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Abstract 
Electromagnetically driven dosing pumps are suitable for metering any kind of liquid in 

motor vehicles in a precise manner. Due to the working principle and the pump design, 

an undesired noise occurs when the armature reaches the mechanical end stops. The 

noise can be reduced by an adequate self-learning control of the supply energy using a 

position estimation and velocity control. Based on preliminary investigations /1/, a 

method for noise reduction is realised by using a user-friendly, tiny and cost-efficient 

hardware, which enables a use in series manufacturing. The method requires only a 

voltage and current measurement as input signals. The core of the hardware is an 8-bit 

microcontroller with 8 kilobytes flash memory including necessary peripherals. A smart 

software development enables an implementation of the entire noise reduction method 

onto the tiny flash memory. 
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1. Introduction 
Electromagnetically driven single piston pumps are well suited for metering of different 

liquids in vehicles. The movement of the piston is realised by using the reluctance 

principle in combination with a return spring (Figure 1). 

 

Figure 1: Design of a single piston pump 
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As described in /1/, an undesired noise occurs due to the working principle and the pump 

design. The noise level depends on the armature velocity at the end stops. A reduction 

of the end stop velocity independently from the inputs such as supply voltage, outlet 

pressure and liquid properties can be achieved by using an end stop velocity control. A 

sensorless position estimation based on the evaluation of the position-dependent 

magnetic behaviour delivers the controller input. This method relies on voltage and 

current measurements. A modification of the pump design is not necessarily required. 

The described approach can be realised using simple and cost efficient electronics. The 

electronic circuit can be directly integrated into the pump connector or in the pump itself 

so that smart dosing pumps can be manufactured in series. 

The focus of this paper is the implementation of the algorithm onto an 8-bit 

microcontroller. At first, a short introduction to the used position estimation and velocity 

control is given. Then, the realisation of the algorithm in hardware and software is 

presented. Finally, important results such as validation of estimated position, controller 

function, energy consumption, noise reduction and dosing accuracy are discussed. 

2. Basics 

2.1. Position estimation 
There are several methods for sensorless determination of the armature position 

described in literature. Richter gives an overview of promising methods /2/. All methods 

take advantage of the position-dependent inductive behaviour of a magnetic coil. In 

dosing pumps, the analysis of the magnetic flux linkage  /3/ provides the best potential 

for a position estimation /1/. This method uses the intrinsic correlation between magnetic 

flux linkage , coil current  and position  (Figure 7). The magnetic flux linkage is 

calculated sensorless by the integration of the induced voltage as 

. (1) 

2.2. Velocity control 
Several approaches for the control of the armature velocity at the end stops have been 

investigated /4/. These are mostly known as softlanding strategies. Due to the influence 

of eddy currents on the position estimation /1/ and the microcontroller’s limited 

performance, their applicability to dosing pumps is limited. An iterative learning control 

based on the pump’s repetitive working principle is used. Thus, a simple method to 

achieve a reduced end stop velocity  of the forward stroke is the reduction of the power 

supply by an adjustable second voltage level  (Figure 5). The end stop velocity  of 
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the return stroke can be reduced by an additional voltage pulse . The magnetic force 

increases again and acts against the spring force that accelerates the armature. 

Controlling the end stop velocities of the forward and return stroke is realised by a time-

discrete I-controller, because the pump section of the control path (input: reduced voltage 

level, output: end stop velocity) behaves according to a proportional element with 

variable gain (no interaction of following strokes), as shown in Figure 2 (nominal: supply 

voltage  = 12 V,  = ,  = 0). In addition to that, a highly dynamic control is not 

necessary due to the slow change of operating parameters such as coil temperature, 

liquid properties and battery voltage. The following control law for the corresponding 

reduced voltage  is used for the end stop velocity control of forward and return stroke: 

. (2) 

The controller gain  is different between forward and return stroke. The gain  for 

forward stroke is positive to reduce voltage level  at higher estimated end stop 

velocity  as desired value . The gain  for return stroke is negative, because 

the voltage level  has to be increased for a lower absolute velocity . 

Boundary conditions are a non-arrival at the forward end stop and an undesired forward 

motion during return stroke. A desired end stop velocity  > 0 ensures the arrival at 

the end stop . A sliding motion in the return end stop is ensured by an observer, 

which checks the velocity development for a continuously increasing velocity with  < 0. 

 

Figure 2: Transfer behaviour of end stop velocities  and ,  
simplified control loop with end stop velocity controller 

3. Electronic circuit (hardware) 
The realisation of the noise reduction method on small and cost efficient hardware 

enables a direct integration of the control principle into the pump or connector. There are 
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measurement circuit. An electronic test board containing these components in 

combination with an additional debugging interface was built up. The electronic test 

circuit and board are shown in Figure 3. The single components are described below. 

 

Figure 3: Electronic test circuit and build up of the test board 

3.1. Microcontroller 
The core of the electronic circuit is a cost-efficient 8-bit microcontroller /5/. The 

microcontroller is used for the execution of the algorithm and has necessary peripherals 

integrated. The relevant components for driving the dosing pump are 

 flash memory consisting of software and maps, 

 RAM for buffering values, 

 10-bit analog-digital-converter (ADC) for measuring current and voltage, 

 input and output ports for debugging and electronic switch control (including a 

PWM output channel), 

 8-bit and 16-bit timer for timed workflow.  

3.2. Output stage 
The output stage of the electronic test circuit is a diagonally controlled H-bridge 

consisting of two fast switching MOSFETs (S1 and S2) and two Schottky diodes (D1 and 

D2). Three modes of current feed to the coil can be realised (Figure 4). Switching S1 
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one switch is in conduction mode, the coil freewheels over the corresponding diode 

(freewheel mode, Figure 4 shows switch S2 in conduction mode). A fast de-energisation 

of the coil to achieve higher stroke frequencies can be realised by switching both 

switches off (fast freewheel mode). The coil freewheels driven by the supply voltage. 

debug μC

PC

current

ls-driver

D2

D1 S2

S1

hs-driver

Flash RAM
Timer

PWM
I/O

SPI ADC magnet coil

μC output stage

measurementdebug dosing pump

electronic test board

op-amp

voltage

supply

ls-
driver

S2
D2

D1

amp
op-

debug

μC

driver

S1

hs-

388 10th International Fluid Power Conference | Dresden 2016



However, this mode is not used in the following (additional maps required). The MOSFET 

S2 is switched on permanently. The reduced voltage for the velocity manipulation is 

achieved by PWM-switching of MOSFET S1. The result is a reduced voltage in average. 

 

Figure 4: Modes for current feeding of the coil 

The microcontroller generates the control signals for the MOSFETs. A high side driver 

(hs-driver, with bootstrap circuit) for S1 and a low side driver (ls-driver) for S2 gain these 

signals and ensure short switching times.  

In addition to the normal pump driving mode, the electronic test circuit also enables the 

generation of maps . The remanence flux linkage  cannot be determined 

with this test circuit, but with a modified circuit or using a FEM simulation. ANSYS 

Maxwell 2015.1 considers the hysteresis in major and minor loops. 

3.3. Measurement circuit 
The estimation algorithm needs the actual voltage and current values for flux linkage 

calculation according to equation (1). Therefore, the microcontroller’s internal ADC is 

sufficient. Voltage measurement is done by a voltage divider for adapting to the ADC 

input range. A shunt resistor  serves for current measurement. An operational 

amplifier (op-amp) interconnected as differential amplifier adapts the current proportional 

low voltage across the shunt resistor to the ADC input range.  

3.4. Debug interface 
In addition to the algorithm execution, the test circuit offers the output of selected loop 

and stroke data by using the SPI (serial peripheral interface) of the microcontroller. This 

option is provided especially for testing the functionality and output of selected results. 

During a loop (see 4.2), the microcontroller sends the data to a debug microcontroller 

(on additional board), which redirects data via RS232 to a PC (data rate: 250 kBaud). 

The additional debug microcontroller is also used for measuring the position signal of a 

sensor with its internal ADC. This enables the validation of the armature position 

estimation. The debug interface also provides a parameter setup via PC (controller  

de-/active, stroke frequency, duty cycle). The PC does not execute any part of the 

algorithm.  
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4. Algorithm implementation (software) 
The complete noise reduction algorithm is implemented onto the microcontroller based 

on the described hardware. The challenge is an efficient implementation onto the only 

8 kilobytes flash memory /5/. The algorithm and the maps are stored in this flash memory. 

The software contains a main procedure, which consists of single algorithm loops and is 

controlled by timer interrupts. This ensures an equidistant sampling for the algorithm 

execution, which is important for numeric flux linkage calculation. In the following, the 

main procedure will be described. 

4.1. Main procedure 
The main procedure controls the stroke by different current feed sections as well as the 

resistance determination, which is required for flux linkage calculation according to 

equation (1). Figure 5 gives an overview of the main program flow, especially showing 

the current feed sections.  

 

Figure 5: Main procedure with detailed stroke procedure and resistance determination 
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Firstly, the coil is fully supplied by the voltage  by switching S1 on (S2 is continuously 

on) in section I. This leads to a fast rise of magnetic force, so that the armature motion 

starts as fast as possible. In section II, the average coil voltage is reduced by switching 

S1 to PWM mode (duty cycle ) to achieve a reduced end stop velocity of the forward 

stroke. This section starts at time , which depends on the supply voltage . The 

duty cycle  is set by the forward stroke controller. The switch S1 is switched off at a 

constant time  in order to freewheel the coil current  to de-energise the magnetic 

circuit. In this section III, the return stroke begins. When the armature position  falls 

below a constant threshold , the coil is fed again to decelerate the armature motion 

by switching S1 to PWM mode (section IV). The corresponding duty cycle  is set by 

the return stroke controller. This voltage pulse ends after a defined time at . After 

the deceleration pulse, S1 is switched off and the current freewheels over the diode again 

until the current is decayed (section V). 

After the stroke procedure, the velocity control is executed and sets the duty cycles  

and  for the next stroke. The velocity controller is described below in chapter 4.3. It 

follows either a new trigger controlled stroke or a resistance determination. The last one 

can be divided into sections VI and VII. At first, the coil is excited by a low average voltage 

using PWM (duty cycle ) to ensure no stroke occurence (section VI). With the 

measurement of the voltage and current in steady state (Figure 5), the bridge resistance 

 (3) 

is determined. In the following section VII, the current freewheels by switching S1 off. 

4.2. Algorithm loop 
The main procedure consists of periodically executed algorithm loops. The algorithms 

for stroke procedure and resistance determination are different. In the following, only the 

algorithm of the stroke procedure is described. This algorithm can be divided into 

measurement and calculation. Figure 6 gives an overview of the corresponding program 

flow for an algorithm loop including the required time in average. The real-time position 

estimator needs the most of the time due to the sequentiell interpolations (described in 

4.2.5). An overhead time is necessary for longer calculations (required time depends on 

input numbers of calculation) and for the management of the current feed sections.  
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Figure 6: Program flow chart of algorithm for stroke procedure 

The microcontroller works with an external 20 MHz crystal. It enables a loop time 

 = 358,4 μs (sample rate: approx. 2,8 kSps), which is constant and realised by a 

timer overflow interrupt. The short loop time is achieved by a smart implementation of 

the algorithm, for example substituting clock-saving bit shifting (means division by 2n) for 

division calculations as far as possible. 
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achieve this, the flux linkage  has to be calculated. Therefor, the induced voltage  
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measured directly in a suitable manner. There could be an error by measuring a PWM 
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After the measurement, the effective voltage  across the bridge is calculated from 

the measured supply voltage . In the case of PWM switching of S1 (duty cycle ), 

both feed and freewheel mode (Figure 4) are used /6/. The effective bridge voltage is 

determined using average voltage of both modes according to the Kirchhoff law with 
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The voltages  and  are the voltage drops over the switches S1 and S2 (Figure 4). 

By using MOSFETs with a low forward resistance, these voltage drops are negligible. 

The diode voltage drop  is not negligible, although Schottky diodes for low power 

losses are used. Rather, there is a non-linear correlation between voltage  and 

current . To consider this, an additional map  is stored inside the flash 

memory. Corresponding to the actual current, the diode voltage drop can be determined. 

The PWM frequency has to be a compromise between current ripple (low frequencies, 

influences position estimation) and influence of the switching behaviour of the MOSFETs 

(high frequencies, deviations in the pump’s applied duty cycle). A PWM frequency of 

approx. 10 kHz with a resolution of 128 steps (using 8-bit timer) is suitable and is used.  

4.2.3. Flux linkage observer 
For the position estimation, the flux linkage is numerically integrated using calculated 

brigde voltage, measured current and prior determined resistance with 

. (5) 

4.2.4. Map selector 
The position estimation method is generally based on a map , which 

describes the position-dependent magnetic behaviour. However, there are eddy currents 

in the electrically conductive magnetic material depending on the current gradient and 

thus on the supply voltage. Extended maps  according to the 

effective bridge voltage  can consider eddy currents /1/, /7/. Figure 7 shows a 

selection from the entire map. 

 

Figure 7: Selection of the stored maps  with excitation 

The map as result of a measurement on the dosing pump is stored in the flash memory.  
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4.2.5. Real-time position estimator 
With the knowledge of the actual coil current, the effective voltage and the calculated 

flux linkage, the position can be estimated by using linear interpolation. First, the map 

section  is interpolated according to the effective voltage . 

Second, this map section is interpolated according to . This provides values of flux 

linkage  corresponding to the positions  used for map 

generation. Finally, the position is estimated by an interpolation using the calculated 

flux linkage  according to the current measuring point . The armature 

velocity is achieved by derivation of the estimated position by 

. (6) 

With the information of the position  and the velocity , the loop can be analysed.  

It must be pointed out that an estimation error occurs directly after a voltage step /1/. By 

dropping values after the step and interpolating the missing values as soon as the 

position estimation works fine (determined prior by comparison of estimated and 

measured position), the error can be minimised. However, the debug board (used for 

generating results in chapter 5) outputs the estimated values without interpolation. 

4.2.6. Loop analyser 
The required inputs for the velocity control are determined by the loop analyser. These 

are especially the end stop velocities of the forward and return stroke. The end stop 

velocity of the forward stroke is determined shortly before the end stop (  ≈ 0,95 ). 

This also considers a possible error of the estimation due to flux linkage calculation and 

map interpolation. Within a wide range of the supply voltage , it can be assumed, that 

it is approx. the end stop velocity (deviations at  = 10 V, see Figure 10). The end stop 

velocity of the return stroke is determined in the same way (  ≈ 0,05 ). Furthermore, 

the loop analyser observes the boundary conditions for the velocity control (described in 

2.2) and the threshold position  for the additional pulse during return stroke. 

4.3. Velocity controller 
After the stroke is done, the iterative learning controller works and sets the duty cycles  

and  for the next stroke according to the control law (equation (2)). In order to reduce 

oscillating duty cycles, a dead control range is used. If the determined end stop velocity 

is in this range, the duty cycle must not be changed. This is necessary due to the low 

resolution of the duty cycle. 
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5. Results 
By using the above described hardware and software, the pump was actuated to analyse 

its behaviour. The results of different experiments are described below. 

5.1. Validation of estimated position 
In addition to the estimated position, a real position signal was measured on a modified 

dry dosing pump. This enables a validation of the estimated position to ensure correct 

input values for the velocity control. Figure 8 shows the estimated and measured 

position for nominal and noise-reduced settings using the dry dosing pump. 

 

Figure 8: Validation of estimated position for nominal and noise-reduced settings 

The results show a good agreement between estimated and measured position. The 

estimation error after switching to another voltage level can be seen (4.2.5). 

5.2. Velocity control and energy consumption 
The functionality of the velocity control is shown with the help of the transient behaviour. 

Starting with a nominal stroke (  = 1,  = 0), the controller is activated at stroke no. 20, 

as shown in Figure 9. Based on the I-controller and the pump’s proportional transfer 

characteristic with variable gain, an approx. PT1 behaviour results for the end stop 

velocities of the forward and return stroke.  

 

Figure 9: Transient behaviour of velocity control and energy consumption (  = 12 V) 

Figure 9 shows the reduction of the end stop velocities and the energy consumption 

(forward stroke: energy  of section I and II, return stroke: energy  of section IV, see 

0 10 20 30 40
t

0

4

8

12

16

u b
r,a

vg
0

0,25

0,5

0,75

1

s 
/ s

m
ax

0 10 20 30 40
t

0

4

8

12

16

u b
r,a

vg

0

0,25

0,5

0,75

1
s 

/ s
m

ax

vo
lta

ge
 

vo
lta

ge
 

VV

msms

po
si

tio
n 

/ 

po
si

tio
n 

/ 

time time 

nominal noise-reduced

position

voltage

error
est.

estimated
measured

position

voltage

est. error

0 20 40 60 80
stroke

0

1

D
r

| v
r /

 v
r,m

ax
|

E

0 20 40 60 80
stroke

0

1

D
f

| v
f /

 v
f,m

ax
|

 E

du
ty

cy
cl

e
ve

l. 
en

er
gy

stroke no.stroke no.

du
ty

cy
cl

e
ve

l. 
en

er
gy

controller active-20 %

controller active

[0,1 Ws]
+2 %

[Ws]

forward stroke return stroke

Group 13 - Actuators and Sensors | Paper 13-1 395



Figure 5). Although the voltage pulse at return stroke needs additional energy in contrast 

to the nominal excitation, 18 % of energy can be saved. The energy saving increases 

with the supply voltage  due to more unused overhead energy in nominal excitation. 

5.3. Noise reduction and dosing accuracy 
Depending on the armature velocity at the end stop, the noise emission of the pump was 

determined. Figure 10 shows the noise characteristic of the pump for different armature 

velocities. 

 

Figure 10: Noise development for a nominal and a controlled stroke (left),  
noise level  and  (right top),  

delivered liquid mass  per 100 strokes (right bottom) 

The variation of the velocity was realised by processing and controlling the estimated 
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significant influence on the noise emission of the pump. The halving of the armature 

velocity on the forward end stop reduces the acoustic pressure by 11 dB. A reduction of 

the acoustic pressure can also be seen for the reduction of the end stop velocity of the 

return stroke. However, the noise emission of the return stroke appears to be 

superimposed by other effects. All measurements show an identical delivery mass per 

100 strokes. For this reason, it is assumed that the armature always reaches the end 

stops. Applicating the presented smart control strategy, the high dosing accuracy of the 

pump can be remained. 
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6. Conclusion and outlook 
In order to reduce the noise of magnetically driven dosing pumps, a small and cost-

efficient electronic test circuit has been developed and build up. It includes a 

microcontroller with only 8 kilobytes flash memory. The noise reduction method is based 

on a position estimation and velocity control, which is implemented in the microcontroller. 

The investigations show anticipated results, especially a noise reduction up to 11 dB at 

the forward end stop and a reduction of the energy consumption up to 18 % (for nominal 

supply voltage  = 12 V).  

The cost-efficient hardware can be minimised to a few square centimetres by using SMD 

components and can be easily integrated into the pump or pump connector, which offers 

a manufacturing in series. The investigated noise reduction method can be used for 

further similar working solenoids. 
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9. Nomenclature 

 duty cycle - 

 energy Ws 

 current A 

 controller gain - 

 acoustic pressure dB 

 inductance H 

 mass g 

 resistance Ω 

 position m 

 time s 

 time period s 

 voltage V 

 velocity m/s 

 magnetic flux linkage Wb 
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