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Abstract.

Introduction
In the course of the energy transition, decentralized

power generation is gaining increasing importance.

This also applies to combined heat and power (CHP)

units, which simultaneously generate heat and electric-

ity and therefore exhibit high overall efficiency. The

core of such systems typically consists of internal com-

bustion engines, which can be operated in a CO2-neutral

manner in the future due to the increasing availability

of hydrogen. The operation of power generators in iso-

lated grids under dynamic load conditions imposes high

requirements on the operating behavior of the driving

internal combustion engine.

In conventional configurations, where the engine is

directly coupled to a synchronous generator, load fluc-

tuations can lead to speed variations of the unit and,

consequently, to fluctuations in grid frequency. Since

many electrical consumers are highly sensitive to fre-

quency deviations, it is essential to keep these within

narrow limits.

Therefore, especially manufacturers of larger gener-

ator sets are required to quantify the effects of possible

load scenarios on the grid frequency provided by the

generator already at an early design stage.

Against this background, a simulation model was

developed that enables the calculation of the operational

behavior of an internal combustion engine in combina-

tion with a generator and a variable electrical load sce-

nario based on physical principles.

The model is based on a crank-angle-resolved pro-

cess calculation in order to obtain a more precise de-

scription of the system behavior and to enable optimiza-

tion of the system configuration with respect to a wide

range of parameters.

In this paper, the model of a power generation unit is

presented and the obtained simulation results are com-

pared with experimental data from a test bench.
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1 Internal Combustion Engine
Model

For the simulation environment of the internal combus-

tion engine, a modeling approach based on established

submodels was selected.

In this zero-dimensional (0D) model, the combus-

tion chamber is considered as an ideally mixed system

at any point in time, and the state variables pressure

and temperature are represented as functions of time or

crank angle.

Using the energy balance according to the first law

of thermodynamics, the change in internal energy dU
within the combustion chamber can be described as fol-

lows [1]:

dU
dt

=−p
dV
dt

+
dQB

dt
− dQW

dt
+hI

dmI

dt
−hE

dmE

dt
(1)

The first term represents the work performed on the pis-

ton in the form of volume change work −p dV
dt . Fur-

thermore, dQB
dt denotes the heat release due to combus-

tion, dQW
dt the wall heat transfer, hI

dmI
dt the enthalpy flux

through the intake valve, and hE
dmE

dt the enthalpy flux

through the exhaust valve [2].

To solve the mass and energy balances, models were

implemented for the heat release due to combustion

(burn rate), heat transfer between the in-cylinder gas

and the combustion chamber walls, the gas exchange

process, and the change in internal energy within the

cylinder.

The calculation of the internal energy is based on the

caloric equation of state for ideal gases:

du = cv ·dT (2)

The specific heat capacity cv is determined using a

component-based model according to Grill [3]. In this

approach, the in-cylinder gas is assumed to be a mix-

ture of ideal gas species. A prerequisite is the prior

calculation of the equilibrium composition of the in-

cylinder gas as a function of temperature, air–fuel ratio,

and pressure.

Based on this approach, the specific internal energy

is used to determine the specific heat capacity cv ac-

cording to Equation (3) [3]:

cv =

(
∂u
∂T

)
p
+

(
∂u
∂ p

)
T
· p

T
(3)

1.1 Combustion model

A key component in modeling the in-cylinder process is

the combustion model. This model describes the tem-

poral evolution of heat release from the chemical en-

ergy stored in the fuel (reaction enthalpy released dur-

ing combustion).

Various modeling approaches can be used to repre-

sent the burn rate, including phenomenological or em-

pirical burn rate models.

In the present simulation model, a combined phe-

nomenological combustion model based on the ap-

proaches of Barba [4] and Chmela [5] is employed. The

input variable for this model is the injection rate, which

is calculated using an implemented injector model [6].

The calculation of the combustion process is based

on two submodels: one for the pilot combustion and one

for the main combustion. For the combustion of the pi-

lot injection, a spherical propagation of the flame front

originating from a single ignition point is assumed.

The flame radius is determined by the turbulent

flame speed sturb. The flame surface area can be ex-

pressed as follows [7]:

AFlame = 4 ·π · r2
Flame (4)

Assuming a homogeneous air–fuel mixture, the mass

burning rate for turbulent combustion originating from

a single ignition point can be described by:

ṁFuelBurn I = k1 ·ρub · sturb ·AFlame (5)

However, it can be assumed that ignition does not occur

at only one localized point in the combustion chamber,

especially once the pilot combustion has progressed.

Therefore, following [4,7,8], a second approach for

modeling the combustion process is implemented:

ṁFuelBurn II = k2 · 1

Λ2
mc

· sturb

rmc
·mFuelVap (6)

The total burned fuel mass is obtained from the super-

position of Equations (5) and (6) [8]:

ṁFuelBurn =
ṁFuelBurn I · ṁFuelBurn II

ṁFuelBurn I + ṁFuelBurn II
(7)

The combustion model for the main injection is also

described using two submodels: one for premixed com-

bustion and one for diffusion-controlled combustion.

3 SNE 36(1) – 3/2026



First, the spray penetration depth S is calculated us-

ing an approach proposed by Najar [9]:

Sρg = 265,7 ·
(

m f√
Qhyd

)0,445

·ρ−0,387
g (8)

Figure 1 illustrates the schematic representation of the

spray for different air–fuel ratio regions in the combus-

tion model. The region close to the nozzle represents a

fuel-rich zone with limited air availability. As the spray

penetrates further into the combustion chamber, the lo-

cal air–fuel ratio increases accordingly.

Based on the lambda-dependent regions, a mixture

volume Vmix can be determined in which the evaporated

fuel and the amount of air defined by the local air–fuel

ratio are present [5]:

Vmix = mF

(
1

ρF,vap
+

λ ·Lmin

ρAir

)
(9)

Figure 1:

Within the model, two fuel pools are distinguished. The

amount of fuel injected during the ignition delay period

is assigned to the premixed combustion, whereas the

fuel injected after the start of combustion is attributed

to diffusion-controlled combustion.

The ignition delay is divided into a physical and a

chemical part [4]:

τID = τID,phy + τID,chem (10)

The individual components are calculated using

Equations (11) and (12):

τID,phy = c0 ·uDrop0
−1.68 ·dD.e f f

0.88 (11)

τID,chem = c1 ·
(

pcyl

p0

)c2

·λZn
c3 · e

TAct
TG (12)

To account for the temporal variation of pressure and

temperature during the ignition delay, the following in-

tegral formulation is applied:

1 =

tSOC∫
tSOI

1

τID
dt (13)

The ignition event occurs when the integral reaches

unity. After the start of combustion, the heat release

rate of the premixed combustion phase is calculated ac-

cording to [5]:

dQB.Pre

dt
= cpre,1 ·λpre ·Lmin · e

−
cpre,2 ·TAct

TG · m f ,Pre
2

Vmix

·HU · (t − tSOC)
2 (14)

The diffusion-controlled combustion is modeled using

a frequency-based approach according to Barba [4] and

is described by:

dQB.Di f f

dt
=

u′

lDi f f
·mFuelVap ·HU (15)

By introducing a characteristic mixing length lDi f f and

the turbulent mixing velocity u′, the following formula-

tion is obtained:

dQB.Di f f

dt
=

√
cG · cm

2 + cKin · k
3

√
Vcyl

λ ·nnozzle

·mFuelVap ·HU (16)

The turbulent kinetic energy k is calculated using the

following equation based on a k-ε model [10]:

dk
dt

=−2

3
· k
Vcyl

·dVcyl

dt
− εDiss · k1,5

l
+

(
εq · k1,5

q

l

)
φ>ZOT

+ εE · dkE

dt
+ εD · c3

m

l
(17)

It is assumed that premixed and diffusion-controlled

combustion start simultaneously.
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In this case, a time-delay function FPre−Di f f is in-

troduced to shift the diffusion combustion rate and to

account for the delayed chemical reactions governing

diffusion-controlled combustion immediately after the

start of combustion [8]:

FPre−Di f f =

(
mFuelBurn pre

mFuelVap pre

)e

(18)

Considering this delay function, the total heat release

rate is given by:

dQB.Di f f

dt
=

dQB.Pre

dt
+FPre−Di f f · dQB.Di f f

dt
(19)

Figure 2 illustrates the individual heat release functions

as well as their superposition.

Figure 2:

1.2 Heat transfer model

One of the most complex submodels is the description

of heat transfer between the working gas in the combus-

tion chamber and the chamber walls.

In general, the wall heat flux in the cycle simulation

is calculated using a Newtonian heat transfer approach:

Q̇W = α ·A(ϕ) · (TG −TW ) (20)

In Equation (20), A denotes the heat transfer area, which

is composed of the cylinder head surface, the piston

crown area, and the instantaneous lateral surface of the

combustion chamber depending on the piston position.

For the calculation of the heat transfer coefficient α ,

a model according to Bargende is applied [11]:

α = 253,5 ·V−0,073
cyl

·T−0,477
m · p0,78

cyl ·w0,78 ·Δ (21)

The term w represents a velocity relevant for heat trans-

fer, while the combustion-related term Δ accounts for,

among other effects, the varying temperature differ-

ences between burned and unburned gas as well as a

burn-rate-dependent weighting factor X .

Both terms are calculated using Equations (22) and

(23):

w =
1

2
·
√

8 · k
3

+ c2
K (22)

Δ =

[
X

Tb

TG

Tb −TW

TG −TW
+(1−X)

Tub

TG

Tub −TW

TG −TW

]2

(23)

text

In Equation (22), the specific turbulent kinetic energy k
is again calculated using a k-ε model.

For the temperature calculation, a single-zone

approach is applied in which no explicit separation

between burned and unburned zones is performed.

According to Bargende [11], the temperature of the

unburned gas Tub is calculated from the start of combus-

tion (SOC) using a polytropic relationship:

Tub = TG,SOC ·
(

pcyl

pcyl,SOC

)( n−1
n )

(24)

The temperature of the burned gas Tb is then obtained

as:

Tb =
1

X
·TG +

X −1

X
·Tub (25)

1.3 Two-zone model

In order to predict nitrogen oxide (NO) emissions, a

two-zone combustion model is introduced in addition

to the single-zone approach.

In this model, the combustion chamber is divided

into an unburned and a burned zone, which are sepa-

rated by an infinitesimally thin flame front.

A mass exchange from the unburned to the burned

zone is considered using a phenomenological approach

according to Kožuch [10].

According to Kožuch, the unburned zone is de-

scribed by:
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(
Vub

Vcyl

) 2
3

· dQw

dt
− p

dVub

dt
+

dmub

dt
· (uub +Rub ·Tub)

= mub ·
[

∂uub

∂T
dTub

dt
+

∂uub

∂ p
d p
dt

]
+uub · dmub

dt
(26)

Analogously, the energy balance of the burned zone is

given by:

(
1−

(
Vub

Vcyl

) 2
3

)
· dQw

dt
+

dQB

dt
− p

dVb

dt
− dmub

dt
·hub

= mb ·
[

∂ub

∂T
dTb

dt
+

∂ub

∂ p
d p
dt

+
∂ub

∂λ
dλb

dt

]
+ub · dmb

dt
(27)

Additionally, a mass transfer from the unburned zone

into the burned zone is considered. This represents gas

that bypasses the flame front and is directly mixed into

the burned zone, allowing regulation of temperature and

equivalence ratio.

The corresponding mixing function g is given by [10]:

g = cg ·ρub ·uTurb ·V
2
3

b ·nnozzle + cga · dmB

dt
(28)

Together with an additional mass flow term, the total

mass transfer from the unburned to the burned zone be-

comes:

dmub

dt
=−

[
g+(1+ xR,st) ·λF ·Lst · 1

HU
· dQB

dt

]
(29)

Figure 3 illustrates the calculated temperature curves of

the unburned and burned zones in comparison with the

mass-averaged temperature obtained from the single-

zone model.

Based on the calculated temperature history of the

burned zone and the equilibrium composition of the

species, the NO concentration is determined using

chemical kinetics.

The calculation is based on the extended Zeldovich

mechanism [12][13], which describes NO formation as:

d[NO]

dt
= k1,v[O][N2]+ k2,v[N][O2]+ k3,v[N][OH]

− k1,r[NO][N]− k2,r[NO][O]− k3,r[NO][H]
(30)

Figure 3:

2 Turbocharger Model

In exhaust gas turbocharging, the residual exhaust gas

energy available after the power stroke is utilized to in-

crease the engine’s power density. The turbine is driven

by the exhaust gas enthalpy flux, which passes radially

through the turbine and sets the turbine wheel and shaft

into rotational motion.

This motion is transmitted to the compressor wheel,

thereby supplying the internal combustion engine with

an increased amount of fresh air. Considering the power

balance between turbine and compressor under steady-

state conditions and neglecting mechanical losses, the

turbine power PT converted from exhaust gas enthalpy

equals the compressor power PC :

PT = PC (31)

The power of the turbine and the compressor is deter-

mined by the mass flow rate ṁi, the specific isentropic

enthalpy difference Δhi,is, and the isentropic efficiency

ηi,is [14]:

PT = ṁT ·ΔhT,is ·ηT,is (32)

PC = ṁV ·ΔhV,is · 1

ηV,is
(33)

The dynamic behavior of the turbocharger is described

by the power balance between turbine and compressor.
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From the power difference, the rotational inertia

of the rotating assembly JTC, and the mechanical effi-

ciency ηm, the change in angular velocity ωTC (or rota-

tional speed) of the turbocharger (TC) can be derived.

Applying the conservation of rotational energy yields:

dωTC

dt
=

PT ·ηm −PV

JTC ·ωTC
(34)

3 Synchronous Generator

For the simulation of the generator, a per-unit

(PU) based synchronous generator model from the

SimscapeTM library is employed [15]. The per-unit sys-

tem normalizes all relevant system parameters to de-

fined base values, resulting in dimensionless quantities.

Since most generator manufacturers provide their ma-

chine parameters in per-unit notation, this approach al-

lows for a realistic parameterization of the simulation

model.

The input variable of the generator model is the rota-

tional speed of the internal combustion engine. The out-

put variable is the electromagnetic torque, which acts as

the load torque on the combustion engine.

4 Model Validation

To evaluate the transient load behavior, the developed

simulation model was validated using experimental data

obtained from a test bench.

Figure 4 shows the transient response of the simula-

tion compared to measurements for a load step from 2

kW to 13 kW. The load step is applied at a simulation

time of three seconds. As a consequence of the load

increase, the engine speed and thus the generator fre-

quency decrease. The speed controller of the internal

combustion engine responds by increasing the injected

fuel mass, which raises the indicated torque to compen-

sate for the increased power demand. At a simulation

time of approximately seven seconds, the nominal fre-

quency of 50 Hz is reached again and remains stable

thereafter.

Overall, the simulated frequency response shows

very good agreement with the experimental measure-

ments. The gradient of the measured torque curve is

slightly lower than that predicted by the simulation;

however, the overall torque behavior matches the

simulation results well.

Figure 4:

For further validation of the model under this load

scenario, the simulation results were compared with

experimental data obtained from a diesel engine test

bench. Figure 5 shows a comparison of the in-cylinder

pressure traces during the high-pressure phase for the

load points of 2 kW and 13 kW.

In addition, the corresponding heat release rates

were derived from the measured pressure traces in or-

der to enable a direct comparison with the simulation

results. The comparison of the calculated cylinder pres-

sure and heat release curves shows very good agreement

between simulation and measurement.

Figure 5:
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Figure 6 illustrates the dynamic behavior of the tur-

bocharger during the load step using the parameters ex-

haust pressure, boost pressure, and turbocharger speed.

The increase in injected fuel mass during the load step

leads to a rise in exhaust gas enthalpy, which increases

the pressure in the exhaust manifold and results in a

higher turbine power output.

Consequently, the turbocharger speed increases and,

due to the higher air mass flow through the compressor,

the boost pressure in the intake manifold rises.

The comparison with the experimental data shows

that the simulated exhaust pressure and turbocharger

speed exhibit a high level of agreement with the mea-

sured curves in terms of their dynamic behavior.

Figure 6:

5 Summary

The modeling approach presented in this paper en-

ables a comprehensive simulation of the operational be-

havior of power generation units operating in isolated

grids with dynamic load conditions using a highly time-

resolved process simulation.

In contrast to conventional modeling approaches,

the combustion model presented here allows the sim-

ulation of multiple injection strategies due to its phe-

nomenological formulation. In addition, the imple-

mented two-zone model enables the prediction of nitro-

gen oxide emissions within the simulation framework.

The comparison of simulation results with exper-

imental measurements from a generator test bench

demonstrates very good agreement, confirming the ap-

plicability of the proposed modeling approach.

Future work will focus on investigating the influence

of different fuel properties and their impact on the op-

erational behavior of power generation units under dy-

namic operating conditions.
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Nomenclature
εDiss Dissipation constant [-]

εD Swirl constant [-]

εE Injection constant [-]

εq Squish flow constant [-]

λ Air–fuel equivalence ratio [-]

Λmc Air–fuel ratio mixture cloud [-]

λZn Local air–fuel equivalence ratio [-]

ρF,vap Fuel vapor density [kg/m3]

ρg Gas density [kg/m3]

τID Ignition delay [s]

c0,1 General constant [-]

cK Piston speed [m/s]

cm Mean piston speed [m/s]

cpre Calibration parameter [m3/(kg·s3)]

dD.e f f Effective nozzle diameter [mm]

e Exponent [-]

h Specific enthalpy [J/kg]

HU Lower heating value [J/kg]
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k Turbulent kinetic energy [m2/s2]

k1,2 Calibration constants [-]

ki,v,r Reaction rate constant [m3/(mol·s)]

lDi f f Mixing length [m]

ll Characteristic length [m]

Lst Stoichiometric air requirement [kg/kg]

mFuelVap Evaporated fuel mass [kg]

mf Cumulative fuel mass [kg]

n Polytropic exponent [-]

nNozzle Number of injector holes [-]

p0 Ambient pressure [bar]

pcyl Cylinder pressure [bar]

pboost Boost pressure [bar]

pexhaust Exhaust pressure [bar]

QB Released heat (combustion) [J]

Qhyd Hydraulic injector flow rate

[cm3/30 s at 100 bar]

R Specific gas constant [J/(kg·K)]

rmc Radius mixture cloud [m]

Rohr Rate of heat release [J/°CA]

Sρg Spray penetration length at a gas density

[mm]

TAct Activation temperature [K]

TG,m Mean in-cylinder gas temperature [K]

tSOC Start of combustion [s]

tSOI Start of injection [s]

TW Wall temperature [K]

u Specific internal energy [J/kg]

uDrop0 Initial droplet velocity [m/s]

uTurb Turbulent velocity [m/s]

Vcyl Cylinder volume [m3]

xR,st Stoichiometric residual gas fraction [-]

t
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