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Abstract

Noise is one of the major challenges for the electrification of hydraulic systems for
mobile working machinery. Without the masking sounds of a combustion engine,
the distinct noise of the hydraulic pump becomes more audible and thus needs to be
reduced. Compressible pump flow pulsations caused by imperfect commutation are
one of the main noise sources.

Electric motor control offers the possibility to inject torque pulses at the pump’s first
harmonic frequency in order to reduce common noise. This paper uses lumped para-
meter simulation to drive a hydraulic pump with different shapes of drive torques, and
in different operating conditions. The potential of injecting harmonics into the drive
torque for the reduction of flow pulsations is explored. At the right phase and amp-
litudes, these pulses can basically eliminate flow pulsations at their frequency. Scaling
laws for comparisons of different piston numbers are summarised, and the behaviour
of a 9 and a 10 piston pump are compared, demonstrating that lower torque amp-
litudes are required when using smaller piston numbers. Required torque amplitudes
are quantified, showing that torque amplitudes in the region multiples of the pump’s
ideal drive torque are required at medium or high speeds. Furthermore, these torque
amplitudes significantly increase losses and increase the requirements for the inverter,
making harmonic injection impractical at medium and high speeds. At low speeds,
the first pump harmonic can be eliminated, but this is of limited benefit due to the low
sensitivity of human hearing at these frequencies.
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1 Introduction

Conventional mobile fluid power systems such as excavators
and wheel loaders often exhibit low efficiency, with estima-
tions of around 21% in 2012 [1] or around 30% in 2017 [2]].
Due to concern about greenhouse gas emissions and the rising
energy cost, different approaches to increase energy effi-
ciency are investigated, e.g., using energy recovery and avoid-
ing throttling losses [3]. One mayor trend is electrification,
leading to the combination of electric motors with hydraulic
pumps [4].

Whilst a lot of research focuses on efficiency, noise is also of
large relevance for health, customer acceptance, and legisla-
tion [5]. Due to the disappearance of the masking noise of the
combustion engine, the noise of the hydraulic pump becomes
more audible. The interaction between hydraulic pump and
electric motor for noise generation is however not very well
researched. A previous paper of the authors showed that the
combination of pole numbers and pistons affects the common

noise [6]. This highlights the need to consider both electric
motor and hydraulic pump for noise emission, and to design
them for optimisation of their combined noise.

2 Literature Review

There are several contributors to noise, both in hydraulic and
electric machines. For details on the hydraulic noise contribut-
ors, refer to the books by Ivantysyin and Ivantysynova [[7]], and
Manring [[8] on hydraulic pumps. Amongst others, Heeger et
al. [9] described various commutation features used to reduce
hydraulic pump noise. However, none of the methods fully
eliminates force/moment and flow ripples. It is still not fully
understood which ripple is the main contributor to noise, and
it can depend on the system installation. However, typically,
the pump flow ripple is believed to be a main contributor for
hydraulic system noise and thus a main focus. Furthermore,
Ericson et al. [[10] showed that minimising the flow ripple re-
duces the other noise contributors as well.
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Minav et al. [11] investigated using variable electric motor
speed in order to eliminate / reduce an axial piston pump’s
flow ripple. They considered the kinematic flow ripple, but
neglected the compressible flow ripple. Reference speeds to
counteract the kinematic flow ripple with an opposing speed
ripple were computed. They concluded that the torque cap-
ability of the electric motor limits the compensation capabil-
ity. The required accelerations (and therefore torque) increase
with higher speeds, so flow ripple compensation is especially
challenging at higher speeds.

O’Shea [12]] aimed to overcome this limitation using a low in-
ertia gerotor pump and a feed-forward control algorithm, and
the study was limited to reducing the first harmonic. At an av-
erage speed of around 400 rpm, significant reductions of the
pressure ripple were measured using this strategy. However,
similar to Minav et al. [[11]], limitations for higher frequencies
were stated.

Mikota and Manhartsgruber [[13|] suggested passive control of
the pump pulsations using a dedicated compensator, which is
located between the prime mover and the hydraulic machine.
Simulation showed that a coupling using a lightly damped tor-
sional oscillator can create an antiresonance. If the antireson-
ance matches the first pump harmonic, pulsations at that har-
monic can be reduced. A challenge is that the antiresonance
frequency depends on the entire pump drivetrain dynamics, in-
cluding some parameters such as damping which possess some
uncertainty.

Liang et al. [[14] developed a controller for a switched reluct-
ance machine to drive a hydraulic pump. They aimed to reduce
the torque ripple of the switched reluctance machine, and to
avoid pressure overshoots when changing operating points.

Mehta [[15]] and Manring et al. [16]] claimed that torque ripple
might be the main cause of noise, referring to unpublished
measurements. Mehta [15]] further showed a correlation of
torque and flow pulsations, under the assumption of incom-
pressible fluids and simplified pressure profiles. For a reduc-
tion of torque ripple, swash plate oscillations were suggested.
Furthermore, it was shown that tandem pump design signific-
antly reduces the kinematic torque ripple if the offset angle is
half a period for even piston numbers or quarter of a period for
odd piston numbers.

Heeger et al. [|6] summarised the harmonic noise contributors
in electrically driven pumps and investigated different pistons
numbers in combination with a 12 slot 10 pole PMSM. This
work also showed combinations of e-motor torque and pump
torque, and opened the question on whether an optimisation
for a co-design for reduced torque pulsations is possible.

This paper aims to investigate the relevance of the type of
torque ripple an electric machine transmits to a hydraulic
pump on the other noise contributors in the system.

In comparison to the works of Minav et al. [[I1] and
O’Shea [|12], this contributes detailed pump simulations which
consider compressible effects. The behaviour for different pis-
ton numbers is investigated based on the example of a 9 and a
10 piston pump, as odd and even piston numbers have differ-
ent inherent properties. Scaling laws for rotation group geo-

metry, pressure relief groove geometry and inertia are applied
to provide a fair comparison between different piston num-
bers. Furthermore, this work considers the damping proper-
ties of a hydraulic volume at the pump outlet. Additionally,
torque data from PMSM simulations is fed to the simulation
model to demonstrate the feasibility of harmonic cancellation
when combining it with a torque ripple at the pump’s harmonic
frequency. Lastly, different aspects such as electromagnetic
losses due to harmonic injection, human hearing sensitivity at
low frequencies and the angular position of the pump relative
to the electric motor are discussed.

3 Simulation Model

This section gives an overview on the structure and assump-
tions of the simulation model and the used torque inputs. Fur-
thermore, the scaling of inputs for comparable results for dif-
ferent numbers of pistons z are summarised.

3.1 Pump Model

This study uses a lumped parameter model in Hopsan [[17]] and
is structured as shown in Figure [I| The model is capable of
simulating different types of axial piston machines, and this
study is done on the example of a machine of floating piston

type [18].
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Figure 1: Schematic of Hopsan model structure.

The shaft / cylinder block component includes the torque bal-
ance as shown in Equation [T The lever L; of each piston’s
force f; around the drive axis is computed based on the shaft
angle o and the pump’s geometry.

T=Y FL+I1&+Bo (D)
i=1

L

Each piston’s velocity v; is computed using equation 2}

Vi = a)L,» (2)

For each piston, the force balance (Equation [3) and the con-
tinuity equation (Equation [d) are solved. The effective bulk
modulus . is computed under the consideration of the pis-
ton’s chamber pressure and pseudo cavitation.
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The inlet and outlet ports are modelled as orifices with variable
areas, which are computed based on the rotational angle .
The inlet port is connected to a constant pressure source. The
outlet is modelled as a volume, followed by an orifice and tank.
The simulation model neglects leakage.

3.2 Estimation of the Friction Coefficient

To estimate the friction coefficient B, a simple surrogate model
as shown in Equation[3]is used. The parameters a, b and ¢ are
fitted to test data. B summarises the friction of all components.

Tiss=a-p+b-ntc (5)

Figure 2] shows a comparison of the surrogate model to the
measurement data it was fitted to. The R2 value is 0.916, which
is acceptable considering the simplicity of the model and that
e.g., mixed lubrication at low speeds is not captured by it.
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Figure 2: Normalised measured torque loss in comparison to
surrogate model.

For the sake of simplicity, this work uses the same coefficients
for Equation [3] independent of the number of pistons of the

pump.

3.3 Scaling of Rotating Group Geometry

As the combination of piston number and pole pair number is
expected to affect noise, pumps with different numbers of pis-
tons are to be simulated. To ensure a fair comparison, the rotat-
ing group geometry is designed using the scaling laws presen-
ted by Achten [19]. Therefore, the displacement (35 cc/rev),
displacement angle (8 deg) and piston pitch ratio (0.22) are
kept constant, and the piston area and cylinder block pitch dia-
meter are scaled.

3.4 Scaling of Inertia

The inertia of a cylinder follows Equation [6]

1
Jegt = mr? (6)

Assuming that the piston pitch radius Ry, is representative for
r, and that the mass of the rotating parts scales with Rgp, yields
Equation[7]

qump o< Rgp @)

The piston pitch radius R, can be taken from the scaling of
the geometry of the rotating group (see Equation [), with k
being 1 for a regular pump and 2 for a tandem pump.

1
Ryp o< ®)

2! (sin (%))

Finally, the inertia of pump J,ump and the inertia of the electric
motor Jgy are added in Equation El The inertia of the electric
motor is independent of the number of pistons. In this study,
the electric motor’s inertia is roughly 15 times larger than the
pump’s inertia and therefore dominates Equation [9]

I

Joot = qump +JEm 9

3.5 Scaling of Pressure Relief Grooves

Pressure relief groove design plays a crucial role for pump
noise. Palmberg [20] derived Equations [I0] and [T1] for the
length and final area of pressure relief grooves.
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The bulk modulus 3, the density p, the orifice coefficient Cg,
the displacement D, the shaft frequency @, the exponent in
the orifice area function n, and the system pressure pg are not
(or negligibly) affected by a change of the number of pistons.
Assuming a constant dead volume ratio, the clearance volume
factor o, also remains constant.

I, =R (10)

The flow gradient & scales according to Equation [I2]

hoc — (12)
Z

Assuming that the piston pitch radius Rp, and the pressure re-
lief groove pitch radius R are identical results in the scaling
laws for the groove’s length /; and final area A, as shown in

Equations [I3]and [T4]
1 1
lg“Rpp\/7°‘ -2 (13)
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4 Results for Sine Shaped Torque Pulsations

For the torque input, the following set-ups were used:

 Constant torque input.

* Constant torque input combined with a sine shaped pulsa-
tion as shown in Equation[I5]

* Look-up table based torque input, using results from An-
sys Motorcad simulations for a 12 slot 10 pole permanent
magnet synchronous machine. This is done in Section[3}

T = Tave + Tamplitude * sin (Z S0+ ‘P) (15)

This section shows results for constant torque inputs as well
as for sine shaped torque pulsations following Equation [T3]
Effects of varying different simulation parameters on speed,
flow and pressure pulsations are investigated. Also, pumps
with 9 and 10 pistons were considered as the noise emission of
pumps with odd and even piston numbers differs significantly.

4.1 Effect of Phase of Torque Pulsation

Previous work by the authors [6] suggested using the com-
bination of the electric motor’s and hydraulic pump’s torque
ripples to reduce the combined ripple. Typically, the first har-
monic dominates the flow pulsations’ frequency spectrum of
axial piston pumps. Therefore, a sine shaped torque pulsation
is added to a constant drive torque to investigate the poten-
tial for noise reduction. Harmonic injection is used in electric
motor control to reduce the motor’s torque ripple [21]], but in
principle the motor control could also be used to artificially
create a torque ripple. Different phase shifts can either amp-
lify or reduce the ripples.

4.1.1 Definition of Phase Shift

The significance of the phase of the torque pulsation is invest-
igated by testing the baseline case (without torque pulsation),
and applying a torque pulsation of 5 Nm amplitude at first
fundamental piston frequency. This is done for 20 different
phase shifts, differing by 5% of a period. A rotation angle of
0 degrees is defined when the first piston is at the center of
its suction stroke as visualised in Figure 8] That means that
the commutation to connect to the high-pressure kidney starts
after 25% (or 90°) of a period for the 9 piston pump, and after
50% (or 180°) of a period for the 10 piston pump.

4.1.2 Effect on Speed and Flow Pulsations

The phase of the torque pulsation changes the phase of the
speed pulsations as well as the amplitude at the first piston
frequency, see Figures[dand 5]

The speed ripple alters the flow ripple significantly.

For the 9 piston pump, Figure[6|shows that flow pulsations are
reduced when the torque pulsation is 15% of a period ahead.
This results in the peak of the speed ripple (see Figure f) co-
inciding with the valley of the flow ripple. For a 10 Nm torque
ripple, the first fundamental is reduced by 79% in comparison

(b) a=0 for 10 piston pump.

(a) a=0 for 9 piston pump.

Figure 3: Definition of 0 degree position.
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Figure 4: Speed pulsations for constant torque and a 10 Nm
amplitude torque ripple with 15% period phase shift for a 9
piston pump operated at 500 rpm and 50 bar.
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Figure 5: Speed pulsations for constant torque and a 10 Nm
amplitude torque ripple with 95% period phase shift for a 10
piston pump, operating at 500 rpm and 50 bar.

to the baseline. The higher harmonics are not significantly af-
fected, which is reasonable considering that the input torque
signal did not contain their frequencies.

Figure [7]shows a similar situation for the 10 piston pump. For
a phase shift of 95%, the first fundamental is reduced by 42%.

4.1.3 Methodology for Finding Optimal Phase Shift

For a given pump and operating condition, the optimal phase
shift is found by simply comparing the first harmonic of the
flow ripple for different phase shifts. Exemplary results can be
seen in Figure[§]
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Figure 6: Flow pulsations for constant torque and a 10 Nm
amplitude torque ripple with 15% phase shift for a 9 piston
pump, operating at 500 rpm and 500 bar.
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Figure 7: Flow pulsations for constant torque and a 10 Nm
amplitude torque ripple with 95% phase shift for a 10 piston
pump, operating at 500 rpm and 50 bar.
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Figure 8: Phase shift dependency of first fundamental har-
monic on the phase shift. The example is for a 9 piston pump,
50 bar, 500 rpm, and 5 Nm amplitude.

4.1.4 Effect of Operating Conditions

The previous results showed operation at 50 bar and 500 rpm.
However, it is also of interest how the ideal phase changes
with changing operating conditions. At this stage, the torque
amplitude is fixed to 50 Nm. A parameter sweep over 20 phase
shifts is used to identify the ideal phase shift for each operating
point. Tables[T]and [2] show that the operating point has some

effect on the ideal phase angle, as the commutation is affected
both by the pressure and speed level.

Table 1: Ideal Phase Shift for 9 Piston Pump in Percent of a
Period (in increments of 5), for a torque amplitude of 50 Nm.

| 50bar 200 bar 350 bar

500 rpm 15 10 10
2000 rpm 10 5 5
4000 rpm 10 0 0

Table 2: Ideal Phase Shift for 10 Piston Pump in Percent of a
Period (in increments of 5), for a torque amplitude of 50 Nm.

| 50bar 200 bar 350 bar

500 rpm 95 90 85
2000 rpm 90 85 80
4000 rpm 90 80 75

4.2 Effect of Amplitude of Torque Pulsation

The torque amplitude controls the amplitude of the speed
pulsation. A too small amplitude has no significant effect, and
a too high amplitude overcompensates for the pump’s inherent
flow pulsations.

Previously, arbitrary torque amplitudes were used to find good
phase shifts. In this chapter, torque amplitudes are optimised
for fixed phase shifts.

At 500 rpm and 50 bar, a torque amplitude of 12 Nm with a
phase shift of 13% is applied to the 9 piston machine. Figure[J]
shows that the first fundamental is almost completely elimin-
ated with a reduction of 99.8%.
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Figure 9: Flow pulsations for 9 piston machine with optimised
torque amplitude at 500 rpm and 50 bar.

The 10 piston machine behaves similarly. A torque amplitude
of 24 Nm is applied at a phase shift of 93% to the 10 piston
machine. As shown in Figure this yields an almost com-
plete elimination of the first fundamental with a reduction of
97%.

A complete elimination of the first harmonic is feasible with
a finer tuning of the phase angle and amplitude of the torque
pulsation.
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Figure 10: Flow pulsations for 10 piston machine with optim-
ised torque amplitude at 500 rpm and 50 bar.

4.2.1 Effect of Operating Conditions

Tables [3] and 5] show the ideal torque amplitudes to eliminate
the first fundamental under consideration of the pump’s and
the electric motor’s inertia. As a comparison, Tables E| and|§|
show the torque amplitudes required when only considering
the pump’s inertia, i.e., neglecting the electric motor’s inertia.
A comparison of the tables shows that the electric motor’s in-
ertia increases the required torque amplitudes by one order of
magnitude. Note that the phase angles in Tables [I|and [ were
used for all tables.

Table 3: Ideal Torque Amplitude for 9 Piston Pump in Nm
(considering inertia of pump and electric machine).

| 50 bar 200 bar 350 bar

500 rpm 12 28 43
2000 rpm | 200 430 650
4000 rpm | 820 1670 2540

Table 4: Ideal Torque Amplitude for 9 Piston Pump in Nm
when only considering pump inertia (neglecting the inertia of
the electric machine).

| 50 bar 200 bar 350 bar

500rpm | 1.0 2.0 3.5
2000 tpm | 15 32 49
4000 rpm | 61 124 189

Table 5: Ideal Torque Amplitude for 10 Piston Pump in Nm
(considering inertia of pump and electric machine).

| 50bar 200 bar 350 bar

500 rpm 24 39 52
2000 rpm | 370 550 750
4000 rpm | 1430 1970 2700

Note that in line with Minav et al. [11]] and O’Shea [12],
for higher speeds, higher torque amplitude are required for
more significant reductions, and the practical limitations due

Table 6: Ideal Torque Amplitude for 10 Piston Pump in Nm
when only considering pump inertia (neglecting the inertia of
the electric machine).

| 50bar 200 bar 350 bar

500 rpm 2.0 3.0 4.5
2000 rpm 31 46 61
4000 rpm 125 169 228

to the high required amplitudes are confirmed. In addition, the
torque amplitude increases with increasing pressures.

The 10 piston machine requires higher torque amplitudes for
all operating points. This is caused by a higher frequency re-
quiring faster accelerations as well as higher inertia. The effect
is more profound at low and medium pressures than at high
pressures.

4.2.2 TImportance of First Harmonic

Pressure relief grooves are most effective in reducing harmon-
ics of second and higher order. However, the first harmonic
typically is only slightly reduced [22], and remains as the ma-
jor noise contributor. Therefore, a torque pulsation capable of
eliminating the first harmonic is a significant contribution to
noise reduction.

4.3 Effect of Frequency of Torque Pulsation

Up to this point, torque pulsations of the first fundamental
were considered. However, the first fundamental of the in-
herent torque pulsation of a 12 slot 10 pole permanent magnet
synchronous machine is at 30 times the shaft frequency [6].
This chapter investigates the behaviour of the pumps in com-
bination with a torque pulsation according to Equation[T6]

T =Tuwe+ Tamp]itude -sin (30 S0+ ¢) (16)
In case of the 9 piston pump, this does not coincide with any
pump harmonics. Therefore, as visualised in Figure[TT] adding
the torque pulsations simply leads to additional frequency con-
tent of the flow pulsation, independent of the phase of the
torque pulsations.
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Figure 11: Harmonics at 50 bar and 500 rpm for the 9 piston
machine and a torque pulsation of 30 times shaft frequency for
different phase angles.

In case of the 10 piston pump, this coincides with the third
harmonic. Therefore, as Figure [I2] visualises, depending on
the phase angle, the third pump harmonic is either reinforced
or weakened. Table[7]shows the ideal phase shift for different



operating conditions. As the ideal phase shift differs between
operating conditions, there is not one single ideal positioning
of the electric motor to the hydraulic pump.
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Figure 12: Phase angle dependency of third harmonic of 10
piston machine for a torque pulsation running at 30 times shaft
frequency. Example is done for 50 bar, 500 rpm, and 10 Nm
amplitude.

Table 7: Ideal Phase Shift for 10 Piston Pump to Reduce the
Third Harmonic (in Percent of a Period and in increments of
5)

| 50 bar 200 bar 350 bar

500 rpm 60 55 50
2000 rpm 35 25 20
4000 rpm 30 15 0

4.4 Effect of Volume

Up to this point, a volume of 100 ml at the pump outlet was
considered.

However, the size of the volume affects the damping, and
therefore the flow pulsations are reduced by the volume. This
section investigates the influence of the volume size by com-
paring the system behaviour for a volume of 10 ml, 100 ml,
and 1000 ml.

A parameter sweep showed that the ideal phase shift and
torque amplitude are not significantly affected by the volume
at the pump outlet. Figure [I3] shows the flow pulsations be-
fore the volume for the same operating conditions and differ-
ent volumes. Figure[T4]shows the flow pulsations for the same
operating condition after the volume. The smallest volume
(10 ml) has very little damping, but the larger volumes (100
ml, 1000 ml) show significantly reduced flow pulsations after
the volume.

Figure [T3] shows the ratio of the harmonics before and after
the volume, confirming that higher order harmonics decrease
more than low-order harmonics.

S Results for Torque Pulsations of a PMSM

In this section, the interaction of the torque pulsations of a
12 slot 10 pole permanent magnet synchronous machine with
the pump setups are investigated. For this purpose, a lookup
table with the rotational angle and the instantaneous torque is
created using Ansys Motorcad and fed to the Hopsan pump
model.

Figure [I6] shows the inherent torque curves of the PMSM and
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Figure 13: Flow before the volume at 200 bar and 2000 rpm
for the 9 piston machine with constant torque for different
volumes.
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Figure 14: Flow after the volume at 200 bar and 2000 rpm
for the 9 piston machine with constant torque for different
volumes.
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Figure 15: Increased damping of higher harmonics based on
9 piston pump operating at 2000 rpm and 200 bar and 100 ml
volume.

the pumps. The average PMSM torque is larger than for the
pumps due to friction.

Figure [I7] shows the flow pulsations after a 100 ml volume
for a constant torque source in comparison to the PMSM with
different relative positions to the pump. The PMSM acts very
similar to the constant torque source.

Figure 8] shows the flow for different relative positions of the
PMSM to a 10 piston pump whose first harmonic is suppressed
by a first order torque pulsation. The torque suppression works
for either orientation, and only negligible differences for the
third harmonic are observed.



€
Zn
£ 1
11
310
S 10
) 50 100 150 200 250 300 350
Shaft anglein deg
= EYEYR
= 9 pistons
o 1 l 10 pistons |
E L | | 1 2 . ST b L A L
<0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Frequency in Hz

cor 1
= 1F 1
E l
<O A A L 1 A

0 1 2 3 4 5 6 7 8 9 10

Harmonic piston order

Figure 16: Inherent torque curves 12 slot 10 pole PMSM and 9
resp. 10 piston pump for operation at 200 bar and 2000 rpm.
Note that for the PMSM, the 10 piston machine was used to
define the harmonic piston orders.
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Figure 17: Flow after a 100 ml volume for a 10 piston pump
driven by a constant torque or a 12 slot 10 pole PMSM with
different positional offsets. The example is for operation at
200 bar and 2000 rpm.
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Figure 18: Flow pulsations for different positions of the
PMSM relative to a 10 piston pump with eliminated first har-
monic for operation at 2000 rpm and 200 bar.

6 Discussion

This section discusses the implications of the results on the
choice of number of pistons, the feasibility and usefulness to
create the required torque ripples, electromagnetic losses, and
refinements to the presented method.

6.1 Effect of the Number of Pistons

In principle, the reduction of the first harmonic works the
same independent of the piston number. However, comparing
Tables [3|and [5| shows that the 10 piston pump requires higher
torque amplitudes than the 9 piston pump. This is caused both
by the decreased time a period requiring faster accelerations
and by an increased inertia.

Using 10 pistons in combination with a 12 slot 10 pole PMSM
offers the possibility to use the electric machine’s inherent
torque ripple to reduce the pump’s third harmonic. However,
Table [7] shows that the ideal phase has some spread, and Fig-
ure [T8] showed that the effect of the angular orientation of the
PMSM on the third pump harmonic is negligible.

6.2 Torque Requirement

It is in principle possible to use torque/speed pulsations to
eliminate harmonics of the flow pulsations, but medium or
high speeds require very high torque amplitudes (as already
stated by Minav et al. and O’Shea [12])). In compar-
ison to Minav et al.’s work, the torque amplitudes are signi-
ficantly higher due to increased inertia, and the consideration
of compressible flow. The electric motor’s inertia is one order
of magnitude higher than the pump’s inertia, and is therefore
the main driver of the torque requirements. A low number of
pistons leads to higher inherent pump pulsations, but they are
easier to cancel using a torque pulse as they provide increased
acceleration time and decreased inertia.

The considered displacement (35 cc/rev) in combination with
the considered maximum pressure (350 bar) yields an ideal
drive torque of 195 Nm. Tables [3] and [5] show that for low
speeds, only small torque amplitudes are needed. At medium
and high speeds, torque amplitudes of some 100 Nm or higher
are required. This is expected to exceed the feasible torque
ripple for the electric motor and a standard inverter.

6.3 Human Hearing

The human hearing area spans frequencies from 20 Hz to
20 kHz. However, the sensitivity of human hearing is
frequency-dependent and e.g. sounds of with los frequencies
need higher sound pressure levels to be perceived than sounds
at medium frequencies [23].

When operating a 9-piston pump at 500 rpm, the first funda-
mental frequency is 75 Hz. As the human ear is not very sens-
itive at these frequency, removing the first harmonic from an
audio signal has no audible effect.

6.4 Losses

Losses in PMSM are typically dominated by copper losses and
iron losses. Harmonic injection increases the losses of the
electric motor [21]], which reduces the efficiency and creates
additional heat in the electric motor. Note that even the in-
verter losses increase with increasing switching frequencies,
but this will not be quantified in this paper.



6.4.1 Copper Losses
Copper losses follow Ohm’s law, see Equation[I7]

Ploss,Cu = Rellrzms (17)

For surface-mounted PMSM outside the field-weakening re-
gion, the current is approximately proportional to the torque.
Therefore, copper losses scale approximately with the square
of the torque.

Equation [I8]describes the current as a function of time, yield-
ing Equation[T9] giving an expression of the square of the rms
current Irzms, which is proportional to the copper losses Pygs,cu-
Equation 19| enables an estimation of the increase of the cop-
per losses due to harmonic injection. The exemplary results
in Tables [8] and [0] show a slight increase of copper losses due
to harmonic injection at low speeds, but very high increases at

medium speeds.

I(t) = Iave + Lamp - sin(kot) (18)
12
am|
Iins = lae + =" (19)

Table 8: Increase of copper losses caused by harmonic injec-
tion of amplitudes as given in Table E’] for a 9 piston machine.

| 50bar 200 bar 350 bar
500 rpm 9.3% 3.2% 2.4%
2000 rpm | 2578% 745% 556%

Table 9: Increase of copper losses caused by harmonic injec-
tion of amplitudes as given in Table E]for a 10 piston machine.

| 50bar 200 bar 350 bar
500rpm | 37.1%  6.1%  3.6%
2000 rpm | 8824%  1219%  740%

6.4.2 Iron Losses

Iron losses consist of the hysteresis losses, eddy losses and
excess losses which cannot be explained by the two aforemen-
tioned loss mechanisms, and are generally estimated according
to Equation 20] [24].

Ploss,Fe = kthg?ltor + kclszgtator + kexcfl'slet'astor (20)

The equation shows a sensitivity both to frequency and mag-
nitude of flux variations. Sohail Ahmed [25]] made measure-
ments with different harmonics at different frequencies. For a
fundamental frequency of 50 Hz, introducing a harmonic with
an amplitude of 20% of the base value yielded a maximum
loss increase of 85% for a 7th order harmonic and 168% for
an 11th order harmonic. For the 9 piston machine at 500 rpm,
the ratio is in a similar region, so iron losses in a similar order
of magnitude are to be expected. For the 10 piston machine,
the torque ratio is higher, thus higher increases of iron losses
are to be expected.

6.5 Positioning of PMSM relative to the Pump

For the considered example, Figure [I8] implies that the pos-
itioning of the PMSM relative to the pump is only of minor
importance, as it only affects the third pump harmonic in this
case, and the magnitude changes are very small. Furthermore,
Table |/| shows that an ideal position for all operating points
cannot be found anyway.

For other electric motor configurations, these conclusions may
however not be valid as they possess other frequencies and
amplitudes.

6.6 Improvements to the Method

The parameter sweeps done in Sections .1 and [4.2] show the
potential of drastic reductions of the first fundamental har-
monic. A co-optimisation of phase angle and torque amplitude
could however yield even better results.

7 Conclusion

This paper investigated the idea to intentionally introduce
speed pulsations with the electric motor to cancel the first har-
monic of the hydraulic pump’s flow pulsation in order to re-
duce common noise.

Due to the large inertia of the electric motor, the angular ori-
entation between the pump and the electric motor does not
significantly affect the pump’s flow pulsations.

Pressure relief grooves are a typical commutation feature to
reduce flow pulsations from hydraulic pumps. However, they
only have a small effect on the first order harmonics, which
often dominate a pump’s frequency spectrum. Motor control
can be used to induce torque pulsations at the pump’s first har-
monic, and using the correct amplitude and phase, the pump’s
first harmonic can be eliminated. Unfortunately, due to the
electric motor’s large inertia, very large torque amplitudes in
the order of multiples of nominal torque are required to cancel
the first harmonic at medium and high speeds. Also, higher
piston numbers require larger amplitudes, as higher frequen-
cies require higher accelerations, and as inertia typically in-
creased with higher piston numbers. These large torque amp-
litudes cause unreasonable levels of currents. Furthermore,
electromagnetic losses drastically increase due to the required
amplitudes at medium and high speeds. At low speeds, the
torque amplitudes are in a reasonable region, and losses are
slightly increased. Therefore, the cancellation of the first har-
monic is in principle feasible. However, at these speeds, the
first harmonic is at frequencies where the human ear is not
very sensitive, yielding almost no audible benefit of removing
this harmonic.

Therefore, introducing speed pulsations to the electric motor
is no practical method of eliminating the first harmonic of hy-
draulic flow pulsations.
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