INTRODUCTION

Reciprocating gas engines are increasingly used in
generating sets for distributed electricity generation.
Distributed generation of electricity is rapidly gaining
importance. The background is economic as well as
environmental. Many economic processes depend
on the constant availability of affordable electricity.
With a large number of interconnected local power
plants, the reliability of the electricity supply can be
substantially improved [1]. Moreover, distributed
generation reduces the capital investment in long-
distance transmission lines. The environmental
benefits will primarily be found in improved fuel
utilization and consequently less greenhouse gas
emissions. The improved fuel utilization results on
the one hand from the possibilities for cogeneration
where the heat released by the electricity generating
process will be used for heating purposes, either for
buildings or for processes. On the other hand, the
typical efficiency reduction of large power plants by
the need to run at lower than rated loads can be
avoided with a number of smaller generators in
parallel. Also transmission losses can be drastically
reduced; such losses can consume up to 8% of the
centrally generated electricity [2]. Distributed
generation also makes possible the use of locally
available fuels such as natural gas or biogas.

The gradual move from oil as the primary fuel for
the world towards natural gas and alternative fuels
is also creating more possibilities for reciprocating
gas engines. In the recent past, local power plants
were often driven by diesel engines or by gas
turbines. Reciprocating gas engines are on the
market in the wide power range between 1 kW and
20 MW. Thus far, their major application is found in
cogeneration installations and in mechanical drives
for gas compressors. Most cogeneration
installations are running in parallel to the electricity
grid. Nowadays however, gas-engine-driven
generators are also increasingly wused for
emergency purposes in case the electricity grid
fails. Examples are found in critical applications
such as hospitals and process industries. In these
applications of reciprocating gas engines, the power
stability and a good response to stepwise changes
in load are of utmost importance.

This paper will show that reciprocating gas engines
with a controlled gas supply per cylinder can have
an excellent response to load steps. The basic
mechanisms involved will be explained as well as
the limitations imposed by e.g. the fuel properties.
Prerequisites are a proper understanding of the
underlying processes and an adequate control
strategy. Ultimately, generating sets driven by
reciprocating gas engines can have a dynamic
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performance close to that of a diesel-engine-driven
generating set.

BASIC POWER OR SPEED CONTROL

An engine-generator combination running in parallel
to a strong electricity grid is being controlled for
generating the desired electric power. The
instantaneous power output can be measured by
multiplying the voltage and current of the generator.
Any deviation between the measured and desired
power can be corrected for via an adaptation of the
supply of mixture of fuel and air to the engine (see
figure 1). The major reason for controlling the power
of a generating set running in parallel to the grid is
an economic one: the unit has to operate in the
financially most attractive way. Rapid control of
smaller deviations from the desired power is
generally not necessary under such circumstances.
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Figure 1: basic control of a generating set.

In island operation however, the generating set is
determining the frequency and voltage for the
connected load. In many cases, stringent limits
have been set to deviations from the desired values
because of sensitivities of the load. The standard
ISO 8528 [3] prescribes limits in frequency and
voltage variations for three different classes of
applications. Variations in running speed n of a
generating set will basically induce voltage
variations since the generated voltage V equals:

V =c.n. . (1)

All commercial synchronous generators have rapid
electronic control equipment which will correct the
magnetic flux  so that the generator voltage will
generally be close to the desired value. Speed
deviations however have to be compensated for by
adapting the supply of combustible mixture to the
engine cylinders (see figure 1).

INITIAL RESPONSE TO A LOAD STEP

The output of reciprocating gas engines operating
on the four-stroke Otto cycle can never immediately
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follow any change in fuel energy input (i.e. the
combustible mixture charge). First, the new mixture
charge has to enter the cylinders during the intake
stroke. Second, the mixture has to be compressed
and subsequently ignited during the compression
stroke. Third, after combustion, the cycle is
producing work from the new mixture charge. So, it
takes as a minimum slightly more than a crankshaft
revolution to react for a cylinder which had its intake
valves open in the process of receiving a new
charge. For a cylinder which had closed its intake
valve just before the mixture charge was
readjusted, an additional four-stroke cycle (two
extra revolutions) is required before it can receive
the new charge. So, after little more than three
crankshaft revolutions, all cylinders of the engine
have responded to the new mixture charge setting.
This delay in responding means that in island
operation, variations in load can never be
compensated instantaneously. In island mode, load
steps will basically bring about variations in running
speed (= frequency).

The rotating inertia I, of a generating set helps to
overcome load changes. Without inertia, a load
increase would immediately result in a full stop of
the engine, while load rejection would mean
immediate overspeeding. The ratio of rotating
energy E, and nominal (= rated) power P, is
generally called the inertia constant

= E IP,=%1 ?IP, )

For most commercial reciprocating-engine-driven
generating sets, | lies between 0.8 and 1.5 s. It is
the generator which determines 55 to 70% of the
rotating inertia of the set. It can be stated that the
current design criteria of engines and generators
primarily dictate the rotating inertia. Substantially
increasing the rotating energy by e.g. a factor two
would severely affect the design, especially the size,
the amount of rotating material and the torsional
behavior. Preferably, an engine-driven generating
set should give a good dynamic performance
without the need to change its optimum mechanical
design. The advantages of a small inertia constant
are a rapid speed up during starting and a quick
detection of load variations via speed variations.

The initial response of the instantaneous running
speed n (= 60 / 2 ) of a gas-engine-driven
generator to a load step is fully determined by the
moment of inertia |, and the running speed of the
unit on the one hand and the size of the load step

P on the other. The running speed n is expressed
here in rpm for the sake of convenience. Since the
engine cannot react immediately, the load step P
will be fully compensated by drawing energy from
the rotation of the set. Power P equals by definition
dE/dt, so it can be derived from (1) that:
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dn/dt =-3600 P /(4 I, n), (3)

or expressed in the relative load step S (S= P /P,-
100%) and the inertia constant :

dn/dt =- (n,?/200).S/(n ) (4)

In an example, an engine-generator combination
will be taken with a moment of inertia |, of 1000
kgm2 rotating at 1000 rpm. This renders a rotating
energy of 548 MJ. The generator is a 6 pole
machine so the electric frequency equals 50Hz. The
nominal power of the unit is 4 MW, so the inertia
constant | equals 1.37 s. If the load step is 50% of
the rated power, or 2 MW, the initial running speed
change will be 182 rpm/s. If the engine control
system would not react by changing the fuel input, it
will take 1.1 s to exceed the 20% transient
frequency deviation from the rated frequency as
stated for a positive load step in class G2 of ISO
2528. If the engine control system would not react
at all and the extra load would remain present, the
extra load would exhaust the rotating energy within
2.7 s (see figure 2). Since the inertia constant
hardly depends on the engine make, this is a typical
behavior of reciprocating-engine-driven generators.
In reality, the power the engine had before the load
step will decline linearly with running speed so that
without correcting actions the unit would be at
standstill even earlier if the total new load remains
the same.
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Figure 2: Running speed decline of a rotating inertia
of 1000 kgm? starting at 1000 rpm with a positive
constant load of 2 MW.

THROTTLE CONTROL RESPONSE

The energy flow with the mixture of fuel gas and air
entering the cylinders and the conversion efficiency
together determine the power output of an engine.
Traditionally, the power output and running speed of
Otto-cycle engines are controlled with a throttle
valve that meters the inflow of the mixture of fuel
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gas and air. A carburetor upstream of the throttle
valve prepares this mixture, often at a close to fixed
air-to-fuel ratio. The mixture is rather lean in
modern stationary engines, for reasons of efficiency
and emissions. A lean mixture allows the engine to
operate at a high load and efficiency without the risk
of knock and thermal overload. A lean mixture also
reduces NOx formation substantially. Too lean a
mixture gives rise to misfiring. The lean ignition limit
can be extended by putting the spark plugs in rich-
running prechambers or with diesel-pilot ignition. To
compensate for the low energy content of lean
mixtures and to further boost the power output and
conversion efficiency, the use of turbochargers is
common practice for stationary engines. Figure 3
shows the basic configuration for engine control
with a carburetor and a throttle valve.
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Figure 3: Engine control with a carburetor and
throttle-valve configuration.

The dynamic response of an engine with a close to
constant air-to fuel ratio with throttle-valve control
heavily depends on the operating point of the
engine. The pressure difference over the throttle
valve is the major indicator of the initial load-step
capability. Figure 4 gives an example of the
required intake manifold pressure as a function of
load as well as the pressure upstream of the throttle
valve. Starting at zero load, the pressure upstream
of the throttle valve is sufficient for adding 30% of
the rated load. This makes a reasonable load step
possible. At loads over 40%, the immediately
available extra charge pressure in this example is
about 150 mbar thus allowing a load step of 6% of
the rated power. Naturally, the turbocharger will
gain in speed after a charge increase allowing some
extra load increase. This is especially the case in
the higher load range.

After a load step, the change in required power has
to be measured and corrected for with a new setting
of the throttle valve position. The measurement
procedure and the response time of the throttle
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valve are the first delay elements in the process.
Also the flow in the engine heavily affects the
dynamic process. As soon as the throttle valve
opens, the flow has to increase in speed and fill the
volumes of the intake manifold. At the same time,
the carburetor has to adjust to the new flow setting
and that generally results in a temporary leaning of
the mixture since the zero-pressure controller [4]
has a finite response speed. Also the turbocharger
will show a lag in responding since it has to speed
up after a load increase. All these effects added
mean that in practice for 1SO 8528 class G2,
optimized gas engines with only throttle-valve
control cannot accept load increases larger than
about 20% at zero load and 10% around 70% load.
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Figure 4: Pressures upstream and downstream of
the throttle of a throttle-controlled gas engine.

In case of load rejection, immediate closure of the
throttle valve still entails the volume of the intake
manifold to be consumed before the engine fully
reacts. Such a sudden closure also holds risks of
surge of the compressor of the turbocharger. A
rapidly acting bypass is of utmost importance here.

Some manufacturers offer engines which have
carburetors with temporary mixture enrichment
during a positive load step. This positively increases
the size of the allowed load step. The drawbacks of
the time required for the throttle valve to move and
for the intake-system volume to be filled are still
present then, while additional risks of heavy
backfiring in the intake manifold occur. An explosive
mixture is always present in the intake system with
an engine lay out as in figure 3. Especially
transients increase the risk of backfiring in this
concept.

PER CYLINDER FUEL ADMISSION

Wartsila applies per-cylinder fuel admission for its
gas engines. This eliminates the risk of backfiring in
the intake receiver. The size of the Wartsila gas
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engines with bores ranging from 220 mm to 500
mm and power ranging from 2 MW to 17 MW s
such that backfiring cannot be allowed. The
electromagnetic valves used for gas admission
have a short opening and closing time (about 3 ms)
compared to the intake stroke duration between 20
ms and 60 ms. The pressure pgypy UPstream of the
valves is adapted in such a way that under
stationary engine conditions a gas admission valve
is open during about half the intake-stroke interval.
This gives a good control authority over the gas flow
since the opening time together with the pressures
upstream and downstream of the valve will be a
close indicator for the amount of gas flowing to
each cylinder. Equation 5 gives a good
approximation for the fuel energy passing through a
valve in a given time interval:

Wobbe
(psupply . p /Tgas) . teff JE (5)
Wobbe (ref)

fuel = K-

(k is a combined valve and gas constant; te is the
effective valve opening time; Wobbe is a gas
property (MJ/m°) [5]).

No throttle valves are present in this concept. The
absolute receiver pressure and temperature are a
measure of the air inflow into the cylinders. So, the
result of equation 5 and the air conditions in the
receiver together with the running speed of the
engine determine the air-to-fuel ratio. The receiver
pressure, and via that the air-to-fuel ratio, is
controlled with a bypass upstream of the turbine of
the turbocharger. If more air is required, less
exhaust gas will bypass the turbine. This approach
of per-cylinder gas admission close to the intake
valves next to the absence of a throttle valve gives
the engines a good step response capability.
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Figure 5. A gas engine with fuel admission per
cylinder and air-to-fuel control with a turbo bypass.
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For all gas engines, a close control of the air-to-fuel
ratio of the mixture of fuel gas and air is of utmost
importance. The air-to-fuel-ratio lambda () is
defined as the amount of air present relative to that
of a stoichiometric mixture. Mixtures with a lambda
exceeding 1.7 (70% extra air) are difficult to ignite
with a spark plug. With spark plugs in rich operating
prechambers, mixtures of lambda up to 2.2 can be
ignited. With diesel pilots, even mixtures with
lambda 2.3 can be securely ignited. As stated
earlier, modern gas engines can only perform
economically with ultra lean mixtures and a high
specific load. Running at nominal load with too rich
a mixture will result in overheating, knock and
excessive NOx production.

MIXTURE REQUIREMENT AND LOAD

At zero load and rated speed, the energy
requirement of an engine without a throttle valve is
very low. An engine with a throttle valve needs an
absolute intake manifold pressure of about 300
mbar at zero load to overcome the losses and keep
the engine running. This means that the throttle
losses (pumping losses) equal 1 — 0.3= 0.7 bar in
mean effective pressure. This 0.7 bar is close to 4
% of a rated bmep (brake mean effective pressure)
of 17 bar. A modern turbocharged engine with a
throttle valve requires at zero load about 12% of the
fuel flow at rated load. Without the throttling losses,
only 12 — 4 = 8% of the rated fuel input is required
to keep the engine running. Figure 6 gives an
example of the fuel requirement of a gas engine
without a throttle valve versus load at rated speed.
This is the so-called Willans line which is close to
linear in practice.
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Figure 6. Example of the fuel requirement and the
receiver pressure of a turbocharged gas engine
without throttle valve versus load.

The minimum receiver (intake manifold) pressure of
an engine without throttle valve is close to the
ambient pressure, much higher than that of an
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engine with a throttle valve. The effect of this on
engine control at low loads will be illustrated with an
example. For the sake of convenience, the absolute
ambient pressure can be presumed to be 1 bar
while the absolute receiver pressure at full load
might be 2.8 bar. For a lambda of 2.0 at full load
and a mixture temperature of 325 K, the specific
energy content Eg of the mixture in terms of MJ per
m? of mixture volume equals then:

Eo=plpret Tred T -1/ (1 + .8.528) H,

which renders in the case of the example:

Es= 2.8/1.0 " 273/325 ' 1/18.06 " 31.67 = 4.13 MJ/m®
for a fuel gas with a lower heating value H; of 31.67
MJ/m?® and a stoichiometric air requirement of 8.528
m®m?3. At zero load, the specific energy content of
the mixture in the cylinders of a 17 bar bmep engine
without a throttle valve has to be roughly 8 % of that
at full load, as has been explained earlier. In this
example, that would mean a specific energy content
of 4.13 * 8/100 = 0.33 MJ/m>. Figure 7 gives the
energy content versus for a mixture of the
mentioned fuel gas with air at a pressure of 1 bar.
A specific energy content of 0.33 MJ/m® would
mean a lambda 9 which is impossible to ignite. If
lambda 2.2 is the ignition limit, an energy density of
about 1.3 MJ/m*® would be the lower limit. That
means that just 0.33/1.3 = 25% of the cylinders can
pull the load. If all cylinders are running, too much
power would be produced. So, skip firing where on
the average 75% of the cylinders are not active is
the only possibility to keep the engine running at
zero load. If however the load is increasing, the skip
fire mode can immediately be switched off providing
a rapid power increase.
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Figure 7: Energy content of a mixture versus
lambda for a given gas and stated process
conditions.

At zero load, the gas engine in the previous

example can run on 4 cylinders in case it is a 18
cylinder engine. The energy content of the mixture
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of the operating cglinders has to be around 18/4 -
0.33 = 1.48 MJ/m”. At a pressure of 1 bar and a
temperature of 325 K, this renders a lambda of
about 2.0 for the given gas. Adding the remaining
14 cylinders for the same lambda setting gives a
power increase to close to 30% of the rated load.
This can be seen from the diagram in figure 8 which
is the ‘inverted’” Willans line of figure 6. The step-
load capability can only be further increased if
mixture enrichment is used. If at the same time
when command is given for all cylinders to be active
again, the opening time of the gas-admission valves
is increased, the mixture will become richer. If the
opening duration of the gas admission valves is
doubled, a mixture with a lambda close to 1.0 can
be created. The energy content of such a mixture is
close to a factor 1.9 higher than that of a mixture
with = 2.0 (compare figure 7). This means that
sufficient energy would theoretically be available for
60% of the engine load (see figure 8).
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Figure 8: Example: power versus energy input for a
gas engine without a throttle valve.

A drastic enrichment of the cylinder charge, as
described in the previous section, is not without
risks. A richer mixture burns much hotter than a
lean mixture and its knock resistance is much
lower. Much research has been carried out on the
knock resistance of stoichiometric mixtures [6, 7].
The knock-limited compression ratio and the knock-
limited bmep are directly related to the composition
of the fuel gas. Not much research has been carried
out on the dependence of the knock resistance on
the air-to-fuel ratio. However, with a good gas
quality, naturally aspirated gas engines (ho
turbocharger) can run on stoichiometric mixtures (

= 1.0) if the proper compression ratio is chosen.
Running an engine designed for a bmep of around
17 bar on a close to stoichiometric mixture at a load
around 50% should therefore be possible for a few
seconds. This is especially the case if the engine
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pistons have steel crowns in stead of aluminium
crowns. The melting point of steel lies about 150 K
higher than that of aluminium. Moreover, steel
crowns can much better withstand the forces
associated with knocking combustion. Wartsila
engines are equipped with knock sensors per
cylinder so it is easy to check the knock limits of a
given fuel gas under given conditions.

ENGINE RESPONSE TO LOAD STEPS

The next section describes how a multi-cylinder gas
engine with fuel injection per cylinder can respond
to load steps. First, the load step has to be detected
by the control system. It should be mentioned that
all generator sets show some variation in the power
produced due to natural fluctuations in the
processes involved. That is the reason that 1SO
8528 allows a certain range of frequency and
voltage variations around the desired value. E.g.
class G2 allows 1.5% variations in frequency and
2.5% in voltage. Because of the basic time lag of
engines in responding to a new power setting, as
has been explained earlier, it is not possible to
control the engines in such a way that the natural
variations will disappear. Natural variations in
engine power have to be reduced by optimizing the
design of the ignition system and the combustion
chamber. To detect a load step, the change in load
should induce a speed or power variation exceeding
the natural variations.

Example: A load step from zero to 50% load.

For an engine with an inertia constant of 1.37 s and
a rated speed of 1000 rpm (see page 2 of this
paper), a positive load step from zero load of 50%
of the rated power will induce an initial speed
change of 182 rpm/s. If class G2 is presumed to
apply and the generator frequency is 50 Hz, the
lower stationary frequency limit equals 49.25 Hz or
985 rpm. So, it will take (1000 — 985)/182 - 1000 =
83 ms before the speed decline starts to be
recognized as exceeding the natural variations.
That equals just over one revolution of the engine.
Then, the engine control system has to calculate
the newly required setting of the gas admission
valves based on the additional fuel requirement
needed for readjusting the engine to the new load.
This calculation procedure might e.g. take 50 ms
which equals almost one revolution. As soon as the
new settings for the gas valve timing are known,
more fuel can flow into the cylinders. However, as
has been explained earlier, the engine itself needs
slightly more than three revolutions to respond to
the new settings because of the typical our-stroke
process. In this example, slightly more than 5
revolutions or 300 ms can have passed before the
engine output fully reacts. This means that for a
speed decline of 182 rpm/s the running speed has
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dropped from 1000 rpm to 947 rpm and the
frequency from 50Hz to 47.4 Hz in a time span of
300 ms. Figure 9 is illustrating this. In reality, the
curves are much smoother in the area of minimum
speed than in figure 9 because of the fact that the
cylinders respond sequentially instead of altogether
at the same time. The maximum allowed frequency
recovery time in class G2 is 5 s, so the engine has
to speed up the set again in 4.7 s since about 0.3 s
have passed after the load step. In this time span of
no full response of the engine to the extra load, the
energy for the extra load (50% of rated power) has
been withdrawn from energy from the rotating
inertia. To recover this in 4.7 s, the engine
temporarily has to provide extra power. This extra
power equals 300/4700 - 50 % = 3 % of the rated
load. It will be clear that a rapid response is of
utmost importance for a quick recovery. With the
described approach, operating according to 1SO
8528 class G3 should be no problem even for a
load step of 50% from zero load.
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Figure 9: Speed response to a 50% load step with a
quick and a slow reaction.

If the response time of the control system would be
so slow that the frequency would really drop to 20%
below the set value (as allowed in class G2), this
would severely enhance the problems. The engine
would have to produce the newly required power at
a running speed of 800 rpm, thus increasing the
torque by 12.5% compared to that at a running
speed of close to 1000 rpm. Moreover, it would
mean that the engine waited (1000 — 800) /182 =
1.1 s to respond while it was withdrawing energy
from the rotating inertia. To restore the running
speed to the set value in the 3.9 s left to stay in the
5 s of class G2, the engine would temporarily have
to add 1.1/3.9 - 50% = 14% of the rated power to the
instantaneous power. At a running speed of 800

Paper No. 215 7



rpm, this would mean an additional torque increase
of 1000/800 * 14 = 17.5% of the rated torque. This
would clearly overload the engine.

Determine size of load step

P=c.dn/dt

A 4
Calculate required valve opening

tey=cl. P

A 4

Check for rich lambda limit
(ignitability and knock resistance)

Calculate prechamber gas setting

A 4

Set the new valve timings and close
the waste gate

A 4

Readjust waste gate if receiver
pressure increases

A 4

If N =N a4, FESUME Normal control

Figure 10: Summary of the control actions during a
load step.

Temporary mixture enrichment is the only possibility
for fuel-injected turbocharged gas engines to accept
a load step of up to 50% from zero load. Waiting for
the turbocharger to respond in producing sufficient
air for maintaining very lean mixtures would mean
loosing precious time in which the engine would
further drop in speed. The turbocharger response
can have a delay of 5s, depending on the design
and the process conditions. Ultimately, the control
strategy for fuel-injected gas engines fully differs
from the traditional PID speed and load control.
Here, the control system has to calculate the load
change from the running speed change or from a
power signal and set the opening timing of the gas
admission valves accordingly. Simultaneously to
setting the opening time for the main gas-admission
valves of the cylinders, other actions have to be
taken. When the charge of the main chamber of the
engines is made richer, the fuel flow to the
prechambers should be reduced at the same time.
Otherwise the mixture in the prechambers gets too
rich resulting in misfiring. At the moment that a
positive load step is received, the bypass in the
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exhaust system upstream of the turbocharger has
to be closed to have all possible air available for the
combustion process. In this new control strategy,
the control system pre-calculates the settings
required for a given power step. Figure 10
summarizes the major actions which have to be
taken. This predictive feed-forward method with
mixture control via electromagnetic per-cylinder
gas-admission valves is much more effective than
the traditional PID feedback control method with a
throttle valve and carburetor.

Load steps in the upper load range.

If the engine is running in the load range between
50% and 100%, all cylinders are active. In case a
positive load step occurs, again mixture enrichment
by extending the opening time of the gas-admission
valves has to take place. At the same time, the
turbo bypass should be closed to allow the
turbocharger to produce more air. If before the load
step, the engine was running at say 70% load and
= 2.0, the mixture cannot be made as rich as in
case the initial load was zero. The initial cylinder
load is much higher now thus increasing the risk of
knock. Depending on the fuel-gas properties, the
might be decreased from 2.0 to 1.7. Because of
that, the energy content of the mixture increases by
18% equaling a power step to almost 90% load
(compare figures 7 and 8). Running at lambda 1.7
at 90% load is probably close to the knock limit if
100% load has a lambda setting of 2.0. This
naturally depends also on the knock reserve of the
engine.

Ultimately, a curve with the knock-limited step
response can be derived for generator set with a
gas-injected engine. For common natural gas, it will
be close to the curve given in figure 11. However,
for each practical application, the real limits have to
be determined depending on the gas quality and the
ambient conditions.
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Figure 11: Example of allowed load steps of a
generator set driven by a reciprocating engine with
gas injection per cylinder.
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CONCLUSIONS \

1. The load-step capability of reciprocating
gas engines with electromagnetic gas-
admission valves per cylinder is close to a
factor two higher than that of engines with a
carburetor and throttle valve.

2. The dynamic response of gas-engine-
driven generators with fuel injection makes
them sufficiently rapid for island and
emergency operation with a high degree of

stability. 1.

3. Load control of a reciprocating gas engine
with electromagnetic gas admission valves
per cylinder requires a rapid electronic

control system that uses the flow 2.

characteristics of the valves to predict the
opening time for a given load increase.

4. A rapid and adequate reaction of the

cylinder process to a newly required torque 3.

avoids deep speed and power surges as
well as a subsequent long process to re-
establish the desired values.

5. Additional benefits of per-cylinder gas 4.

injection are the absence of explosive
mixture in the intake manifold and a
reduced risk of surge for the turbocharger.

NOMENCLATURE
c proportional coefficient S.
k  valve coefficient m®/s
n instantaneous running speed rpm
n, nominal running speed rpm 6.
p pressure bar
t time S

te effective valve opening time s

E, rotating energy J

Es specific energy content MJ/m?®
H,  lower calorific value MJ/m?®
P, nominal power W

S relative load step %

T temperature K
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Volume m

air-to-fuel ratio

inertia constant s
magnetic flux V.s
el fuel energy input J
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