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A Micro-turbine Model for System Studies
Incorporating Validated Thermodynamic Data
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Abstract—There is an apparent lack of micro-turbine dynamic
models available in literature that include valid experimental
data. In an effort to help fill this gap a thermodynamic based
micro-turbine model supplemented with experimental data &
validated calculations is introduced. The data was extracted from
a study on the 60 kW Capstone C60 MicroTurbineTM . Transfer
functions describing the micro-turbine model valid for various
types of studies are defined; namely EMTP studies, controller
design, small signal and stability analyses. Simulations are
performed in PSCAD/EMTDC to validate the derived transfer
functions, and to investigate the micro-turbine transient response.
Researchers can utilise this calibrated model within their power
system studies to quantify the application of micro-turbines as
distributed generating sources within the distribution network.

Index Terms—Distributed power generation, dynamics, micro-
turbine, PSCAD, thermodynamics.

I. INTRODUCTION

DUE to numerous driving factors the penetration of dis-
tributed generation (DG) within the distribution network

has been steadily increasing in recent years. Depending on
the application there are various DG technologies that util-
ities and industry can select from for inclusion into their
power generation projects. Some specific technologies include
photo-voltaic, wind, biomass, micro-turbines and fuel cells.
Of these, micro-turbines have garnered attention lately as a
promising DG technology because of their [1] (i) ability to
provide baseload generation, load-shedding and peak-shaving
functionalities, (ii) ability to operate for extended periods with
minimal maintenance, (iii) small size relative to other DG, (iv)
flexibility in using various commercially available fuel types,
(v) low NOX emissions, and (vi) increased energy efficiency
when functioning as a combined heat and power (CHP)
system. They are also well suited for remote electrification
projects or micro-grid applications.

Because of its rising popularity as a DG candidate the
simulation of micro-turbine based power generation systems
is an active research area. Researchers are performing nu-
merous studies to investigate the response characteristics of
micro-turbines. Such studies include micro-turbines in grid-
connected and stand-alone configurations, load-following ap-
plications and transient stability analysis. To accommodate
these system studies there is an obvious desire for dynamic
models to closely reflect the actual micro-turbine operation;
ideally the model should contain accurate data. However, a
lack of simple dynamic models with experimental data valid
for micro-turbines has been noted in the literature.
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The majority of models presently being used for dynamic
analyses of micro-turbines were originally developed for much
larger capacity gas-turbines on the scale of megawatts (i.e,
18 MW to 106 MW [2]). In comparison, micro-turbines are
designed for capacities in the range of 25 to 300 kW [1].

A significant number of publications utilise the two fol-
lowing dynamic models: (i) the heavy-duty gas-turbine model
developed by W. I. Rowen [2] at GE in 1983, which has
been used by several authors [3]–[9] (commonly supplemented
with the data from [10]), and (ii) the Western System Co-
ordinating Council (WSCC) compliant GAST model, which
has been employed by [11]–[14]. Although other models exist
in literature [15]–[18] the Rowen and GAST models are the
most prevalent. Both of these models were developed based on
large capacity gas-turbines normally situated in central power
generating plants.

The experimental data in the Rowen and GAST models
consist of fuel system dynamics, compartment temperatures,
speed-governor coefficients and rotor inertias. In many cases
this data is being directly applied to the modelling of micro-
turbines with little or no modification [7]. As such it is
reasonable to infer any time constants would not accurately
represent the response characteristics of modern micro-turbine
designs. Moreover, it is unlikely that micro-turbine compart-
ment temperatures or governor controls would remain identical
to their gas-turbine counterparts, which in the case of the
Rowen model are over 25 years old. To aid researchers
in performing system studies of micro-turbines it would be
highly beneficial to provide a dynamic model that could better
characterise their performance.

In this paper a micro-turbine thermodynamic model is
presented that incorporates experimental data & validated
calculations based on a study of the 60 kW Capstone C60
MicroTurbineTM by [19]. This data is used to calibrate the
micro-turbine model of [20], which was adapted from [21]
for micro-turbine applications. The C60 MicroTurbineTM [22]
was chosen as it is an established model available from Cap-
stone, a prominent commercial micro-turbine manufacturer.
By merging the separate works of [19] and [20] a calibrated
model is provided to researchers for adoption into their power
system dynamic studies of micro-turbines, to be used for
further evaluation.

The model provides a mechanical shaft power output for
input to a high-speed permanent magnet synchronous gen-
erator (PMSG). Because the focus of this work pertains to
a thermodynamic micro-turbine model for inclusion into a
micro-turbine based generation system, the PMSG and grid-
interfacing power electronics are not represented. Transfer
functions of varying complexity are derived from the model
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to give insight into the micro-turbine’s dynamic response.
The model is implemented in the PSCAD/EMTDC simulation
environment to validate the transfer functions and evaluate the
micro-turbine’s response when subjected to transients.

II. THERMODYNAMIC MODEL EQUATIONS

This section briefly highlights the algebraic & differential
equations for each of the three thermodynamic compartments
of the micro-turbine: (i) compressor, (ii) combustion chamber
and (iii) turbine. These equations are based on the initial work
by [20], [23]. However, some modifications have been made
to more accurately quantify the thermodynamic process within
certain compartments; these changes will be explicitly noted.
In [21] a detailed description of the thermodynamic process
within each compartment can be found, along with derivations
for the governing equations.

For clarity all variables will have their time dependence
explicitly stated when they are first presented as some of the
proceeding formulae include time delays. This time depen-
dence will be dropped in subsequent sections.

A. Compressor

The relationship between air mass flow rates at the com-
pressor inlet and outlet ports is

ṁc(t) = ṁa(t− τc). (1)

Here ṁc(t) is the compressor outlet air mass flow rate, ṁa(t)
is the inlet air mass flow rate, and τc is the compressor time
constant which is equal to the ratio of compressor compart-
ment length to the mean air speed through the compartment.

The thermal power required to pressurize the inlet air is

Pthc(t) = 0.5Cpair[ṁa(t) + ṁc(t)][Tc(t)− Ta(t)], (2)

where Pthc(t) is the thermal power consumed by the com-
pressor, Tc(t) is the compressor outlet temperature, Ta(t) is
the inlet air ambient temperature, and Cpair is the average
specific heat capacity of the inlet air between Ta(t) and Tc(t).

The specific heat capacity is not constant between state
points on the micro-turbine cycle temperature-entropy dia-
gram, but rather a function of temperature (i.e., Cp air =
Cpair(T )), and hence Cpair is used to increase the accuracy
in calculating Pthc(t) [19]. This is in contrast to the thermal
power calculations in [20] and [21], which both assume
the inlet air specific heat capacity is constant regardless of
temperature variation. When considering large temperature
differentials this can introduce significant calculation errors.

The mechanical power consumed by the compressor, P c(t),
is related to the compressor’s thermal power consumption by

τc
d

dt
Pc(t) = Pthc(t)− Pc(t). (3)

B. Combustion Chamber
The amount of fuel injected into the combustion chamber

is in proportion to ṁa(t)

ṁf(t) = k−1
afr ṁa(t). (4)

Here ṁf(t) is the mass flow rate of the fuel, and kafr is
the inlet air to fuel ratio. The fuel considered in this work is
natural gas, which is a commonly utilised energy source for
the Capstone C60 MicroTurbineTM unit.

The mass flow rate at the combustion chamber outlet port
is characterised by

ṁcc(t) = ṁc(t− τcc) + ṁf(t− τcc), (5)

where ṁcc(t) is the mass flow rate of the exhaust gas exiting
the combustion chamber, and τcc is the combustion chamber
time constant which is equal to the ratio of combustion
chamber compartment length to the mean air speed through
the compartment.

It should be noted that the combustion process does not
directly generate mechanical power output; it increases the
energy content of the gas passing through it.

C. Turbine
The air mass flow rate at the turbine outlet is given by

ṁt(t) = ṁcc(t− τt). (6)

ṁt(t) is the turbine air mass flow rate, and τt is the turbine
time constant which is equal to the ratio of turbine compart-
ment length to the mean air speed through the compartment.

The thermal power generated by the turbine is

Ptht(t) = 0.5Cpexh[ṁt(t) + ṁcc(t)][Tcc(t)− Tt(t)]. (7)

Here Ptht(t) is the thermal power generated by the turbine,
Tcc(t) is the combustion chamber outlet temperature, T t(t)
is the turbine outlet temperature, and Cpexh is the average
specific heat capacity of the exhaust gas between Tt(t) and
Tcc(t).

Similar to the discussion regarding Cpair within (2), Cpexh
accounts for the temperature dependence of the specific heat
capacity. This becomes increasingly important here for reduc-
ing calculation errors as this compartment typically experi-
ences relatively high temperature drops. Moreover, a subtle
point to note is the specific heat capacities in (2) and (7)
are different quantities. Compared to the strategy employed
by [20] and [21] where the specific heat capacities of the inlet
air and exhaust gas were assumed equal, this more accurately
reflects the thermodynamic process within each compartment.

The turbine generates a mechanical power output, P t(t),
which is governed by

τt
d

dt
Pt(t) = Ptht(t)− Pt(t). (8)
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Fig. 1. Simplified component diagram for the Capstone C60
MicroTurbineTM .

III. MICRO-TURBINE MODEL

The net mechanical power output generated by the micro-
turbine, Pm(t), is the difference between the mechanical power
generated by the turbine and the mechanical power consumed
by the compressor

Pm(t) = Pt(t)− Pc(t). (9)

This power output from the micro-turbine is the power exerted
on the turbine shaft. For the Capstone C60 MicroTurbineTM

the turbine shaft is directly coupled to a high-speed PMSG.
To calculate the net electrical power at the output terminals of
the micro-turbine generation system, Pgen(t), the following is
considered [19]

Pgen(t) = Pm(t)ηmechηpmsgηelec, (10)

where ηmech is the mechanical efficiency of the system
(e.g., shaft/bearing losses, turbine damping, etc.), ηpmsg is the
PMSG efficiency and ηelec is the electrical efficiency of the
grid-interfacing power electronics. Fig. 1 shows a simplified
diagram of the Capstone C60 MicroTurbineTM system com-
ponents. Here Pgen is defined as the power injected at the
point of common coupling (PCC). Although this paper does
not directly address the PMSG and power electronics, (10) is
used in the subsequent section to justify the steady-state values
of Pm(t).

After applying the Laplace operator to (1) through (9) a
block diagram for the micro-turbine thermodynamic model can
be formed as depicted in Fig. 2. The input and output of the
model is ṁa and Pm, respectively. This implies the micro-
turbine’s output power is controlled by adjusting the inlet air
mass flow rate.

IV. VALIDATED MODEL DATA

In [19] an extensive energy and exergy study was performed
on a Capstone C60 MicroTurbineTM installation [24] at
the central utility plant on the Mississauga campus at the
University of Toronto. While in the grid-connected operating
mode, experimental data was collected from the micro-turbine
corresponding to three different loading conditions: (i) 100%,
(ii) 75%, and (iii) 50%. Data measurements for each steady-
state loading condition were recorded every few minutes, over
the course of several hours.

TABLE I
MODEL PARAMETERS FOR 100% LOADING

Parameter at 100% loading Value
Compressor time constant, τc [ms] 1.3
Combustion chamber time constant, τcc [ms] 1.4
Turbine time constant, τt [ms] 0.3
Inlet air ambient temperature, Ta [◦C] 28.6
Compressor outlet temperature, Tc [◦C] 201.9
Combustion chamber outlet temperature, Tcc [◦C] 922.9
Turbine outlet temperature, Tt [◦C] 634.9
Inlet air average specific heat capacity, Cpair [J/Kg

◦C] 1016
Exhaust gas average specific heat capacity, Cpexh [J/Kg

◦C] 1188
Inlet air to fuel (natural gas) ratio, kafr 93.1

A complete model of all the micro-turbine compartments
was formulated in [19] based on the first and second law of
thermodynamics, and using MATLAB this model was used
to generate predicted results at each of the three loading
conditions. These predicted results showed good agreement
with the experimental data collected across all the micro-
turbine’s loading points, thereby validating the model. The
predicted results consist of various thermodynamic properties
of the inlet air and exhaust gas at different states on a
temperature-entropy diagram of the micro-turbine cycle.

The thermodynamic parameters of the Capstone C60
MicroTurbineTM relevant to the model in Fig. 2 were ex-
tracted from the experimental data & validated results in [19].
Model parameters associated with 100%, 75% and 50% load-
ing of the micro-turbine are listed in Table I, Table II and
Table III, respectively. The only exception are the compressor,
combustion chamber and turbine time constants; these values
were retained from [20].

The time constants are relatively fast as they are on the
order of a couple ms. The physical reason is due to the small
compartment sizes and relatively fast gas speeds within the
micro-turbine [20]. This is in stark contrast to the fuel system
dynamics for the Rowen model available in [10], which have
time constants on the order of hundreds of ms.

Using the data in Tables I through III the steady-state
mechanical power values in Fig. 2 were calculated. They are
summarised in Table IV. Note that the power consumed by the
compressor compartment is nearly equal to the mechanical
power output of the micro-turbine. This power ratio is very
similar to a reference gas-turbine cycle in a study performed
by [25] where Pt, Pc and Pm are 447 kW, 222 kW and
225 kW, respectively. This correlation affirms the values in
Table IV are indeed practical.

The values for Pm in Table IV are considerably larger then
the designed values of Pgen; 60 kW at 100% loading, 45
kW at 75% loading and 30 kW at 50% loading. As Fig. 1
and (10) illustrate this is due to losses for system components
external to the micro-turbine model. In [19] the experimental
data included measured values for ηelec of 0.945, 0.917 and
0.893 at 100%, 75% and 50% loading, respectively. Using (10)
this gives realistic values for (ηmechηpmsg) of 0.906, 0.905 and
0.896, respectively.
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Fig. 2. Micro-turbine thermodynamic model.

TABLE II
MODEL PARAMETERS FOR 75% LOADING

Parameter at 75% loading Value
Compressor time constant, τc [ms] 1.3
Combustion chamber time constant, τcc [ms] 1.4
Turbine time constant, τt [ms] 0.3
Inlet air ambient temperature, Ta [◦C] 28.7
Compressor outlet temperature, Tc [◦C] 180.9
Combustion chamber outlet temperature, Tcc [◦C] 893.9
Turbine outlet temperature, Tt [◦C] 634.9
Inlet air average specific heat capacity, Cpair [J/Kg

◦C] 1017
Exhaust gas average specific heat capacity, Cpexh [J/Kg

◦C] 1179
Inlet air to fuel (natural gas) ratio, kafr 103.7

TABLE III
MODEL PARAMETERS FOR 50% LOADING

Parameter at 50% loading Value
Compressor time constant, τc [ms] 1.3
Combustion chamber time constant, τcc [ms] 1.4
Turbine time constant, τt [ms] 0.3
Inlet air ambient temperature, Ta [◦C] 28.8
Compressor outlet temperature, Tc [◦C] 153.9
Combustion chamber outlet temperature, Tcc [◦C] 850.9
Turbine outlet temperature, Tt [◦C] 634.7
Inlet air average specific heat capacity, Cpair [J/Kg

◦C] 1014
Exhaust gas average specific heat capacity, Cpexh [J/Kg

◦C] 1165
Inlet air to fuel (natural gas) ratio, kafr 118.3

TABLE IV
MICRO-TURBINE STEADY-STATE POWER VALUES

Power Micro-turbine loading
100% 75% 50%

Pt [kW] 142.9 108.8 74.9
Pc [kW] 72.8 54.6 37.4
Pm [kW] 70.1 54.2 37.5

V. SIMULATIONS AND RESULTS

This section investigates the dynamic output response of
the micro-turbine model in Fig. 2 with the 100% loading
parameters of Table I. The model was implemented in the
PSCAD/EMTDC simulation environment. Simulations for the

cases of 75% and 50% micro-turbine loading are not shown as
they exhibit the same general response characteristics for the
100% loading condition, but with different steady-state values.

To perform a transient analysis of the micro-turbine at
each steady-state loading point it is assumed the temperatures
change slowly with respect to the compressor, combustion
chamber and turbine time constants; and thus they can be held
constant during the simulations.

A. Open-Loop Response

The open loop response of Pm to a step change in ṁa,
corresponding to a change in Pm from 0.8 to 1.0 per-unit, is
shown in Fig. 3. Note the non-minimum phase response of
the output power. It is quite substantial and corresponds to an
initial 10.8 kW drop in output power. This occurs because with
the step change in air flow, mechanical power is first taken
from the turbine shaft to compress the required air. After a
short amount of time the mechanical power generated by the
turbine compensates for this initial reduction in shaft kinetic
energy [21].

The dynamic response of the micro-turbine is fairly quick
as the output power settles in about 10ms. This fast response is
manifested by the small time constants in Tables I through III.

B. System Transfer Function

To gain insight into the dynamics of the micro-turbine a
transfer function representation of the system is required. The
first-order lag approximation [26]

e−τs ≈ 1

1 + sτ
(11)

was applied to each of the exponential terms in Fig. 2. Each
first-order lag term is valid for a phase contribution up to 57 ◦.
For the system in Fig. 2 this gives ample phase representation.
This leads to the approximated system transfer function
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Pm(s)

ṁa(s)
≈ M(s) =

keσt2σc1(1 + k−1
afrσc1)− kaσc2σ

2
t1σcc

σ2
c1σ

2
t1σcc

,

(12)
where

ke = 0.5Cpexh(Tcc − Tt) (13)
ka = 0.5Cpair(Tc − Ta) (14)
σc1 = 1 + τcs (15)
σc2 = 2 + τcs (16)
σt1 = 1 + τts (17)
σt2 = 2 + τts (18)
σcc = 1 + τccs. (19)

Here M(s) is of sufficient accuracy to facilitate small signal
analysis of the micro-turbine and/or perform controller design.
In particular it permits design of a controller using classical
linear methods (e.g., root locus or frequency-response). This
avoids a heuristic approach to tuning a controller for regulation
of the micro-turbine’s output power, as was used by [20].

For transient stability studies it is a reasonable approxima-
tion to discard the fastest system poles from the transfer func-
tion and keep only the slower (dominant) poles. This makes for
a simpler model and ideally requires less information about the
micro-turbine. As the time constant associated with the turbine
compartment is significantly faster than both the combustion
chamber or compressor dynamics, τt can be neglected

̂M(s) =
2keσc1(1 + k−1

afrσc1)− kaσc2σcc

σ2
c1σcc

. (20)

Depending on the study objectives a system model can be
utilised which possesses the required system complexity: (i)
the full model of Fig. 2, (ii) the approx. transfer function
M(s), or (iii) the reduced approx. transfer function ̂M(s).

K(s+a)
s

+
-

PmM(s)Pm*
ma

Fig. 4. Micro-turbine control system bock diagram.
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Fig. 5. Micro-turbine output power closed loop step response.

C. Closed-Loop Response

To regulate the micro-turbine’s output power a simple PI
compensator can be used as shown in Fig. 4. The compensator
parameters K and a were determined as 7e−7 Kg/J and 1200
Kg/Js, respectively. Fig. 5 illustrates the closed loop response
of Pm to a step change in P ∗

m from 0.8 to 1.0 per-unit. The
output Pm has been plotted for each of the models derived
previously; Fig. 2, M(s) and ̂M(s)

In Fig. 5 the response curves arranged from quickest to
longest settling times correspond to the full model of Fig. 2,
̂M(s) and M(s), respectively. In addition, the only output
response to exhibit a slight overshoot is the M(s) model.

It is also observed that the closed-loop settling time, with re-
spect to the full thermodynamic model of Fig. 2, has increased
to 15ms from the open-loop (Fig. 3) value of 10ms. However,
there is a significant improvement in the non-minimum phase
response as the initial drop in output power is now only 3.7
kW.

VI. CONCLUSION

A thermodynamic based micro-turbine model incorporating
experimental data and validated calculations from a 60 kW
Capstone C60 MicroTurbineTM has been presented. Three
distinct sets of data have been provided which correspond to
steady-state operating points for 100%, 75% and 50% micro-
turbine loading. In addition to a complete thermodynamic
model appropriate for EMTP type studies, two system transfer
functions have been derived based on certain approximations
and assumptions. The model M(s), represented by (12), is
sufficient for small signal analysis and controller design. The
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model ̂M(s), represented by (20), is valid for transient stability
analyses.

Simulations have shown that the micro-turbine output power
Pm exhibits a non-minimum phase response and has a rela-
tively fast settling time due to the presence of small time con-
stants. When contrasted against existing micro-turbine models
that utilise data originally intended for large capacity gas-
turbines, this model provides a more realistic representation
of the micro-turbine for system studies. This will assist
researchers in studying the application of micro-turbines as
DG sources within the distribution network under different
configurations or operating schemes, in an effort to quantify
their impact on the power system.
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