp = _t (%) RT, ((&) — 1) (1)
graphical user interface, compilers, numerical solversnt Mis \K = Py

functions. For more information on Dymola, see [4].

rlﬁgure 2: Compressor model (dashed) and the data (solid)

where the isentropic efficienay has been introduced to com-
Modelicais an object-oriented language designed to allow ¢ pensate for the non-adiabatic and non-reversible comipress
venient, component-oriented modelling of complex heterogThe variablek is the ratio of the specific heatR, is the uni-
neous physical systems. Important parts of Modelica are tersal gas constari, is the temperature is the pressure and
object-oriented structure, the equation based modellimg dhe subscript 1 and 2 refers to the inlet and outlet posifibre.
proach, multiple inheritance and the support for graphiead  work is negative since work is done on the gas by the compres-
resentations for each component. Constructing a model wétbr. The consumed powErcan then be calculated as:
components from the standard libraries is very fast and, easy )

since it is just to drag and drop. For more detailed inforovati Peomp = Teomp @ = MWeomp )

see [10]. wherew is the angular velocity of the shaft)is the mass flow

The ThermoFluid library has been developed at the depattmgafe andr is the torque, the compressor needs.
of Automatic Control, Lund Institute of Technology. The mai
purpose is to provide a general framework and basic buildi

blocks for modelling thermo-hydraulic systems, writtertfe mass flow through the compressor. These must instead come
Modelica language. From this library, components as pipeffbm measured data, which is given in the form of a compres-
reser\{oirs, seljsorand comp_ressible medium mo-dels werle UsBr map. In the map,), the mass flow and efficiency are listed
More information about the library can be found in [11]. for different values of speed and pressure ratio. In ordeeto

duce the number of variables needed to represent the map, the
4 Theory and Modelling non-dimensional variables pressure rafio)( corrected speed

(ncorr) @nd corrected mass flown{g () are used. The variables

The thermodynamic theory of turbomachinery and heat €Xre normalized with the inlet temperature and inlet/outies-
changers, based on the laws of physics, can be found in [d}yes during the experiments.

[2] and [3]. The original models of the compressor, turbing a
combustion chamber are taken from [6] and [7].

There are some properties of a compressor that cannot be eas-
Wcalculated analytically, e.g. the isentropic efficigrand the

P, /T, n
r— —= = X n = —=

p ) Meorr ) corr T
4.1 he co npressor

. ) _For more background on non-dimensional analysis, see [2] an
From the conservation of energy, an equation can be der|\{gij_

that describes the specific work required to achieve a certai ) .
pressure ratio over the compressor at a given temperathee. Fach of the solid curves in Figure 2 corresponds to one con-
stant speed of rotation. The range is from 20 000 rpm up to



A single ellipsoid curve and the surge line Compressor efficiency from map and model at various speeds
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Figure 3: Ellipsoid curve for one particular speed of ratati Figure 4: Compressor efficiency, map data (solid) and model
(dashed)

74 000 rpm. The area enclosed between the surge line and the

choke line is the normal operating range for the compresseach speed. The values of the each parameter are fitted in Mat-
For a given pressure ratio and inlet temperature, the canpriab into polynomial functions as a function of speed to aghie
sor model should give a unique mass flow using data from taeontinuous model. The mass flow is now continuously given
map. by speed and pressure ratio.

The method used in this paper was to fit continuous ellipsolthe compressor efficiency was modelled as a parabolic degra-
curves to the different speed curves and then parametegge t dation function depending on mass flow rate. Both the com-

so that the whole map can be continuously represented, keefressor map model and the efficiency model originate from and
The curves in Figure 2 can be approximated as ellipsoid sunare in detail described in [7].

and can be represented with an ellipsoid equation: . . . - .
For a given rotational speed, the maximum efficiency is well-
X\Z  /Y\Z known, i.e. the top value of the curves seen in Figure 4. Then
(5) + (B) =c¢ (3) the efficiency map can be modelled as parabolic degradation
curves. The amount of curvature/degradation is dendtaod

V\Illhen .t(l;e parametzlas %.C a:ngi a;;e varied, ﬂ;e form fOf th?:js fitted based on numerous data to get parameterizatior for a
ellipsoid curve can be adjusted Lo fit any speed Curve rom Figh oo g The following equation is taken from [7] and valid fo
ure 2. The parametercorresponds to the corrected mass flo ne speed

at pressure ratio one (where the curve would cross the J-axis

Similarly the parameteb represents the pressure rgtio at zero Neomp = Noomp, max — d(M— %eff)Z (4)
mass flow (where the curve would cross the y-axis). The pa-

rameterc is a constant usually taken to one. The parametewhere ncomp max is the maximum efficiency at that speed and
represents the curvature of the curve. For each speed curiag,, ¢ is the corresponding mass flow for this maximum effi-
one set of these parameters are calculated, see Figure 3.ciéacy. To make to model continuous, these variables aeel fitt
make the model continuous in respect to speed based on thegglynomial functions of speed.

discrete sets of parameters, the parameters are fittedyasopol

mial functions of speed. As can be seen in Figure 4, the solid curves are not exactly

symmetrical. Near choking conditions (to the right), thé-ef
The compressor model is calculated in the following way: Feiency is decreased rapidly. Another difficult part in thise
each speed, the value of the paramaetir taken directly from is that the curvature changes a factor of 20 from the lowest to
the map, i.e. the mass flow value at choking conditions. Tliee highest speed. Due to the control system, the micratarbi
parameterz is at first set to an arbitrarily value, e.g. 5. Oneften operates near optimum conditions and there the efigie
data point X, y) is taken from the map, at which the ellipsoidnodel is accurate.

curve and data will be identical matched. Using this poim, t

ellipsoid equation is solved fdx. The curve is plotted and com-4 5 The turbine

pared to data from the map. By visual inspection, the parame-

tersa andz are modified to ensure a better fit for this specifi€he equation for the specific work done by the gas on the tur-
speed inside the operating range. The procedure is repieatedine is almost the same as for the compressor, see Equation 1,
each speed of rotation, which results in a set of parameters éxcept for a sign change and that the isentropic efficiency is
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The turbine is mounted on the same shaft as the compressor, _ _ _ .
producing enough torque to power the compressor and the g@he combustion chamber is modelled with chemical and en-

erator. The relation between the turbine, the compressir &{JY conservation equations. For a given flow rate of the fuel
the generator will then be: and the compressed air, the theoretically released enarglye

computed and the temperature of the exhaust gases is iedreas
Pub = Turp @ = MW, ., = MWeomp + Tgen @ = Peomp + Pyen acgordlngly. For the complete equations and the chemieal re
(6) actions, see [6].

In the turbine map, Figure 5, the mass flow and efficiency afgq glectric power to be generated is set by the user of the
shown for different values of speed and pressure ratio. ThRje| Knowing the rotational speed, the power is converted

porrected mass flow is appro_X|mated as near orat its maximym,, torque, which is subtracted from the common shaft of the
i.e. a choked flow. The maximum value of the corrected ma; 3mpressor and the turbine

flow can then be calculated by the choked flow equation from

1].
[ an A My/K 6 Simulations and Verification

Meorr =

Py \/R(1+ (K_—l) Mz) 1 With the overall model, it is open for the user to simulate the

2 microturbine under any circumstances the user chooses. For
The variableA,,, is the smallest nozzle throat area (the crosgach simulation case, there are numerous parameters ¢hat ar
section area) at the inlet to the turbine. The varid¥lés the to be set, in total there are about 6000 equations and 13 stat
Mach number, defined as the ratio of flow speed inside the tafd the simulation time is about a minute. These numbers can
bine and the speed of sound. vary depending on the number of discretizations used in the
&?at exchangers and the accuracy of the medium models. The
model can be linearized in Dymola for theoretical analysid a
with appropriate model reduction, used in controller desig
is also possible to include the Modelica model in Simulinkas
separate block.

The efficiency data from the turbine map in Figure 5, is us
in a bilinear (2-dimensional) interpolation method to midtie
efficiency of the turbine, see [8].

5 Other components of the microturbine model _ _
In Figure 6, the system model is presented. Each component

The recuperator and the gas/water heat exchanger are botmoflel has a graphical representation, to allow drag and drop
mainly counter flow type and are therefore modelled in theetions to quickly build new system models. Each component
same way, except for the medium and the geometry. From [8,9. a heat exchanger) can itself be constructed, eitlaghgr
standard 1-dimensional convection and conduction heas+traically or by code, using other sub components (e.g. pipes and
fer laws are used. wall models).



Step response at parallel mode Step response in stand—alone mode
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Figure 7: Step response in the electric power referencerin pgigure 8: Step response in the stand-alone mode, measured
allel mode, measured data (solid) and model data (dashed) data (solid) and model data (dashed)

The model output show large similarity to the measured \&alue
Att = 320 s, there is a difference in the TOT signal, probably
The steady-state results of the model were verified with datae to unmodelled dynamics and differences in the model of
provided by Turbec AB. The simulations were done with thigae control system.

control system in parallel mode. The model was verified at : ,
) e second case is also a step response experiment, but&ow th
three different loads, 100 kW, 70 kW and 50 kW of elec: presp P

. . . __,_control system is in stand-alone mode using a speed cogrtroll
tric power. The 13 most important thermodynamic variabl e power reference is set to 5 kW load, i.e. some kind of
were used in the verification process and a percentage eﬂ{fé load. The speed is kept constant at, 6.3.000 pm. At a
of the model output compa_red tp the prowdgd data was ca ven timet the power reference (dashed-dot) is set to 59.2
culated. The thermodynamic variables used in the verltmatlkw and is then after another 45 seconds set back to 5 KW. In
were e.g. speed, fuel rate, temperatures, efficienciessyre :

drops and pressure ratios for the compressor. The average Figure 8 the trajectories of the power output, speed, coegdum
) I, TOT TIT ineinl h
was 0.61%, 1.2% and 1.1% for the 100 KW, 70 KW and 50 kS |01 and TIT (turbine inlet temperature) are shownpiro

: . li | hed).
case respectively. The complete result can be found in [8]. e measured data (solid) and model output (dashed)

6.1 Steady-state verification

When the load is suddenly increased, the speed drops quickly

T3h(730/largr?§ttherrorrs werre dlrn tk;)e t&omgr&ssorfnprressurre nrjg the controller reacts and increases the fuel flow to the ma
(3.7%) a € pressure drop between the compressor and value, 100 %. When the load disappears, the control

turbine (3.5%). The first error is caused by errors in the g stem cuts down the fuel rate to a minimum and the fuel rate
Iipsoid curves that model the COMPressor mass flow, whichg ould then rise to the original level. Due to problems in the
Ef[gg;?]:ﬁfgrtgs?ligaef;urrﬁoﬁz: The second error was og file, neither .measured data or model output is plottesf aft
t=220 s. The difference between the model and the measured
data in TOT and TIT, right after the step at 220 seconds, is
6.2 Dynamic verification probably caused by changes in the time constants of the tem-

. . . . ratur nsor varying flow rate.
Three dynamic experiments were investigated and the dg{eaatu e sensors due to varying flow rate

from the real microturbine was plotted and compared with tide third case is a brake test verification. The microturbine
model output from simulations of the same experiments.  is run at part load. At a given timg the electric power is

i . . . disconnected to simulate a power circuit failure or a sudden
The first case is a simple step response experiment Show%g]crease in load. Then the fuel valves are closed immegiatel
Figure 7. The microturbine runs at full load, 100 kW of electr '

. e own to a minimum. To prevent the microturbine from over
power and is in steady state. The control system is in paralle . ; :
i . . _speed, i.e. speeds over 70 000 rpm, a brake chopper is sditche
mode. The power reference (dashed-dot) is, at a giventtimé . . :
. .~ on. The brake chopper consists of resistors, which brake and
set to 30 kW. After approximately 200 seconds, the referozncedissi ate the kinetic enerav of the machine via the aenerato
set again to 100 kW. In Figure 7, the trajectories of the power P 9y 9

output, consumed fuel and TOT (turbine outlet temperaturéhe data from the model in Figure 9 demonstrates great sim-
are shown from the measured data (solid) and model outgatity with the measured data down to speeds around 35 000
(dashed). rpm, the lowest part of the valid range of the model. The er-



Brake chopper test
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Figure 9: Brakechopper test

graphical representation of each component, see Figure 6.

9 Future work

To model the compressor and the turbine accurately, a large
manual effort was made in order to tune the model parameters
as much as possible. It is desirable that the models are modi-
fied, such that more of the work is done automatically.

To make the system model more general, a model of the power
electronics can be developed. It might also be interesting t
have a model of the auxiliary system, to make the system model
more complete.
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ror comes from a difference in the simple brake chopper model

(the power it dissipates) and the control system model. T
difference increases for lower speeds.

7 Applications

The model has at first been used at Turbec AB, to study braking

strategies and the choice of brake choppers. The objesttee i
prevent over speed and depending on size, duration of the br
action and also the ambient temperature, the response lfrem
microturbine will be different.
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