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Highly efficient speed regulation for centrifugal pumps
 Klaus Löffler and Dirk Küllmey 

Operators of power plants, including smaller fossil power plants, are 
 increasingly confronted with the problem of adjusting the power plant 
 operation flexibly to the demands of the power market and, thus, to the 
 provisions of the German Renewable Energy Act (EEG). In concrete terms, 
that means: The existence of wind or sun decides whether a power plant 
can be run with high or low load. If a power plant has to run with reduced 
load, its efficiency suffers and the costs per generated megawatt hour rise. 
To address this problem, important components of the power plant, such  
as the boiler feed pumps for example, can be operated more efficiently  
with the help of a speed-regulated drive.

Electro-mechanical differential gear units can be used for the variable operation of boiler feed pumps.  
This makes them particularly interesting for use in power plants which have to organize their operation flexibly.
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Various possibilities exist for the regulation of 
centrifugal pump drives. These possibilities are 
compared below. 

Throttle regulation

In the case of throttle regulation, practically no 
investment costs are incurred. Here, the reduc-
tion of the flow rate takes place with the help of 
the pressure-side regulator valve. This valve is 
closed until the desired flow rate is achieved. 
This results in a steeper system curve (fig. 1). 

The resulting loss of power can be determined 
by calculating the throttle loss: 

A disadvantage of this type of regulation is that 
the pumps are operated far from the point of 
optimum efficiency. This not only makes them 
less efficient, the increased recirculation in the 
impeller side spaces also causes much greater 
vibration. In the long term, this leads to greater 
wear, higher maintenance costs and, in the end, 
to a reduced service life of the pumps. Neverthe-
less, energy savings can also be achieved using 
this type of regulation (fig. 2).

Speed regulation 

Fitting boiler feed pumps with variable drive 
units has been common practice for many years. 
In this way, the pumps can also be operated 
with the best possible energy efficiency even at 
low power consumption rates. In the optimum 
case, a pump system is designed in such a way 
that, with variable speed, it can always be oper-
ated as closely as possible to its highest effi-
ciency. The best points for each speed lie along a 
parabola which passes through the coordinate 
origin (BEP curve, see fig. 3). In operation, a cen-
trifugal pump will always follow its curve up to 
the point where its curve meets the system 
curve. If the speed is reduced, the intersection 
point moves along the system curve. 

As, according to the laws of similarity, the out-
put of a centrifugal pump varies with the cube 
of the speed, a reduction of the pump speed 
leads to the high reduction of output shown in 
fig. 4. If the power saving with identical flow 

Fig. 1: Throttle regulation of a centrifugal pump

Fig. 2: Performance with throttle regulation

Fig. 3: Speed characteristic diagram of a centrifugal pump

Fig. 4: Performance of a centrifugal pump with speed regulation
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rate is compared with that of pure throttling from 
fig. 2, it is clear that the energy saving with speed 
regulation becomes more attractive, the greater 
the partial load with which a pump is operated. 

As the resistances of system curves vary with the 
square of the flow volume, when the flow rate is 
lower, the discharge head requirement (pressure) is 
also reduced [1].  

Speed regulation possibilities for pumps

In past decades, most power plant pumps were 
equipped with hydraulic variable speed coupling 
gearboxes for speed regulation. These are reliable, 
robust and easy to regulate, but the low efficien-
cies, the need for a complicated cooling system and 
the inability to operate the system in partial load 
mode leave much to be desired.

Converter technology has developed so far that 
boiler feed pumps with outputs over 20 MW are 
now also operated with converter technology. 
While full power converters are already established 
in low voltage drives, their use in medium voltage 
drives is progressing more slowly. The advantages 
of full power converters are their easy controllabil-
ity, their higher efficiency over the whole speed 
range and their low space requirement. Their dis-
advantages are the high costs of power electronics 
and the cost-intensive wearing parts.

In the case of both full power converters and 
hydraulic variable speed couplings, a new motor is 
generally required for a retrofit.

Use of an electro-mechanical differential gearbox 

Because of the changing load profiles of a 300 MW 
power plant, an existing boiler feed pump was to 
be converted to speed regulation. The speed regu-
lation was to be realized with an electro-mechani-
cal differential gearbox. The reasons for this choice 
were the high efficiency and reliability of the sys-
tem. This solution also ensured that the existing 
motor could continue to be used. 

The experience with the system to date is described 
below. 
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Functionality of the variable speed drive [2]

Fig. 5 shows the principle of an EMDS (elec-
tro-mechanical differential system), consisting 
of a differential gearbox (planetary gearbox), a 
step up gearbox (spur gear stage), a servo motor 
(differential drive) and a low voltage frequency 
converter for variable-speed operation of the 
servo motor.

The main drive, in this case a two-pole asynchro-
nous machine, drives the ring gear of the differ-
ential gearbox at constant speed (fig. 6, gray 
path). The planetary carrier of the differential 
stage (fig. 6, green path) is connected to the 
pump (fig. 5/5) by a step up gearbox. 

By means of the step up gearbox (spur gear 
stage), the required transmission ratio (+i/-i) to 
the pump can be adjusted. The variable speed 
(+n/-n) of the servo motor (fig. 6, orange path) is 
overlaid with that of the main motor in order to 
realize variable-speed operation of the pump.

Fig. 7 shows the principle of the overlay of main 
motor power/speed (gray) and servo motor 
power/speed (orange). In the example described 
below, the power of the main machine is 
designed for 90 % of the required pump output 
(100 %). 

For example, to guarantee 100 % of the speed to 
the pump (“A”), 10 % power must come from the 
servo motor, which is then operating in motor 
mode. 

However, if only 80 % of the pump speed is 
required (“C”), 50 % output is required on the 
output side. But the main motor, permanently 
connected to the power grid, supplies 60 % out-
put power. Here, the servo motor is operating in 
generator mode (≤ 90 % pump speed), is driven 
by the main motor and feeds approx. 10 % of the 
energy recovered back into the power grid. 

At an operating point of 90 % (pump speed), the 
servo motor is stationary and 100 % of the 
pump power required comes from the main 
motor (“B”).

Fig. 5: Pump unit with variable speed gearbox
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1. Differential gear  
incl. step up gear 

2. Servo motor (ASM)
3. Frequency converter
4. Main drive (E-Motor)
5. Driven pump
6. Output shaft
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Characteristic data of the boiler feed pump:
• Type     MD 200-400/1d+6
• Output of the pump under full load  4.1 MW
• Flow    1,000 m³/h
• Discharge head   1,355 m
• Interstage take off (ITO)  133 m³/h / 55 bar
• Temperature    165 °C

Specifications for the project conversion to speed regulation: 
• Flow    500–1.000 m³/h
• Discharge head   1,143–1,355 m
• Interstage take-off (ITO)  133 m³/h / 55 bar
• Use of the existing motor

Speed characteristic diagram for future operation 
• Minimum speed   2.486/min
• Maximum speed   2.980/min 

Project: Conversion of a boiler feed pump to speed regulation

Source: Sulzer

Test of the differential gearbox

In order to test the power output of the drive 
system under full load, a trial run of the drive 
train was arranged on the premises of a motor 
manufacturer. There, the system was tested 
according to the specifications, and the efficien-
cies were determined.

Test setup: The electro-mechanical differential 
system for speed regulation was coupled with 
the customer’s drive motor. Instead of the pump, 
a converter driven asynchronous motor was 
used. In the converter of this braking machine, 
the starting torque curves of the boiler feed 
pump according to pump type MD200-
400/1d+6 were loaded. Dependent on the pump 
speed, a torque corresponding with the curve 
was applied. The drive motor was supplied by a 
rotating motor-generator set. This made it pos-
sible to accelerate the drive motor slowly on the 
basis of a u/f curve or, by means of a power con-
tactor, or to connect it directly to the supply volt-

FELUWA Pumpen GmbH   |   Germany   |   info@feluwa.de   |   www.feluwa.com
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age. The setpoint pump speed was entered 
through the vizualisation interface of the con-
trol system. The desired pump speed was set by 
means of the servo (speed-regulated). 

Mechanical setup: Fig. 8 shows the test setup. 
On the right hand side is the drive motor (green), 
in the middle the differential gearbox (blue) and 
on the far left the braking machine/pump sub-
stitute (blue).

Acceptance tests

In addition to the pure output tests at different 
speeds, the following operating modes were 
tested and/or tests carried out:

• Auto Start: Simulation of start-up against 
open pressure valve; ramp-up in 16 seconds

• Auto Off: normal shutdown of the system
• Quick Stop: safe shutdown of the drive
• Quick Start: ramp-up in 5 seconds
• Soft Start: normal start against check valve
• Mechanical vibrations of the system

In addition, as usual in such tests, the bearing 
temperatures were monitored. 

Performance test results 

The measured results confirm the project specifi-
cations without exception. If the differential 
gearbox, including its auxiliary systems and con-
verter, is considered alone, the high efficiency 
specifications have been confirmed. Even in the 
partial load ranges, the gearbox with servo motor 
and low voltage frequency converter achieves an 
overall efficiency of >95 %. If the whole drive train 
is also taken into account, i.e. including the main 
motor, the measured efficiency of the system 
ranges between 92.7 % and 94.1 %. 

Fig. 6: Principle of the planetary gearbox
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Ring gear: connected 
with main drive –  
constant speed

Sun shaft:  
connected with servo  
adjustment  
of variable speed

Planet carrier:  
connected with pump 
or compressor –
variable speed

Fig. 7: Operating modes of the variable speed gearbox
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Functional test run with the pump

In addition to the above full load test, a functional 
test run of the complete plant with the pump was 
arranged with the customer. For this test, the pump 
unit with differential gearbox and drive motor was 
to be tested. The speed regulation of the drive was 
to take place with the help of the control system 
and the converter-driven servo motor. This test was 
intended to show conclusively whether the whole 
plant fulfilled the operating conditions and 
whether the ITO performance data would be 
achieved. For the subsequent integration into the 
process control system in the power plant, the 
characteristic diagram of the pump was also to be 
determined. Last, but not least, this was also the 
test to prove the claimed efficiency for operation at 
2486 rpm and 500 m³/h.

Altogether, in extensive tests, 31 measurement 
points with different volumes and/or speeds were 
run. The efficiencies were again compared and con-
firmed. For the volume flow of 500 m³/h, the 
planned pump efficiency of 75.8 % was slightly 
exceeded by the 76.1 % achieved. The specifications 
for volume flow and pressure for the ITO points 
were complied with.

Conclusion

In the course of the project, it was shown that the 
differential gearbox is a further alternative for the 
variable regulation of pumps. Each individual case 
must certainly be examined to determine where, 
whether and which of the available systems should 
be used. The following points must first be consid-
ered in order to make the correct decision for the 
individual case:

Rated data of the motors

Drive motor Brake motor

ELIN HKM-163 D02 ELIN HKF-163 D02
ser. no. 526508 08001 

PN = 4.350 kW PN = 4.500 kW 

UN = 6,3 kV UN = 3,1 kV 

IN = 462 A IN = 968 A 

J = 48 kgm² J = 50 kgm²

Table: Test of the differential gearbox
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• Characteristic data: kW, volume flow, 
pressures, speeds

• Frequency of partial load operation? 
• Estimate of the speed ranges to be  

operated in
• Local space requirement
• For retrofits: clarification of the previous 

situation 
• Redundancy requirements
• Investment framework/LCC
• Service concepts

The electro-mechanical differential gear unit 
tested cannot only be used for the variable oper-
ation of boiler feed pumps. It could also be used 
in cooling water pumps, water injection pumps 
or pipeline pumps. It is also conceivable that the 

system could be used in combination with other 
rotating machines such as turbo-compressors. 

One of the advantages of the system is that it is 
possible, in the case of new systems, to select a 
main motor with lower power, as the power of 
the servo motor is added to the power of the 
whole drive. And if, in the case of retrofits of 
existing systems, more output is required from a 
pump, it is possible with such a variable speed 
drive to provide this within a defined framework 
while keeping the existing motor and the exist-
ing pump. 
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Fig. 9: Functional test run with the pump
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Fig. 8: Test setup for the performance test


