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1 Abstract

Steam turbines in industrial processes are subject to process-related oper-
ational fluctuations. It is mandatory for the machines to react flexibly to
process changes and to operate efficiently in part load or with fluctuating
steam parameters. In impulse turbines the power is controlled by valves
that regulate the steam flow and pressure approaching the stator nozzle. To
optimize part load behavior of the steam turbines the nozzle ring is separat-
ed into segments that can be individually supplied with steam. The division
of the nozzle ring into segments is defined during the design phase of the
machine and cannot be changed without major re-work. Experience shows
that the actual operating points deviate from the data originally specified.

In order to optimize part load performance a method is developed to opti-
mize the turbine and the control logic to the actual part load operating
condition. To do this, operating data is continuously collected using How-
den’s proprietary operating data acquisition system “Uptime”, stored in the
cloud and analyzed by experts. If there is potential to increase efficiency,
the control system is adapted accordingly and the operation of the valves is
optimized. The control logic can usually be changed without any mechani-
cal changes to components.

Once the dynamic valve coordinator has been implemented, it will conti-
nuously monitor the position of the control valves. If the steam turbine -
especially in partial load operation — is not running optimally, the valve
assignment is automatically changed. In this way, the power output can
be optimized while the system is running. The increase in performance is
measurable and can be verified via the “Uptime”, for example.

In this work, the findings from development of the flexible valve system,
simulation of the turbine in the controller model and from operation are
presented.
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2 Role of the steam turbine in the renewable
energy environment

In the future, the share of large base-load power
plants in electricity generation will decrease and be
replaced by many smaller decentralized power gener-
ating units [1].

Therefore, the applications and fields of use for steam
turbines as turbogenerators are and will remain diverse.
In addition to their use in traditional power plants or in
combined heat and power generation, backpressure
turbines are used in industries with fluctuating heat
demand, such as the food and beverage industry or the
paper industry. In these industrial applications, the
focus is on controlling the steam process parameters.

Strongly fluctuating live steam parameters or heat sup-
ply are typical for biomass, waste or sewage sludge
incineration or for the conversion of waste heat to elec-
tricity in the steel and glass industry [2][3].

For all these applications and to meet the requirements
of a volatile and decentralized electricity market, steam
turbines with high flexibility, easy operation and good
maintainability are needed. High flexibility in this context
means that the control of the turbine must be fast, relia-
ble and the turbine must also be operated at partial load
for longer periods of time.

3 Technical design: types and designs of
industrial steam turbines

In line with the large number of applications, the designs
of industrial steam turbines are also diverse. Depending
on the customer, application and legal framework condi-
tions, users focus on high availability, quick-start capa-
bility, combined heat and power generation for heating
purposes or the possibility of controlled steam extrac-
tion at specified pressure levels in addition to system
efficiency [4].

Figure 1 shows a steam turbine with electromechanical
control valves. This design for industrial steam turbines
is best described as an overhang design with an inte-
grated turbo gearbox. As this design was originally built
by the company Kiihnle, Kopp and Kausch, it is also
known in the industrial world as the KK&K design. The
modular system consists of different turbine housings
and gearboxes that can be variably connected to each
other via a standardized interface. The power range is
between 10 kW and 12 MW at the coupling.

In contrast to the classic arrangement with bearings on
both sides and a separate gearbox, this design is con-
siderably more compact and therefore fits into almost all
existing systems, even where space is limited. In addi-
tion, turbines of this design can be started up without
preheating and there are no restrictions regarding start-
up times and load changes. This is more important than
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the best efficiency, especially for intermittent operation.
The design also results in a very light turbine rotor,
which means that no additional hydraulic start-up aids
or turning drives are required. This makes the machines
very easy to operate and maintain. By operating above
the first critical bending speed, the turbines run very
smoothly with low vibrations and noise levels.

The modular building block system enables customized
adaptation to different steam parameters (up to 135
bar(a) and 530°C). Typical design data are live steam
pressures between 40 and 80 bar(a) with a turbine out-
put between 1 and 7 MW. Typically, slightly superheat-
ed steam is used. However, applications with dry satu-
rated steam are also possible.

The areas of application are largely congruent with
those of classic industrial steam turbines and range
from turbo generators to compressor and pump drives.
When several steam components are mounted on a
common gearbox, it is also possible to provide con-
trolled steam extraction in the overflow lines of the
individual steam components. These advantages allow a
high degree of flexibility in combined heat and power
plants or in industrial applications for the conversion of
residual steam into electricity [5].

©Howden Group Limited. All rights reserved. 2024.
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Figure 1: MONO AFAG turbine (Howden/KK&K design)

4 Industrial steam turbine control

The task of process control for industrial steam turbines
is often to keep the pressure in the steam system con-
stant on the fresh steam or exhaust steam side. This is
realized by valves that continuously throttle the pressure
upstream of the nozzle from the highest pressure for full
load to the lowest pressure for idle, thus adjusting the
steam mass flow. However, the throttling process is also
associated with a reduction in the enthalpy drop Ah,
which is available for conversion to mechanical work. In
these heat-led processes, power generation is always
dependent on the steam production of the boiler or the
heat demand of the production process [6].

41 Throttle control

Throttle control consists of only one control valve, so
that the turbine output is linearly dependent on the mass
flow. During operation, the entire nozzle area is always
pressurized with steam. As a result, the nozzle pressure
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of all nozzles is lowered in the partial load range, which
reduces the enthalpy drop and consequently leads to
high throttling losses.

Nozzle group control

Nozzle group control is realized by distributing the live
steam to different nozzle groups, which are selectively
closed in the part-load area. The nozzle area is divided
into nozzle groups, each of which is controlled by an
associated nozzle group valve. To reduce the output,
individual nozzle groups are switched off so that the
effective nozzle area is reduced. This allows an operat-
ing point in the part-load range to be approached with
lower throttle losses, since the available enthalpy gradi-
ent Ah is reduced only for the respective active nozzle
group. This eliminates the proportional throttling losses
for the non-active groups. Typically, KK&K turbines are
designed with 3 to 4 nozzle group valves.

©Howden Group Limited. All rights reserved. 2024.




4.3 Comparison of the control concepts

Figure 2 shows the steam consumption versus turbine
power. Clearly visible is the significantly lower steam
consumption at partial load with the same power for
the nozzle group control. At full load, the additional
valve losses are evident in the slightly higher steam
consumption for the nozzle group control. The valve
points can be adapted to the main design points of
the turbine system by specifying nozzle areas for each
nozzle group.

Figure 2: Steam consumption diagram for throttle control and nozzle
group control

5 Analysis of the steam turbine operation

The analysis of the steam turbine operation is based on
the operation data recording over one year. The so-
called annual duration curve indicates the cumulative
duration of various energy flows, usually in the form of
heat demand or steam mass flow. The pattern of the
annual duration curve for a heat supply plant is typically
similar to the example shown in the left part of Figure 3.
The plant is operated for a few hours at very high or very
low mass flow, but for most of the annual hours the
turbine operates in the medium load range.

Another type of representation is the frequency distribu-
tion of certain fluid quantities (Figure 3 right). This shows
clearly how many hours per year a particular mass flow
demand is present. The frequency of the occurring
quantities usually follows the Gaussian normal distribu-
tion. In a mathematical sense, this is the derivative of
the inverse function of the annual duration curve.

Also of interest is the time course of the quantities of
steam occurring. In this way, stronger load chang-

es — see example on cyclic industrial operation — or
seasonal fluctuations — see summer-winter opera-

tion — can be recognized and the turbine operation can
be optimized for these conditions.
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Figure 3: Exemplary example of the annual duration curve and the
operating hours distribution
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51 Example:
summer-winter operation of a
cogeneration plant

The waste heat from turbine operation is often used to
provide local heating for a neighborhood. Due to the
lower outdoor temperatures, the minimum steam con-
sumption is also higher in winter than in summer. This
results in two different load cases in summer and winter
operation. Typically, the first group of nozzles is opti-
mized for the customer’s minimum load. The customer’s
experience shows that if the turbine is optimized only for
winter operation, then for the load case summer opera-
tion either the minimum load — without a customer —
must be kept at the winter level, with corresponding
economic losses, since the excess steam in this case is
often discharged into the atmosphere. Or the turbine
must even be switched off completely in summer. Con-
versely, if the turbine is optimized for the base load in
summer, corresponding losses in power generation in
winter must be expected.

This correlation makes it necessary to switch the nozzle
opening sequence. Thus, one valve can be optimized for
the summer minimum load and another for the winter
minimum load. When the days become warmer, the
opening sequence is changed and the valve that opens
first is adapted to the lower heat load. This ensures that
the base load is always covered by the first valve.
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30000.0
25000.0

20000.0

Mass flow [kg/h]

15000.0
10000.0
5000.0

0.0

Time of day [15 minute interval]

Figure 4: Example of a heavily cyclic industrial operation
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Example:
Strongly cyclic industrial operation

Figure 4 shows the daily load curve of an exemplary
industrial steam turbine. The significant hourly changes
in the amount of steam supplied to the turbine require a
fast and flexible response from the turbine, but also
pose the challenge of achieving high partial load effi-
ciency at as many load points as possible. To this end,
the nozzle area exposed to steam must be adapted as
variably as possible to the available steam quantity. The
variability of the turbine can be increased on the one
hand by designing the nozzle ring in such a way that the
individual nozzle groups are dimensioned differently. To
take advantage of this variability, the opening sequence
must be freely selectable so that the nozzle area opti-
mized for the respective operating point can be pressur-
ized. Thanks to the new dynamic valve coordinator, any
combination of valve openings can be used in the fu-
ture. Together with an operating data acquisition system
that determines the best valve combination for the
current operating point, this results in maximum flexibili-
ty and a significant increase in power yield.

Automatic analysis in Howden Uptime

Up to now, the collection of operating data has usually
been carried out at the customer’s site, who in turn
makes this data available for evaluation on request. The
evaluation itself is carried out manually by an engineer.
In the future, this task will be handled by means of
automatic analysis in Uptime. The acquisition tool con-
tinuously analyzes the operating data and identifies the
potential for optimization and the resulting increase in
turbine performance.

©Howden Group Limited. All rights reserved. 2024.




6 Possibilities for adaptation to changed
process data

Industrial steam turbines are always part of an overall
plant. When planning a plant, the operator makes as-
sumptions in order to be able to dimension the individu-
al plant components and the turbine. For a variety of
reasons, these assumptions can sometimes deviate very
significantly from the subsequent mode of operation,
and it becomes necessary to adapt the turbine to

the — now known — process data after a certain period of
operation. Basically, 4 scenarios are conceivable.

1. the turbine runs as planned in the design phase.

2. the steam parameters have changed compared to
the planning.

3. the actual amount of steam available is lower than
planned

4. the actual amount of steam available is (temporarily)
greater than planned

In the first case, no changes to the machine are neces-
sary.

In the second case - especially in the case of strongly
fluctuating parameters - it is sufficient under certain
conditions to adjust the interlock values of the turbine,
provided that safe operation can be guaranteed with the
adjusted values. However, if the deviation from the
design data becomes too great and the planned ther-
modynamic parameters cannot be maintained, especial-
ly in continuous operation, mechanical adjustments to

the turbine are often advisable. Usually, it is sufficient
to replace the valves and the nozzle ring, sometimes the
impeller must also be replaced.

If the actual amount of steam available is lower than
initially assumed (case 3), there is no acute need for
action. However, a detailed evaluation of the operating
data is often worthwhile, as significant increases in
performance are possible. The nozzle area is adapted

to the steam quantity: Reducing the nozzle area increas-
es the nozzle pressure and thus the usable enthalpy
drop for the low steam quantity and thus the output
power and efficiency of the turbine. Often, this modifi-
cation pays for itself after only a few years.

If the actual steam quantity is greater than assumed in
the design, the same conversion parts are required from
a fluidic point of view as in case 3 with a lower steam
quantity. In addition, however, the mechanics and
strength of the turbine must be checked, since the
design capacity of the turbine is exceeded by the in-
creased mass flow. The bearing and gearbox loadings,
as well as the oil supply and generator, must be re-
checked to ensure that, despite the increased power,
the machine operates within its operating limits. De-
pending on the results, various additional rebuilds or

a change in boiler parameters may be required.

These scenarios are used whenever the main design
point changes. However, if the operation varies greatly
over the course of the year, a mechanical conversion
does not make sense.

7 Smart efficiency increase using the dynamic

valve coordinator

In the dynamic valve coordinator, the advantages of the
nozzle group control mentioned in the previous chapters
are combined with the advantages of a conversion to
lower steam quantities. The thermodynamic principles
and the general procedure on which the dynamic valve
coordinator is based are described in the patent specifi-
cation [7]. With the intelligent real-time operation optimi-
zation, it is possible to optimize the turbine behavior in
the part-load range in such a way that, depending on
the dimensioning of the turbine and the operating point,
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considerable increases in the generated power can be
realized [8].

The areas marked in yellow in Figure 5 correspond to
the operating areas with optimization potential. In this
example, with a steam consumption of 20 t/h, the out-
put can be increased from 300 kW to 450 kW. This
increase in output can be achieved during operation by
control optimization and smart control of the individual
nozzle groups alone.
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Figure 5: Comparison of turbine efficiency with serial opening and with
dynamic valve coordinator

With the dynamic valve coordinator and selective con-
trol of individual valves, it is also possible to swap
groups during operation. Since the nozzle groups — and
thus the nozzle areas — are dimensioned differently,
swapping the valves results in combinations of
cross-sectional areas that are optimal for different
steam quantities. A simple calculation example: If nozzle
group 1 is optimized for 5 t/h of steam and nozzle
group 2 for 8 t/h, then serial opening results in opti-
mized operating points for 5 t/h and for 13 t/h. Opti-
mum operation can also be achieved for 8 t/h by ex-
changing the valves.

The major challenges for implementing the optimized
control behavior lie in the determination of the optimum
switchover point in-situ and in the execution or initiation
of the switchover.

8 Simulation of the partial load behavior and the

control interventions

A hardware-in-the-loop (HIL) simulation programmed in
LabView was applied for the design and optimization of
the control behavior. In this simulation, the hardware
turbine controller is integrated into a simulation of the
steam turbine. For this purpose, the sensor inputs and
outputs of the controller are connected to the simulation
computer via an electrical interface. The simulation
computer calculates the behavior of the steam turbine in
real time, which allows the use of steady-state turbine
equations when assuming a quasi-stationary operating
point. These are based on literature sources such as aus
der Wiesche [9], Traupel [10], [11] or Dietzel [12] and are
also empirically verified. Thus, the highest accuracy of
the turbine model is achieved [13].

Figure 6: Schematic structure of a HIL simulator for steam turbine
controllers [13]
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Figure 6 shows the schematic structure of a hardware-
in-the-loop test system.

8.1 Determination ofthe optimum switchover
mass flow

Up to now - as explained above - the valves opened
one after the other in a specific sequence during opera-
tion. With serial valve control, the power behaves in a
basically linear manner over the valve stroke. However,
if one valve is fully open and another takes over control,
the idle stroke of this valve must first be exceeded (no
power increase in the lower valve opening range) before
there is again a linear relationship between power and
valve stroke (see also Figure 5).

Valve replacement opens up additional optimization
potential in the part-load range. From the combinatory,
the number of sensible opening variants Zv results
from the number of nozzle groups ZDG and the respec-
tive number of nozzle groups with equal numbers of
nozzles Zs.

©Howden Group Limited. All rights reserved. 2024.




Example 1:

The turbine has ZDG =3 nozzle groups, of which all are
different (13-8-5)

Example 2:

The turbine has ZDG =3 nozzle groups, two of which
are the same (12-12-8)

Example 3:

The turbine has ZDG =4 nozzle groups, two of which
are the same (13-13-8-5)

Switching takes place if more power can be generated
with another variant at a certain operating point (=mass
flow) than with the variant that is currently engaged. The
optimum switchover point can be defined via the steam
quantity at which both valve variants generate the same
internal power. If the previously calculated steam quan-
tity is exceeded/undershot, switchover takes place.

To determine the optimum switching points and to
optimize the hardware controller, the turbine HIL-simu-
lator model is applied.

First, the internal power of the turbine is calculated for
the smallest valve when the valve is fully open. Then, for
the next largest valve, this power is specified and the
mass flow at which this power is achieved is deter-
mined. This point is the optimum switching point. Since
the nozzle area associated with the valve is larger than
for the smaller valve, the required mass flow will be
larger. If the mass flow is greater than the calculated
mass flow, then more power can be generated with the
larger valve opening alone than with the small valve fully
open and the larger valve partially open. If the mass flow
is less, the smaller valve alone is sufficient and most
efficient. In this way, the switching points are calculated
for all valve exchange combinations and defined based
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on the mass flow. The mass flow passed through and
the valve lift of the respective valve represent a linear
function, differing from valve to valve only by the maxi-
mum mass flow and the straight line slope. The straight
line equation for each valve is known and can be imple-
mented in the controller. During operation, the current
mass flow/operating point is then recorded via position
feedback from the valves and a selection table is used
to compare whether the turbine is operating at the opti-
mum operating point. In the event of a deviation, the
system switches over.

8.2 Hysteresis control

As described above, the optimum switchover point can
be calculated and stored in the controller accordingly.
There are two basic approaches to avoid frequent
changeovers. On the one hand, a time specification
after a changeover can be used to prevent a renewed
valve changeover within a period of time. On the other
hand, it is possible to define a hysteresis based on the
optimum switchover point within which no switchover
takes place. Instead of one changeover point, there are
then two changeover points; the changeover character-
istic is shown in Figure 7. If the operating range lies
between the two hysteresis points, no changeover takes
place; the changeover is only activated when one of the
hysteresis points is exceeded or undershot. This com-
pensates for operational fluctuations to a certain extent.
As a compromise to this, the turbine efficiency within
the hysteresis points is worse than with direct switching
at the optimum point. In addition, the two different hys-
teresis points result in a different power minimum at the
respective switchover point. Therefore, time-limited
switching is usually preferable to hysteresis control.

Figure 7: Hysteresis control of the changeover function
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9 Behavior of the turbine during valve changeover

In the changeover process, more than one valve is in
operation. As a result, the turbine behaves similarly to
the throttle control shown in figure 2 and the output
decreases while the mass flow remains constant. The
inlet and outlet pressures are kept constant by the con-
trol system, which is essential in particular for process
steam cycles and to protect the boiler from overload or
to protect the turbine from water ingress. Due to the
specifications from the grid connection directives
VDE4105, VDE4110 and VDE4120, a change in the elec-
trical power output must not exceed a certain gradient
(typically 0.66% nominal power per second) [14], [15].

9.1 Simulation of the timed valve transition

Figure 8 shows the results of the simulations for the valve
changeover between 2 valves. The switchover times of
the first valve were varied between 90, 150 and 300 sec-
onds. The aim of the simulations was to find out whether
the switchover time has an influence on the control accu-
racy and the minimum power at the transition point.

The position of valves 1 and 2 can be seen in the dia-
gram at the bottom. The top left diagram shows the
mass flow through the turbine. In the top right diagram,
the power curve over time is shown.

The mass flow was increased at the start of the simula-
tion. Valve 1 is initially opened fully and the power in-
creases from 200 to 400 kW (second 0 to 100). From
second 100, valve 2 also opens, but without contribut-
ing significantly to an increase in coupling power. From
second 280, the mass flow is kept constant and the
turbine remains in the regulated state. After a certain
“check time” has elapsed, during which the operating
behaviour of the turbine is checked for optimization
potential, the valve switchover is initiated at second 400.
After the switchover, valve 1 is fully closed and the
entire mass flow is directed through valve 2. At approx.
700 kW, the output in the controlled state is significantly
higher than the output at the start of the switchover. It is
easy to see that the minimum output is independent of
the changeover time. The minimum for all switching
processes is approx. 180 kW.

The power minimum in turn has an influence on whether
a changeover can be realized, as the protective function
“reverse power” of the generator would intervene if
necessary in grid parallel operation at low power. In real
system operation, the possible buffer effect of the sys-
tem must also be taken into account. In a larger plant,
the pressure upstream of the turbine drops only slowly,
so that in reality an increased amount of steam can flow
through the turbine at times and the output does not

Figure 8: Simulation of the time-controlled switching function — comparison of different closing times
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drop as sharply as calculated in the simulations. This
hypothesis can only be verified by tests in the plant
and the result will vary from plant to plant.

In the simulations, the control accuracy was slightly
dependent on the duration of the switching process.

Thus, the control behavior of the valves could be
improved by slower switching. Slow switching is also
necessary to comply with the specifications of the
VDE4105, VDE4110 and VDE4120 grid connection
guidelines.

10 Experiences from installation, commissioning

and operation

After good performance was demonstrated in simula-
tions of the controller in the HIL system, a customer was
won for an initial installation of the part-load optimizing
controller. To prove the function, an operating data
acquisition system and a performance monitoring sys-
tem were also retrofitted.

The optimum switching points were calculated in ad-
vance and simulated again specifically for the turbine. A
number of tests were initially run with these preset para-
meters. The switchover itself ran successfully and due to
the buffer effect of the turbine, the real power drop was,
as expected, lower than predicted in the simulation.

11 Summary and outlook

This report examines a method for improving thermo-
dynamic performance at part load, the effects of
different control valve strategies, and shows a way to
optimize the steam turbine under part load conditions
during operation by using a timed valve switching
method.

Modern steam turbines must operate over a wide range
of operating conditions and thus with different steam
mass flows. To ensure efficient operation, a valve and
nozzle design is usually used that divides the inlet into
several circulating sections (“nozzle group control”). The
sequence of opening of these groups is usually deter-
mined by design.

A control function is provided that allows switching
between segments while the turbine remains in opera-
tion, and how this affects generator performance is
shown. Based on simulation results, the transition timing
and actual set point for valve switching are discussed.
These simulations are based on cloud-based data anal-
ysis techniques and it is shown that they are a promis-
ing tool to study the interaction of the turbine with the
plant and to identify the operational behavior in the real
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However, due to deviations of the on-site thermodynam-
ic operating data from the turbine design data, the
switchover points were initially not optimal in terms of
turbine efficiency. This necessitated a more detailed
analysis. The nozzle pressure measurement implement-
ed in Howden-Uptime enabled the exact performance of
the individual nozzle groups in the “as built” condition to
be determined in the first step, and on the basis of this
the switchover points were recalculated directly at the
customer’s site. These were stored in the control system
and tested again. With the updated values, the partial
load efficiency was once again significantly increased.

process. With these methods, it is possible to contribute
to the increase of efficiency and optimization of the
overall process with low resource input and reasonable
financial expenditure.

With the successful first commissioning of the dynamic
valve coordinator, Howden is demonstrating a way to
optimize existing plants and processes and meet the
challenges of reducing global CO2 emissions. This work
has shown that even in the technology of a steam tur-
bine, which is often considered mature, there is still
potential for improvement that should not be underesti-
mated. Thanks to CFD calculations and computer-aided
optimization of blade geometry, the steam turbine itself
is indeed a nearly mature product, and further improve-
ment of its overall efficiency would require an immense
financial outlay. Instead, the potential lies in the continu-
ous analysis of operating conditions, the optimization of
existing techniques and the interaction of plant compo-
nents. The successful implementation of the dynamic
valve coordinator in an existing plant represents a signif-
icant contribution to the optimization of plant operation
and CO:z reduction and thus supports operators in
achieving their ecological goals.
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