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Introduction

Dynamic Modeling and
Experimental Insightsina 10 kWe
Micro Gas Turbine Prototype:
Experimental Validation and
Testing

The growing need for decentralized and renewable power generation increases demand for
flexible and highly efficient small-scale power units. Microgas turbines (mGTs) are strong
candidates for combined heat and power applications in residential, commercial, and
industrial sectors, typically delivering below 500 kWe. They can compensate for demand
Sfluctuations in renewable-dominated grids, which can make them ideal for modern energy
systems. However, their reliable operation under transient and part-load conditions needs to
be assessed, calling for computationally efficient models that enable real-time performance
prediction, control, and optimization. In this paper, the development and validation of a
dynamic 0D real-time model of a 10 kWe mGT prototype is presented. The MATLAB/
Simulink model integrates individual engine components—compressor, turbine, recuper-
ator, combustor, and control system—through refined differential equations. This structure
ensures both flexibility and fast computation while capturing key transient dynamics. The 10
kWe prototype, developed by MITIS SA, targets residential energy systems, biomethaniza-
tion plants, and decentralized power for 5G networks. The system was experimentally
validated, as key parameters were measured throughout the cycle under transient and part-
load conditions. Key outputs such as shaft speed, turbine inlet temperature, and cycle
pressures showed very good agreement with measurements, staying within sensor
uncertainty ranges. This validated real-time software provides a modular foundation for
future extensions, including humidification, two-stage cycle configurations, and advanced
control strategies. [DOI: 10.1115/1.4070464]

this target by 2050, therefore accelerating the adjustment toward
renewable energy [2]. In this context, photovoltaics and wind energy

The decentralization of power generation and growth of renew-
able energy sources result in the dramatic transformation of energy
systems globally. By the end of 2022, solar photovoltaics alone
accounted for almost 6% of the world’s electricity demand, a
substantial improvement from just 3% in 2019 [1]. This trend not
only demonstrates that solar energy is one of the electricity sources
with the greatest rate of growth in the globe, but it also offers a vision
for renewables to become the primary source of new power
generation in the next decades. The European climate law, which
mandates that european union (EU) emissions must be reduced by at
least 55% by 2030, further encourages this shift. EU emissions must
be reduced by at least 55% by 2030 according to “Fit for 55”
initiative. New legislation is followed by the member states to reach
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are expected to grow significantly along with electricity demand due
to the electrification of various sectors [3]. Where intermittent
renewable energy sources become more widespread, reliable
backup power systems are gradually becoming more essential.
Smaller thermal power plants, like micro gas turbines (mGTs), can
play a key role to secure grid stability, particularly in decentralized
energy systems, by adapting to fluctuating conditions [4,5].

The continuous transition to decentralized energy systems can
profit from the unique advantages that mGT can offer. They are able
to offer distributed generation in hybrid energy systems on account
of their flexibility, small size, and capacity (100-500 kW.) [6]. They
can operate on a variety of fuels, including biogas, hydrogen, and
synthetic alternatives [7]. In addition to complementing renewable
energy sources by supplying backup power during periods of low
solar or wind generation, they support energy security and control
prices. Compared to other combined heat and power technologies,
they can offer opportunities for fewer emissions [8] and can pair with
waste heat recovery devices to produce combined heat and power.
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Also, mGTs can play a significant role in preserving the grid’s
stability and dependability because of their low maintenance
requirements and high overall (electrical and thermal) efficiency
[9]. Such machines quickly ramp up power generation during
fluctuations in renewable output to meet the consumer’s demand [5].

To ensure effective operation in grids which are dominated by
renewable sources of energy, mGTs underwent comprehensive
testing under transient and part-load conditions after the develop-
ment of prototypes. Important performance metrics have been tested
and verified against simulation models, which include shaft speed,
turbine inlet temperature, and pressure levels. To eliminate
operating risks in mGTs connected to large volumes, Ferrari et al.
developed a vibration-based control system to show effective surge
prevention approaches during transient operations [10]. Banihabib
et al. demonstrated the possibility of power generation using
sustainable fuels [11] by showcasing the fuel flexibility and minimal
NO, emissions of a 100kW microturbine running with 100%
hydrogen. Based on Liu et al.’s analysis of mGT performance under
several intake settings, efficiency is greatly influenced by intake
temperature [12]. Wu et al. presented experimental and numerical
results to study the off-design overall mGT performance. They
demonstrated the high fidelity of simulation predictions under
various operating conditions [13]. Caresana et al. evaluated a
100 kW mGT under different thermal loads, reporting an electrical
efficiency of 29% and NO, emissions within regulatory limits [14].

Real-time dynamic modeling plays an important role in
predicting as well as optimizing the performance of mGTs in
fluctuating power modes. These models are essential in enhancing
reliability, efficiency, and flexibility of mGTs, particularly in
decentralized systems incorporated with renewable sources. Hos-
seinalipour et al. created a linear dynamic model of mGTs utilizing
state-space formulations to simulate transient behavior. This
particular approach simplifies complicated nonlinear equations,
making the product computationally effective while keeping high
accuracy for off-design conditions [15]. Likewise, Kim et al. created
asimulation tool to predict transient responses during load following
operations. Their design emphasized the recuperator’s thermal
inertia in dictating the complete transient response of mGTs [16].
Duan et al. introduced a nonlinear mathematical model, which
correctly captures off-design performance of the regenerative mGT
cycle and was validated against experimental data under fluctuating
load conditions [17]. Xu et al. created a data-driven model to foresee
the coupled electrical and thermal outputs of mGT. This tool was
effective at capturing system dynamics during transients, providing
accuracy of power output in hybrid energy systems [18].

Several articles on dynamic modeling focus on the test bench of
T100 mGT. Henke et al. developed a numerical model of mGT
dynamics for hybrid energy applications, focusing on interactions
between the fuel cells and mGT, validated through high-fidelity
simulations [19]. Meanwhile, di Gaeta et al. evaluated transient
behavior in a T100 mGT, emphasizing the importance of dynamic
simulations in reducing emissions and improving efficiency during
off-design conditions [20]. Part of the authors of this paper
introduced two significant papers on real-time mGT performance
assessment and transient behavior prediction. In the very first paper,
they developed an effective real-time mGT performance assessment
tool that integrates detailed component modeling methods for
turbine and compressor. This particular model gives high-fidelity
transient simulations and was validated against experimental data
from the VUB T100 test rig, demonstrating under 1% deviation in
crucial cycle parameters such as shaft speed and combustor inlet
temperature [21]. In the second paper, they proposed a hybrid
modeling approach for dynamic mGT simulations. This tool
combines data-driven and physical methods to predict the behavior
of mGT under transient conditions while decreasing computational
efficiency [22].

To increase their adaptability in dynamic energy systems, the
transient behavior of mGT operating on different fuels and advanced
cycles has been thoroughly investigated. The transient behavior of
an OP16 industrial gas turbine running on low-calorific fuels was
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investigated by Singh et al. [23]. Banihabib et al. developed a
dynamic model for a 100 kW mGT operating on blends of methane
and hydrogen. This MATLAB Simscape-based model successfully
replicated the system’s transient behavior and underwent thorough
experimental validation, underscoring the significance of fuel
flexibility in mGT applications [24]. The transient dynamics of
externally fired mGTs were also studied by Traverso et al. utilizing
the TRANSEO tool to simulate the behavior of the system during
startup and shutdown phases, specifically in biomass-based energy
systems [25]. Montero Carrero et al. focused on transient
simulations of a microhumid air turbine, showing that water
injection improves electrical efficiency and off-design performance.
Their model can benefit applications that involve hybrid cycles,
where the system must flexibly adjust to varying heat demands [26].

Collectively, these models demonstrate the significance of
dynamic simulations in enhancing operation, control, and the
design of mGTs. As the energy market continues to shift toward
decentralized systems and green energy integration, the capability
of mGTs to work efficiently and flexibly in dynamic environments
could be vital for ensuring grid stability and reliability.

Despite their fuel flexibility, low emissions, high power density,
and minimal maintenance expenses, only a few mGTs are available
in the market [9]. Figure 1 depicts the nominal electric power and
efficiency output of the mGTs in the market. The majority of the
presented mGTs are conventional recuperated Brayton cycles, with
the one exception being the Aurelia A400 [27], which is a two-stage
intercooled and recuperated Brayton cycle. Capstone Turbine [28] is
the most successful mGT manufacturer in the market. Capstone
produced two models in the market, the C65 and C200S with
electrical efficiencies of 28% and 33% respectively [28]. These
designs are the only mGTs equipped with annular recuperator. Flex
Energy Solutions [29] developed mGT models (GT250S, GT333S)
with higher nominal power, but the performance of Capstone 200S
could not be exceeded. MITIS SA designed and manufactured a
10 kW, mGT which is demonstrated in this paper [30]. The nominal
power production of the machine is chosen to target the electricity
consumption of residential buildings [31]. Also, as it is shown in
Fig. 1 (dotted box), the electrical capacity of the engine covers a gap
which is left from the current mGTs in the market, as none of the
already manufactured engines covers the region of 5-10kW,.. We
can also see that for nominal power lower than 100kW,, the
electrical efficiency drops below 30% (EnerTwin [32], Bladon
MTP40 [33], Capstone C65 [28]) due to lower turbomachinery
efficiency [34], increased heat losses [35], and greater internal
leakages [36], adversely affecting overall engine performance.
Therefore, the MICRO-10 mGT is carefully designed to present an
efficiency close to its competitors with a nominal power of a similar

Nominal electrical efficiency, #el, nom (%)
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Capstone

Ansaldo Energia C2008

33 AE-T100 * A
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30~ MTP40 E ;_}_1 GT3338
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€65 Flex Energy Solutions

20~ N\ MITIS
EnerTwin
MTT MICRO-10
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010 65 100 200 250 330 400

Nominal electrical power output, Pej nom (kWe)

Fig.1 Microturbine models that are currently in the market. The
nominal values refer to the standard or reference values that are
provided by the manufacturer at ISO conditions. The MITIS
MICRO-10 engine is demonstrated in this paper and produces
10 kWe.
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order of magnitude. However, the operational optimization and
control strategy of this engine remains to be assessed with the use of
real-time model.

In this paper, we describe the development and verification of a
dynamic model for a small-scale decentralized power-generating
prototype 10kW, mGT. Our goal is to develop a MATLAB/
Simulink modular real-time simulation framework that simulates
the behavior of key components such as the control systems,
compressor, turbine, recuperator, and combustor with precision. We
focus on evaluating the mGT’s performance under various operating
conditions, specifically during part-load and transient scenarios,
which can be typical in renewable-heavy power grids. We ensure the
model’s reliability by comparing its predictions—such as shaft
speed, temperatures, and pressures—with experimental data from
prototype tests. Ultimately, this research provides a valuable tool for
optimizing mGT performance, making it adaptable for use in
distributed energy applications where flexibility and efficiency are
critical.

Methodology

In the current section, we primarily focus on the methodology
adopted to develop, refine, and verify a dynamic model for the
MICRO-10 mGT system, along with the representation of the
experimental results of the prototype. The methodology combines
advanced simulation methods, experimental data analysis, and
calibration procedures to ensure the accurate representation of the
system’s physical actions under both transient and steady-state
conditions. Modular modeling strategies in MATLAB/Simulink
facilitated the freedom of each component while preserving system
interactions. Transient and steady operations have been explored to
verify model representation under several conditions. The versatil-
ity of the modular architecture empowered targeted independent
analysis and refinement. In the end, a calibrated high-fidelity model
emerged, quantitatively capturing the MICRO-10 mGT system’s
intricate dynamics from startup transients to stabilized load
variations.

Prototype Characterization. The MICRO-10 mGT system
incorporates several innovative features to enhance efficiency and
reduce maintenance. The mGT assembly is presented in Fig. 2, and
the arrows indicate the direction of the flow stream. The electric
motor/generator, turbine, and compressor are installed on a single
shaft, eliminating the demand for a gearbox. This particular design
decreases lubrication demands and maintenance needs. The rotor
achieves speed revolutions up to 100,000rpm and relies on a
permanent magnet synchronous generator to create high-frequency
electric power. This power is converted to direct current (DC) and
then inverted to 50Hz alternating current (AC) for standard

Combustor Turbine Compressor

1.6 m

1.2m
0.8m

Fig.2 The outline of MICRO-10 assembly with each component
indicated. The arrows show the direction of the flow as well as the
inlet and outlet of the cycle. The dimensions of the test bench are
included.
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applications. Foil bearings are used to minimize friction losses
and do not require oil lubrication, simplifying design and
maintenance by relying on a thin air cushion for smooth operation
[37].

The recuperator plays an important part in recovering waste heat
from exhaust gases, drastically upgrading thermal efficiency. MITIS
engineers created a novel recuperator architecture, targeting 90%
heat recovery with pressure losses under 4% across both fluid paths.
This particular refined, cost-conscious invention, drawing inspira-
tion from microchannel heat exchanger technology, applies
Computational Fluid Dynamics to optimize heat exchange while
reducing component size [38]. Moreover, the combustion chamber
employs flameless MILD (Moderate Intense Low oxygen Dilution)
combustion technology to lower NO, and CO emissions. By
preheating the reactants above the self-ignition temperature and
recirculating combustion products, this particular strategy enhances
thermal efficiency while keeping an efficient combustion procedure
without an obvious flame front [38,39]. Overall, the MICRO 10
mGT system integrates sophisticated design elements for compact-
ness, efficiency, and low maintenance requirements. Table 1
presents the nominal attributes of the mGT, which are given by
the manufacturer and are available online [30]. The targeted
electrical efficiency of the cycle is 25% and is mentioned in the
MITIS datasheet.

Dynamic Model. The mGT incorporates a speed and fuel
controller, which are regulating the produced electrical power and
turbine outlet temperature (TOT), respectively. Both controllers are
integrated in the dynamic model. In Fig. 3, the front end of the
dynamic model is depicted. In the control desk, the user dictates the
reference rotational speed (Nyr) and reference TOT. The inverter
rectifier board (IRB) receives the net torque that is produced by the
mGT and the reference speed and gives the actual rotational speed,
which is used as input in the mGT. The actual TOT is fed into the fuel
controller, which commands the fuel flowrate that is required in the
mGT to maintain the reference TOT.

The MICRO-10 module of Fig. 3 is presented in Fig. 4. This mGT
model uses similar simulation techniques as those presented in an
article by part of the authors [21]. So, several validated techniques of
AE-T100 model are applied in the current software [21]. This
MATLAB/Simulink model uses inlet and outlet conditions as bus
elements. The air flow and fuel flow bus elements include the
temperature, static pressure, mass flowrate, composition, and
reference values. The constant values are presented in rectangles
and the input variables (rotational speed, fuel flowrate) with ellipses.
Each component receives as input and gives as output Simulink bus
elements that are presented with three-line arrows. Single variables
are shown with single-line arrows. The module Component
matching connects compressor’s and turbine’s operating charac-
teristics. Thus, the outlet pressure of the turbine is calculated from
the ambient conditions and the pressure losses and is given as an
input to the turbine. Also, the air mass flowrate which is calculated in
the turbine, is given to the bus element air in. Initial values are
required for the variables of point 5, the outlet conditions of
Component matching and wherever a differential equation is
utilized.

Thermodynamic Calculation. Molar specific enthalpy, entropy,
and constant pressure specific heat are assessed using NASA
correlations [40], which are a function of temperature. The working
fluids used within the model are mixtures of pure gases. The

Table 1 The nominal specifications of MICRO-10 given by the
manufacturer

Electric power, Pejnom 10 kW,
Target electrical efficiency, 7 yom 25%
Rotational speed 100 krpm
Exhaust mass flow rate 160 g/s

JULY 2026, Vol. 148 / 071011-3

920z Atenuer og uo Jasn suoj Jo AN Aq Jpd-9ge L -G2-dIB/Z000.G /79¥0.L0Y LIS L L L 0L/10p/pd-ajone/1amodsauiginiseb;Bio sLuse: uojos|jooje)Bipawse//:dny wouy papeojumoq



IRB
N
-

=
FUEL "

CONTROL

torque, et
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Fig.3 Dynamic model front end framework. The user gives signal for the reference speed and
TOT and the IRB along with the fuel controller gives the required rotational speed and fuel

flowrate.

thermodynamic properties (%,c,,s) are obtained using the molar
fraction of each species x; and their respective molar weight mw;:

him ar\i
h:Z ‘molarX (1

7 mw;
Cp,i.molarXi
cp = E —p.l-moarmt )
7 mw;
Si molarXi
5= E St 3
— mw;

Compressor. The performance conditions of the compressor and
turbine are determined without considering the influence of fluid

/Recuperator\

inertia within the control volume, due to the high flow velocity and
small control volume [41]. With this simplification, the conservation
equations for mass and energy are applied in their steady-state form,
enabling the calculation of the mass flowrate using quasi-steady
equations at each time-step.

The compressor pressure ratio (= poy/pin) and isentropic
efficiency (1) are derived from the compressor map of Fig. 5, which
depend on the rotational speed (N) and beta variable (ff). The
relationship is expressed as follows:

N
(- ls) = feumap (ﬁ ’ \/TT/T) :

<G

[point £><—fon n

3
Tref N /)

—)

=><_point 2

fuelin n M

Turbine

Compressor

g

constant value

input variable -~

Rotational speed

variable of t-1
stored for loop

“bus element

Lo

A

>
(Component matching\
point 6 >=>1 ~
Inlet [point 5 >= D_A/_ﬂ clarity label

H
o1

) single variable

A

Fig.4 Detailed model of MICRO-10 in MATLAB/Simulink, presenting the inputs and outputs at each component the type of

performance values and the boundary conditions
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Fig. 5 Normalized compressor performance map depicts the
relationship between pressure ratio, mass flowrate, rotational
speed and isentropic efficiency. The contour of efficiency lines is
generated with cubic interpolation.

where Ti, and T, are the inlet and reference temperature,
respectively. The reference pressure and temperature are respec-
tively 101,325 Pa and 15 °C. The compressor map is derived from
computational fluid dynamics (CFD) analysis by the R&D depart-
ment of MITIS SA. Moreover, it is presented with normalized values
based on the nominal conditions of the cycle.

The compressor outlet temperature (7,,) is determined assuming
that the working fluid behaves as a perfect gas [21]. Therefore, the
isentropic relation is used to calculate the isentropic outlet
temperature (Tisou) as follows:

Tisou = Tn's )
where « is the specific heat capacity ratio and is defined as

_ C_p(Tin B Tss,out)

K==
Cy (Tim Tss,out)

6)

¢ and ¢, are the average specific heat capacities and T oy is the
steady-state outlet temperature, which is calculated using the
isentropic efficiency (1, ;) equation applying the specific enthalpy
of the states, leading to the following expression:

his.out - hin

hss,out - hin +
r’c,is

N

The calculated T oy is affected during transient conditions due to
the thermal capacitance of the component, and also by the heat
which is exchanged with the turbine through thermal conduction. By
applying energy conservation to this virtual casing [21], the time-
dependent outlet temperature is expressed as

dlow . :
meCe d—(;l = m(hss,out - hout) + Qt—c (8)

where product m.c. represents the mass times specific heat capacity
of the virtual casing and is calibrated using the inlet parameters of
the component from experimental data of the test bench, and
simulating the component alone. Q;_. is the heat added to the
compressor from the turbine, and is calculated from experiments by
measuring the temperatures at different parts of the turbomachinery.
Then, with conduction analysis of the whole assembly, we ascertain
numerically what is the flow of heat from the turbine to the
compressor. The pressure ratio and isentropic efficiency are not
corrected due to this heat transfer.

Turbine. Similar modeling techniques as in the compressor are
applied in the turbine component. The pressure ratio (7 = pin/pout)

Journal of Engineering for Gas Turbines and Power

is calculated knowing the pressure ratio of the compressor and the
pressure losses in the combustion chamber and recuperator’s hot and
cold side. From the pressure ratio, the turbine’s beta value is
calculated using the turbine performance map shown in Fig. 6. The
turbine map is simulated by CFD analysis from the R&D department
of MITIS SA. In the next step, the corrected mass flowrate and
isentropic efficiency are found using the beta value and corrected
rotational speed:

Ii’lv Tin/Tref N
— 7 > MNis | = Jtma T 9
< pin/Pref 1 ) f P (ﬁ vV Tin/Tref> ( )

The isentropic outlet temperature is calculated using the same Eqs.
(5) and (6) as in the compressor component. Thus, the steady-state
outlet temperature is found from the following relation:

hss,out - hin - (hin - his,out)y][,is (10)

As with the compressor, the outlet temperature is affected by the
inertia of the virtual casing the heat losses of this component:

dTou
nmyCy——

dr = m(hss,out - houl) - Qt,loss, (1 1)

where m ¢, is calibrated as in the compressor component and Q.‘,loss is
calculated from experiments. The heat flow parameter is specific to
this mGT, as it results from insufficient insulation and temperature
gradients within the turbomachinery components.

Recuperator. A standard approach to determine outlet temper-
atures for the cold (c) and hot (h) streams utilizes a quasi-steady-
state assumption for both streams [17,21]. Consequently, the outlet
temperatures are expressed as follows:

(tcCpe — UA/2)Tejn + UAT,,
UA/2 + tieCpg

(12)

Tc,out -

(wcyn — UA/2)Tyjn + UAT,,
UA/2 + rintpn

Th,out = ( 1 3)

where ¢, in both streams is the average heat capacity between the
inlet and outlet flows. UA is the product of the heat transfer
coefficient and the heat exchanged surface, which is calibrated to
match the heat exchanger effectiveness that is measured in
experiments. T, is the wall temperature from the previous time-
step of the simulation. The outlet temperature calculation is iterated
until the average heat capacities converge to specific values. This
method allows us to avoid modeling a 1-D recuperator component.

-1

Normalized pressure ratio, —
o

125 -

1.00 —

0.75

0.50 -

025

0.00 =
L 1 1 1 1 1 | ]

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Normalized mass flow rate, <

Mcorr,nom

Fig. 6 The turbine map shows the normalized performance
parameters of the turbine. The contour of efficiency lines is
generated with cubic interpolation.
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The hot and cold heat that is transferred across the recuperator is
calculated by the following equations:

Qc = mcCpT(Tc,out - Tc,in) (14)

Qh = mhm(Th»iﬂ - Th,out) (15)

The energy conservation equation is applied to the wall, as
demonstrated below:

dTy, . .
recCrec =~ — — e 16
MyrecC, pm On— 0 (16)

where mye.Crec are the mass and heat capacitance of the recuperator
wall, respectively, and their product is calibrated from experimental
results. The integration of the differential equations determines the
wall temperature (Ty) in the next time-step. The recuperator is
assumed to be adiabatic, as it is insulated with 10 cm of glass wool
with thermal conductivity of K = 0.5 and with 10 cm of compressed
wood insulation (K =0.19).

The outlet pressure of the hot and cold streams is calculated,
knowing the pressure drop from the experimental results as follows:

Pout = Pin +f(m) (17)

where f (1) is a function of the mass flowrate of the cold or hot side.
This function is a linear equation for the cold stream and a 2nd-
degree polynomial equation for the hot stream.

Combustion Chamber. Although an application of kinetic models
for the combustion of natural gas can yield higher accuracy, their
limited impact on improving results is often overshadowed by the
increased complexity they introduce [42]. Furthermore, factors such
asresidence time and temperature distributions are difficult to assess
in dynamic models, ultimately restricting the accuracy achievable
with these kinetic schemes. Also, the majority of the bibliography in
dynamic modeling of mGT avoids kinetic models for the
combustion chamber [5].

Therefore, a quasi-steady-state, single-step model is adopted,
assuming the complete combustion of a homogeneous air/fuel
mixture. This model describes the oxidation of fuel in air
(comprising only Ny, O,, and Ar) as follows:

kCHy + mOy + pNy + gH,O + rAr =
k k
JxCO;5 + (Ey+q)H20+ (m —n —Zy)oz + pNy + rAr
(18)

where k, m, p, ¢, r are the moles of each molecule that takes part in the
combustion. C.H, depicts the hydrocarbons in the air/fuel mixture.
Nonhydrocarbon fuels such as N, and Ar are considered nonreactive
and are treated as chemically inert species. This model can be
utilized to evaluate the composition of flue gases resulting from the
oxidation of fuels primarily consisting of alkanes.

The energy conservation equation is constructed knowing the
heat released and the inlet and outlet conditions of this component as

drT, . . .
MeeCec d_(;ut = nitinhin + mf(hf + LHV’/]CC) — MoutMout (19)

where 7. is the combustion efficiency of a mild burner, which
typically is higher than 99% [43]. For the purposes of this study, we
assumed the value of 99.5% [43]. hq, is the outlet specific enthalpy
that is calculated from the outlet temperature of the previous time-
step. Lower heating value (LHV) is the lower heating value of the
fuel with a composition (mole fractions) of CH4: 90%, C,Hg: 9.3%,
CO,: 0.7%, my and hy is the mass flowrate and specific enthalpy of
the fuel, respectively. ri1 is established by the fuel controller and /s,
is calculated by the boundary condition T, which is 30 °C for the

071011-6 / Vol. 148, JULY 2026

validation. The mass inertia (mc.c.c) is calibrated based on
experimental data, following the same approach used for other
components. Moreover, the pressure drop of the combustor is
determined from experiments.

Generator. The rotational speed of the shaft is determined by a
differential equation that accounts for the power generated and
consumed during dynamic operation. This energy balance is
represented as:

do

IwE—Pl—PC—Pb—PPe—PeI (20)

where o is the angular velocity of the shaft in rad/s, and / represents
the moment of inertia. The terms in the equation include Py, the
power generated by the turbine; P, the power required by the
compressor; Py, the power lost due to the bearings; Py, the power
consumed by the electronics; and P, the power output of the
generator, which is regulated by the control system.

The bearing losses are determined from the experimental results
at the nominal point for the current study. Furthermore, the generator
is modeled with an electronic efficiency of 99%, while the power
electronics are assumed to operate with a conversion efficiency of
95% [21].

Pipes. The outlet pressure in the pipes connecting the compo-
nents is calculated from a correlation that is made from experimental
data of the MICRO-10 test rig as

Pout = Pin — (a . mzorr +b- mcorr)pin (21)

where a,b are the parameters of the correlation and #icyy is
the corrected mass flowrate of the pipe and is iy
= 1it\/Tin/Tret/ (Pin/Pret). The pressure difference (Ap) between
the inlet and outlet of the pipes is measured to be between 63 and
1180 Pa. Also, the pipe between the turbine and recuperator presents
the highest losses at 1180 Pa.

Control System. As it is shown in Fig. 3 the control system of the
mGT and of dynamic model is divided into two parts, the speed
controller which is represented by the IRB, and the fuel controller.

One crucial part which is modeled in Simulink to replicate the
operation and power output control logic is the IRB. In motor
function, it performs as an inverter; in generator function, it acts as a
rectifier. In motor function, the IRB powers the compressor to keep
the combustion chamber’s pressure in the essential level. The
component transitions to generator setting, therefore the IRB is able
to recover energy and re-inject it into the DC bus whenever the
power recovered from the turbine surpasses the input of the engine.
A three-phase bridge made of silicon carbide transistors is utilized to
replicate the hardware. Cable resistance for wiring losses, motor
winding inductance and resistance, back electromotive force (EMF)
voltage to imitate electromotive force, then ground resistance for
leakage currents are contained in every stage. Current and voltage
sensors are employed in each stage to ensure safety and also give
feedback for motor system control. The control system calculates
duty cycles dependent on magnetic field and speed measurements
angles, working on two levels: high frequency torque control at
28 kHz for controlling engine torque and also low-frequency speed
control at 100 Hz for regulating turbospeed. The model gives as
outputs the duty cycles for every stage along with the phase advance
direction, that is applied to evaluate alignment and torque of the
electric and magnetic fields. All in all, the Simulink design can serve
as an essential tool for simulating the IRB’s hardware control
algorithms, enabling comprehensive performance analysis for
effective operation in motor and also generator modes.

The fuel control system incorporates a TOT control loop that
maintains a consistent TOT throughout the simulation. A propor-
tional integral controller is applied, and the gains K,K; are
calibrated to minimize the steady-state error and the settling time.
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More information regarding the IRB and fuel controller is
confidential.

Instrumentation. The test bench located at MITIS headquarters
features the MICRO-10 microgas turbine, designed for residential
power applications. The system has a nominal electric power output
of 10kW. and it operates with a nominal rotational speed of
100 krpm. Table 2 provides details of the sensors used in the
MICRO-10 test bench. Measurements were recorded at a frequency
of 10Hz. For temperature measurements, type K thermocouples
were employed. Most temperature sensors are of Class 2, with an
accuracy of £2.5°C or 0.75% of the measured temperature, while
the TOT sensor is Class 1, with an accuracy of =1.5°C or 0.4% of
the measured temperature. Pressure sensors have an accuracy of
0.2% which is linked with the full-scale values, also there is minimal
thermal error due to the use of long capillaries. The fuel flow
controller measures with an error of =1.5% (1% of the reading
+0.5% of the full scale) and is calibrated for a natural gas flow at
nominal conditions. The mass flowrate of the air flow is measured
with hot-film air mass meter, type HFM 5 by Bosch, with a
maximum error of =3%.

Regarding the temperature measurements, we use two thermo-
couples at the entrance and exit of the combustion chamber and a
double thermocouple for the turbine outlet temperature, all
positioned at the midpoint of the pipe diameter for a representative
temperature measurement. While pipe diameters vary by compo-
nent, we ensure that the cycle mass flow keeps total pressure and
temperature variations low.

Results and Discussion

To validate the accuracy of the developed model, a steady-state
analysis was first performed at nominal power by comparing key
engine parameters with experimental data from the MICRO-10 test
bench. Subsequently, the transient response of the model was also
validated and evaluated against experimental data recorded during
dynamic operation of the MICRO-10 system.

The presence of heat added in the compressor and heat that is lost
in the turbine influence the isentropic efficiencies of the compo-
nents. Therefore, this phenomenon generates the necessity to
perform an initial sensitivity analysis on the electrical efficiency
as the isentropic efficiencies are varied. So as the isentropic
efficiency of the compressor decreases by 1%, 5%, and 10%, we
observed that the electrical efficiency is reduced by 0.36%, 1.92%,
and 4.15% points, respectively. Moreover, as the turbine isentropic
efficiency drops by 1%, 5%, and 10%, the electrical efficiency is
deteriorating by 0.58%, 3.01%, and 6.24%, consequently. These
results showcase the stronger effect of the turbine’s efficiency than
the compressor’s in the performance of the cycle. Also, it is shown
that the effective management of the heat losses will directly
increase the cycle’s efficiency by several percentage points. For a
detailed uncertainty quantification and robust optimization of an
mGT cycle, we recommend the reader to refer to a study written by
part of the authors of this paper [44].

In the validation subsections, the relative error compared to
experiments and also the depiction of parameters is presented as
follows:

Table 2 Details and precision of the measured parameters

Parameter Location Accuracy
Temperature Inlet, outlet of components +0.75%
Temperature Turbine outlet (TOT) +0.4%
Pressure Inlet, outlet of components +0.2%
Shaft speed, N Controller +0.5%
Mass flow rate, riry Controller *+1.5%
Mass flow rate, 71, Inlet +3%
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_ [Xexp — X X

100%,  Xnorm = ——— (22)

Xexp Xnom, exp

Cx

where x is a performance parameter, e is the relative error and x ey is
the measured performance parameter during experiment. Therefore,
the presented performance parameters of this study are normalized
to respect the confidentiality of the manufactured prototype. At last,
transient results are presented in this chapter during a rotational
speed step response to confirm the model’s ability to simulate part-
load changes.

Steady-State Validation. Figure 7 illustrates the relative error of
Eq. (22) for various performance parameters at the nominal
operation MICRO-10 mGT. The comparison between the experi-
mental and simulated data shows excellent agreement in temper-
atures across all the measured stages of the cycle. The deviations of
temperatures observed are close or fall within the uncertainty
margins of the measurement sensors, reinforcing the accuracy of the
model. Three pressure values present a relative error higher than 2%
with the highest value to be shown at the compressor outlet. This
error is associated with the behavior of the compressor, and it is
passed on to the other components. The compressor of the test bench
receives a heat flow from the turbine, which deteriorates its
performance. This heat diverges the compression process further
away from the ideal isentropic. As a result, the outlet temperature is
increasing and the pressure ratio is decreasing. However, this error
could be calibrated in the future, including a more detailed
differential equation and calculating the real process rather than
an isentropic.

The rotational speed of the shaft shows the lowest error,
confirming the accurate modeling of the IRB component. Moreover,
the air mass flowrate presents a deviation from the experiment less
than the accuracy of the air flowmeter ( < 3%). This result certifies
that the pressure ratio of the turbine along with the turbine map
accurately predict the gas mass flowrate of the cycle.

These results demonstrate the model’s ability to replicate the
steady-state behavior of the mGT accurately. Such fidelity is
essential for establishing a reliable baseline for further exploration
of transient dynamics. The agreement also indicates that the
assumptions made in the model, such as neglecting minor heat
losses and assuming idealized component behavior, are reasonable

Turbine F 1.01 temperature
outlet |1 0.12 pressure
Turbine - 0.92
inlet 2.36
Recuperator - 0.69
outlet 321
Compressor - 0.98
outlet 3.75

3 4
Relative error, e (%)

— 2.07 air mass flow rate
0.16 rotational speed

L 1 |

0 1 2

Fig. 7 The relative error from experiments of significant
performance parameters is not more than 4%. Temperature and
shaft speed present high accuracy.
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Compressor inlet pressure (bar)
1.004 - \
0.970 -
Rotational speed, Nief, norm [-]
1.0 - /
03"%-
Fuel mass flow rate, 771 norm [-]
1.00 -
021 "% 1 1 1 | |
0 150 500 1000 1500 2000
time (s)

Fig.8 Input parameters for the transient validation of the model.
The fuel mass flowrate and the reference shaft speed are the input
control parameters. The boundary conditions are applied with the
compressor inlet temperature and pressure.

under steady-state conditions. This validation ensures the robustness
of the model and highlights its potential for optimization and
operational analysis.

Dynamic Validation. For the dynamic validation, an experi-
mental test in which the recuperator is already hot is utilized
(typically called a hot start). This study provides useful information
regarding the performance of the model while specific initial
conditions are applied.

Figure § presents the input parameters, including rotational speed
and fuel flowrate, used to evaluate the dynamic response of the
system. Compressor inlet temperature and pressure are the boundary
conditions of the simulation. As the fuel flowrate is increasing
(0-150s) from 21% to 100% and shaft speed from 30% to 100%, the
air mass flowrate is increasing to maintain a lambda value in the
combustion of 1.3. This acceleration behavior elevates the pressure
losses in the compressor inlet and decreases the temperature within
this time range.

The reference rotational speed and the fuel flowrate are
intentionally fed into the system to emulate a restart of the mGT
while it did not have time to cool down from its previous run. The
controlled nature of these variations allows us to systematically
assess the model’s transient behavior, ensuring it is responsive to
realistic operational scenarios.

Normalized rotational speed [-]

1.00 —
0.90 -

Experiment

035+
Normalized air mass flow rate [-]
1.02 —

| | | |
0 150 500 1000 1500 2000

time (s)

Fig.9 Rotational speed and air mass flowrate simulation results
show high fidelity with experimental data during an acceleration
of the mGT
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Figures 9—11 show collectively the dynamic validation results, by
comparing the outputs of the model with the measured values from
experimental test. In Fig. 9, we depict the device’s rotational speed
and air mass flowrate during transient operation. The model
effectively predicts the pattern of acceleration, displaying out-
standing agreement with the experimental data. The IRB presents
shaft speed error during the transient under 1%. Furthermore, the
turbine map properly calculates the gas mass flowrate, with an error
less than 5% in the entire transient test. This particular result
validates the implemented speed control approach and also the
model’s handling of rotational dynamics under transient conditions.
Additionally, it underscores the model’s capacity to conform to
sudden changes in running modes, that is vital for keeping balance in
decentralized power grids.

In Fig. 10 we present the temperature transients at four different
positions in the cycle. The compressor outlet temperature presents a
maximum error of 6.3% at 163s. However, this value is quickly
diminished as the average remains at 1%. The turbine outlet
temperature demonstrates the lowest average error of 0.86%.
Recuperator outlet temperature follows with an error of 0.93%
and turbine inlet shows 0.95%. Therefore, these results exhibit the
model’s ability to accurately track thermal transients during rapid
changes with the effective calibration of thermal inertias and heat
exchange dynamics in the differential equations within the model’s
system. Minor discrepancies observed are likely due to unmodeled
factors, such as localized heat losses, which could be modeled in the
future as they are outside the scope of this article.

The pressure profiles for the acceleration of the mGT are shown in
Fig. 11. As it is confirmed with the steady-state validation, the
turbine outlet pressure presents the lowest error at nominal
conditions due to the accurate modeling of the pressure losses of
the cycle. Atlow rpm the error increases but remains less than 1%. In
general, the trend of pressure increase during the acceleration and
nominal conditions is captured adequately regardless of the error
that is shown in the compressor outlet pressure, which is explained in
the “Steady-state validation” subsection.

Dynamic Results. We examined the transient response of the
mGT model by performing load step changes in rotational speed, as
revealed in the upper diagram of Fig. 12 with the N, action. The
normalized rotational speed (Vo ) €xhibits discrete steps over time
that last several minutes, reflecting the applied reference values of
Nrr. We can observe that, the model effectively tracks these changes

Normalized turbine outlet temperature [-]
1.013 Model

1.000 Experiment

0.870 -
Normalized turbine inlet temperature [-]

1.000 _

0.994

L /

Normalized recuperator outlet temperature [-]
1.008 =

1.000
0.877 -/
0.825 -

Normalized compressor outlet temperature [-]

1.00 —
0.99
0.78 = 1 1 | 1 ]
0 150 500 1000 1500 2000
time (s)

Fig. 10 Temperature profiles during an acceleration of the mGT
at four different positions. The average error remains below 1% in
the modeled temperatures.
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Fig. 11 Pressure profiles during the acceleration of the mGT.
The turbine outlet pressure exhibits minimal error at nominal
conditions due to accurate modeling of pressure losses, with
errors at low rpm increasing but remaining below 1%.
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Fig. 12 Normalized rotational speed and TOT during transient
load step changes of the mGT model, highlighting the fuel control
system’s and IRB’s effectiveness in maintaining stability around
the reference values

with fast response, demonstrating the robustness of the speed
management system which is implemented by MITIS. The small
overshoot that is shown between N and N,¢ highlights the effective
implementation of the IRB into Simulink as well as the accurate
modeling of the system’s dynamics and inertia (/).

The bottom segment of Fig. 12 illustrates the normalized TOT
compared with its reference value (TOTt). Throughout the step
changes in rotational speed, the TOT exhibits small oscillations,
reflecting the transient adjustment of the gas flowrate to complement
the required operating conditions. At negative shaft speed steps, the
air/fuel ratio decreases instantaneously, increasing the TOT. At
positive steps the air/fuel ratio increases respectively which reduces
the TOT. The fuel control system successfully minimizes the
overshoot and stabilizes the TOT within a narrowband around
TOTyt. The close agreement between the measured TOT and
TOT,.s indicates the fidelity of the fuel control strategy and the
accurate thermal modeling of the system.

Conclusions

In this paper, we presented the development and validation of a
dynamic model for anovel 10 kW, mGT. Also, we demonstrated the
first experimental results of the prototype that are utilized for
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validation purposes. The constructed model aimed to provide a real-
time simulation framework to replicate the transient and steady-state
behavior of the system. Speed, temperature, and pressure parameters
presented minimum error with the measurements, validating the
model’s dynamic representation. Also, the model’s ability to track
reference control values while maintaining stability during accel-
eration highlights its applicability for real-time control. Addition-
ally, we applied transient step responses to further provide results
regarding dynamic reliability. Under several step responses, the
shaft speed and fuel control systems operate dependably, remaining
steady also strongly following with the reference values. By directly
replicating experimental results, the code offers a strong framework
for analyzing and also optimizing mGT operations under different
transient conditions, making sure reliability and adaptability in
renewable-dominated power systems.

In future work, a number of improvements and innovations will
assist the performance and versatility of this system. Data collected
from experiments will be used to fine-tune heat losses and
performance map curves, raising model accuracy. A proportional—
integral—derivative (PID) controller could be used for the fuel
management system, with careful tuning of K,, K;, and K; to
minimize overshoot and improve stability. Increasing K, while
moderating K, and K; helps achieve a well-balanced response, but an
optimization algorithm could also be implemented to dynamically
adjust these gains for optimal performance. A humidification tower
will also be integrated and tested in UMARC laboratory at
University of Mons, transforming it into the microhumid air turbine.
This will increase the flexibility and efficiency of the system toward
integration to sustainable energy applications.
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Nomenclature
Acronyms

CC = combustion chamber
CHP = combined heat and power

IRB = inverter rectifier board
mGT = micro gas turbine
ODE = ordinary differential equation

PI = proportional integral
PMSG = permanent magnet synchronous generator

REC = recuperator

TIT = turbine inlet temperature, °C
TOT = turbine outlet temperature, °C

Roman Symbols

¢, = mass heat capacity, kJ/(kgK)
h = mass specific enthalpy, J/kg
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I = moment inertia, kg m>

k = heat capacity ratio
m = mass, kg
N = rotational speed, rpm
P = power output, kW

p = pressure, Pa

s = mass specific entropy, J/kg/K
T = temperature, °C

t = time, s

Greek Symbol
n = efficiency, %

Subscripts

el = electrical
nom = nominal
norm = normalized
ref = reference
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