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Abstract

The work deals with the determination of the power curve for driving the swinging of the
hydraulic crane of the harvester and the subsequent replacement of the hydraulic motor with
an electric motor for the possibility of recuperating braking energy. For this purpose, the hy-
draulic circuit of the crane slewing gear was measured with flowmeters during its rotation
between the angles —105° to +105°, —90° to +90° and —-36° to +22°. The power was calculated
from the measured values. The maximum power needed to swing the harvester crane was 9720 W.
With this power, the torque reached 187.98 Nm. The average value of the power needed to
swing the hydraulic crane was only 2472 W at a torque of 47.81 Nm. From these values, a
synchronous electric motor with permanent magnets with a nominal speed of 2000 rpm (rota-
tion per minute) and a power of 3246 W emerged as suitable for replacing the hydraulic motor.
The use of an electric motor would, however, require a planetary gearbox with fast input speeds
that would then be reduced to slow output speeds. The research results demonstrated the pos-
sibility of using an electric motor to swing the hydraulic crane during the work cycle of the
harvester for the use of energy recovery from crane braking and thus the possibility of reducing
fuel consumption and emissions.

Keywords: CTL (Cut to length) technology, electric motor, crane swing, recuperation, emis-
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1. Introduction

Currently, there is concern about the availability of
fossil fuels and the damage caused by emissions,
which include carbon monoxide (CO), carbon dioxide
(CO,) and nitrogen oxides (NOy) along with particu-
late matter (PM). As a result, regulations aimed at
gradual reduction of emission have been introduced
(Wasilewski et al. 2020, Di Blasio et al. 2022, Mizik
2022). Reduction of emissions can be achieved by sev-
eral methods. The first one uses already well-known
conventional filters that can be found on the exhaust
system of the machine (Sejkorova et al. 2017, Hurtova
et al. 2019). The second method for limiting the pro-
duction of emissions is to use alternative fuels with a
lower content of undesirable substances, which could
also help to replace fossil fuels to a certain extent.
Those alternative fuels include liquefied petroleum
gas (LPG) (Fabi$ and Flekiewicz 2021), compressed

natural gas (CNG) (Khan et al. 2015) or its liquefied
form (LNG) (Langshaw 2020). However, the results of
research on fossil fuels of the diesel fraction group
show that this type of fuel could also be a viable alter-
native (Labaj and Barta 2006, Gorski et al. 2018, Hissa
etal. 2019, Rayapureddy et al. 2022, Hunicz et al. 2022).
A possible alternative is an energy source that does not
consume fossil fuels, but uses renewable sources such
as solar energy (Malek et al. 2022). The last option for
reducing emissions and fuel consumption is the hy-
bridization of machine powertrain systems.

In the forestry sector, due to the widespread use of
diesel engines, the main way to reduce emissions is
hybridization (with filters on the exhaust system). This
method also helps to reduce fuel consumption, which
accounts for 82% of the total costs of felling when us-
ing CTL (Cut to Length) technology (Klvac et al. 2003).
According to Eniola (2013), the use of hybrid systems
could reduce fuel consumption by 25%, while a study
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by Lajunen et al. (2016) showed that this reduction
could range from 10 to 50%. The advantage of hybrid-
ization is the reduction of internal combustion en-
gines, which can reduce the overall weight and dimen-
sions of the given machine (Sellgreen 2014). Currently,
hybrids in forestry can be divided into hydraulic, elec-
tric and electro-hydraulic (not yet commonly used).
Electric hybrid systems are the most used in machines
for CTL technology and, therefore, will be the main
focus of this study.

Nowadays, various electric hybrid powertrain so-
lutions can be found in CTL technology machines. The
most commonly used electric hybrid machine is the
harvester from Logset Oy. The manufacturer's system
includes an electric motor with the possibility of a gen-
erative mode, while the electrical energy is modified
by a converter and stored in a supercapacitor. The sys-
tem control unit monitors the load on the diesel engine
and quickly intervenes as soon as the rpm starts to
decrease (Johnsen 2022). The control unit turns on the
electric motor and it immediately adds torque to the
hydro-generator. When the engine load is normal, the
electric motor switches to the generative mode and
charges the supercapacitor (Logset Oy 2022). It takes
9 to 10 seconds for the supercapacitors to charge and
discharge (Johnsen 2022). The same system is also
used by the manufacturer Elforest Technologies AB in
cooperation with Ponsse Plc., whose product is known
under the name »Elturbo« (Elforest Technologies AB
2022). However, this company is not only concerned
with increasing engine performance but also replacing
almost the entire mechanical part of the wheel drive
in the conventional powertrain system of the harvest-
er. Specifically, the system in question consists of an
internal combustion engine, behind which a generator
is located which produces electrical energy that is led
through a converter to an electric energy accumulator,
from which, through the converter, electrical energy
flows to electric motors located on the axles of the ma-
chine (Rong-feng et al. 2017). However, solutions with
electric motors in wheel hubs can also be found. An
example can be the forwarder from the company
Elforest Technologies AB, which uses AC electric mo-
tors with a power of 30 kW (Stoddart 2010). According
to Edlund et al. (2012), this solution helps to decrease
the total weight of the machine.

Currently, the EV1 concept of Ponsse Plc. and Epec
has also appeared on the market (Ponsse Plc. 2022,
Jonsson 2022a). This concept includes the same princi-
ple as with the previous manufacturers, but the internal
combustion engine of the machine is turned off during
work and the entire system is powered only by accum-
mulators, which is different from other systems, be-
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cause in their cases the internal combustion engine runs
continuously in order to recharge the batteries. In the
EV1, the internal combustion engine (150 kW) operates
for only 50% of the machine working cycle, coupled
with a 100 kW generator (Haugh 2022, Robert Easton
Ltd. 2022). It takes 15 to 20 minutes to charge the accu-
mulators by 31.5 kW/h, while the machine can work for
30 to 45 minutes without burning fossil fuel. Accumula-
tors are charged while the machine is working. Further-
more, the concept of the manufacturer Malwa Forest
AB and their modification of the powertrain of the dual
machine 560 C was also presented. This machine was
fully electrified (Elmia AB 2022). The diesel engine was
replaced by two electric motors powered by accumula-
tors, one electric motor being intended for driving the
crane and the harvester head, and the other for driving
the traction device (Jonsson 2022b). Electrical energy is
obtained by recharging from the electrical grid, while
the accumulators are modular (Engstrom 2021). Modu-
larity makes it possible to exchange discharged accu-
mulators for newly charged ones. The machine is
equipped with two accumulator modules; the larger
module is intended for the machine work, while the
smaller one is used when replacing the larger module,
as the machine crane is used for the replacement. A
machine equipped in this way is able to work for 2
hours per charge (module replacement) (Lesprom
Network 2022). However, all these systems do not al-
low to recover energy from the movement of the crane
commonly used in CTL technology.

An example of a hybrid solution with energy re-
covery is the system of Komatsu Ltd used in their ex-
cavators. The system works with one supercapacitor
and two electric motors with the option of generative
mode (Lin et al. 2010). The first electric motor is lo-
cated between the internal combustion engine and the
hydraulic motor on the shaft. This electric motor pri-
marily produces electricity and then relieves the inter-
nal combustion engine when it is overloaded. A sec-
ond electric motor is used instead of the slewing
hydraulic motor, while its function (swinging) is pre-
served. This electric motor primarily swings the su-
perstructure with the crane, while the energy is recov-
ered during braking and stored in a supercapacitor.
However, a similar system with accumulators was
developed by CNH Industrial, known for its brand
New Holland Agriculture (Mergl 2022). This system,
with an electric motor intended for swinging, could be
a solution to reduce the loss of energy during the har-
vester work, for which possibilities of obtaining elec-
trical energy rely only on systems of the »Elturbo«
type, which can be quite problematic when felling
poplar and eucalyptus plantations (high felling
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intensity with a minimum of interruptions to charge
the electrical source). However, several questions
arise, such as: What is the course of the power curve
when the crane is swinging, or which electric motor of
nominal power to use in such a way as to enable the
recovery of energy from braking and thereby enable
the reduction of emissions or engine downsizing.
These questions are addressed in this research.

2. Materials and Methods

2.1 Used Machine

As part of the research, a hybrid thinning harvest-
er AH6 from Agama a.s. was chosen to replace the
hydromotor with an electric motor in the slewing gear
of the harvester crane. (Fig. 1). This new design of har-
vester with an electric hybrid powertrain system of the
»Elturbo« type with an accumulator has a weight of
7640 kg including fuels and harvester head. With the
operator, the total weight is 7740 kg. Turning of the
harvester is solved by turning the wheels of the front
and rear axles, which are fitted with 500x45 R22.5 tires.
Among other things, the machine is capable of »crab
walk« or turning only with the help of the front axle.
The machine frame is leveled using fixed axles, while
the axles are leveled by 4 hydraulic cylinders (1 axle =
2 hydraulic motors). The front axle can tilt by +10° and
the rear by 5° more. The AH6 harvester is equipped
with a parallel hydraulic crane in front of the cabin on
its platform. The cabin is rotatable, located on a swiv-
el bearing ring, which is leveled in only two directions,
i.e. forward and backward. The rotation of the slewing
gear itself is within +105°. The hydraulic crane and its
attachment to the supporting platform of the cabin al-
lows vertical swing of the crane to the left or right side
by +20° with the help of two hydraulic cylinders. The
maximum reach of the crane is 7 m from the central
axis of the slewing gear. The machine is equipped with
a 325H harvester head from Nisula Forest Oy with a
cut of 340 mm and a weight of 285 kg.

2.2 Measurement of Required Power

Flowmeters were placed in the hydraulic system in
order to obtain data for determining the power for
swinging the machine crane and subsequently choos-
ing a suitable electric motor. Two HySense QT 100
turbine flowmeters and MultiHandy 3020 data loggers
from Hydrotechnik GmbH were used for this pur-
pose. Each flowmeter was equipped with sensors that
recorded the flow, pressure and temperature of the
hydraulic oil. Specifically, the HT-PD ISDS sensor
with the range of 0 to 600 bar was used for pressure
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Fig. 1 Harvester AH6 from Agama a.s.

monitoring. Furthermore, the flow meter was fitted
with an ISDS turbine with a measuring scale of 9 to
300 I/min. According to the manufacturer, Hydrotech-
nik GmbH, the measurement accuracy of the HySense
QT 100 flowmeter equipped in this way is 0.5%. A
flowmeter with these parameters made it possible to
capture any extreme pressure and flow peaks. The
flowmeters were placed between the hydraulic switch-
board and the hydraulic motor of the AH6 harvester
crane slewing gear (see Fig. 2), which is connected to
the planetary gearbox, which enables the change of the
transmission ratio to ensure the corresponding swing-
ing speed. The flowmeters placed in this way were
subsequently connected to data loggers with a set
measurement frequency of 33 Hz. It should be men-
tioned that the one-way flowmeters had to be pro-
tected against deterioration by bypasses with check
valves with an overflow pressure of 1 bar, whereby
one check valve was placed behind the flowmeter (in
the flow direction) and the other was mounted on the
bypass branch in the opposite direction.

Subsequently, the intput power needed to swing
the crane was calculated from the flow and pressure
data obtained in this way. The calculation was made
according to the following eq. 1:

p=P*Q M
Where: 7
P input power, W
Q flow, I/min
p pressure, bar
n hydraulic system efficiency
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Fig. 2 Location of flowmeters in machine hydraulic circuit

2.3 Measurement Methodology

The used machine with installed flowmeters in
the system was subjected to the following measure-
ment methodology. Several axes were marked
throughout the working angle of the slewing gear.
The first one was parallel to the longitudinal axis of
the machine. The angle in which the axis was located
was evaluated as 0°. From this axis, another 6 axes
were marked at different angles from the 0° reference
axis. The first three axes formed an angle of —105°,
-90° and —-36° with the 0° axis. The other three axes
formed the following angles with the 0° axis: +22°,
+90° and +105°. Two points were marked on all axes,
the first one at 5.3 m from the center of the slewing
bearing and the second one at 7 m, which is the full
reach of the AH6 harvester hydralic crane. On the
axes with points marked in this way, the following
measurements were carried out according to the fol-
lowing rules.

First, the crane was placed on the -105° axis and
extended to 7 m, while the crane suspension joint
was 177 cm above the ground. After that, the swing-
ing of the crane was started towards the +105° axis,
but the movement was interrupted at the 0° axis, so
that the harvester head did not oscillate. This stop
also occurs in practice, because the operator first
needs to make sure, from the safety point of view,

that no one has entered the threatened area and also
to look around at what he will do at the end point.
Among other things, partial processing of the tree
takes place in front of the machines. Subsequently,
after 2 seconds had passed, the swinging towards the
+105° axis was started again, where the crane stopped
again in its rotation so that there was no unwanted
movement of the head. On the +105° axis, the direc-
tion of swinging was thus reversed towards -105°
and again the movement was stopped at the 0° axis.
Then followed the same procedure as when moving
to the +105° axis, but towards the —105° axis. These
movements from —-105° to +105° and back were con-
sidered one measurement cycle, and the cycle was
repeated five times in total. After carrying out these
cycles, the —90° axis was chosen as the starting and
end point of the next measurement (5 more cycles),
while the turn was made in the +90° axis, again with
stops in the 0° axis. This was also the case with the
next measurement, where the start and end points
were chosen to be the -36° axis with a turn in the +22°
axis and stops in the 0° axis. After that, the reach of
the crane was reduced to 5.3 m and everything was
repeated exactly as with the maximum reach (7 m).
Fig. 3 presents a drawing of the measurement meth-
odology for a better understanding.
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Fig. 3 Measurement methodology

3. Results

3.1 Power Curve

Fig. 4 shows the measured values of the hydraulic
system and their course into input of the motor dur-
ing crane swinging in the range of axes —-105° and
+105° within the reach of the crane of 5.3 m. During
this movement, the highest rotation speed of the
crane occurs and therefore there is also a large flow
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of hydraulic oil, which results in the highest perfor-
mance according to eq. 1. Specifically, the flow and
pressure curve during one defined measurement cy-
cle can be noticed, which reached the highest values
within 5.3 m. During the measurement of this crane
reach, a maximum pressure of up to 126.42894 bar
was recorded (Fig.4). However, the maximum pres-
sure during the entire measurement in the reach of
the crane of 5.3 m was 135.36100 bar. During the
movement, the pressure reached values ranging
from 74.69606 to 113.06219 bar. Fig. 4 shows signifi-
cant pressure fluctuations during the movement of
the crane. In these fluctuations, the pressure reached
only 31.21012 bar, while the lowest pressure value in
the entire measurement in this range was down to
18.19599 bar. In contrast, the recorded flow rate was
relatively balanced and ranged from 27.1502 1/min to
47.7150 1/min. Fig. 4 clearly shows that, after the max-
imum opening of the hydraulic distributor valve, the
flow stabilized considerably and its value was around
40 1/min. Different flow values were achieved when
swinging from the —36° axis to the +22° axis and back,
where the flow rate was around 30 1/min.

The average behavior of hydraulic oil pressure
and flow rate into input of the motor when the crane
is swinging in its maximum range (7 m) can be seen
in Fig. 5. Specifically, this is the movement of the
crane from the -105° axis to the +105° axis and back.
This measurement cycle can be considered represen-
tative within the scope of repetition in one
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Fig. 4 Pressure and flow into motor input when moving from —150° to +105° and back in 5.3 m
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Fig. 5 Pressure and flow into motor input when moving from —150° to 4 105° and back in 7 m

measurement, while the measurement itself (move-
ment from —105° to +105°) reached the highest values
of the flow and therefore the power. Fig. 5 shows the
increased pressure every time the crane starts to
swing. The pressure during these peaks reached up
to 129.77660 bar, with a maximum of 135.15200 bar
recorded throughout the measurement. After this peak,
a slight drop was recorded, which was 79.90656 bar,
but during all measurements within a range of 7 m,
a larger drop was also recorded at 38.91120 bar. Sub-
sequently, the pressure rose and ranged from
79.90656 bar to 115.63078 bar. A similar phenomenon
with a starting high pressure peak was also recorded
during measurements at a range of 7 m (see Fig. 4).
Furthermore, Fig. 5 shows a balanced flow during the
maximum opening of the distributor valve, as was
the case in Fig.4. However, the flow in this case was
between 40 and 45 1/min, which was more than when
measuring starting at the -36° axis with a turn at the
+22° axis. Specifically, a flow rate of around 25 1/min
was recorded.

From the pressure and flow values obtained in
this way, the power needed to swing the crane was
calculated with the hydraulic system efficiency of
0.85 (1)). This efficiency value was taken according to
the specification of the hydraulic motor manufac-
turer and their certification system. Fig. 6 shows the
powers within the swinging between the axes -105°
and +105° in one cycle at a crane reach of 5.3 m and
7 m. The highest power within the given cycle and

the entire measurement was calculated when the
crane returned from the +105° axis in a range of 7 m.
Its value was 9720 W, which is 593 W more than the
5.3 m range, which was 9127 W. This value was
achieved when swinging from the +90° axis to the
-90° axis at a crane reach of 5.3 m. The lowest maxi-
mum power in the entire measurement was only
3078 W and was achieved when the crane was swing-
ing within a range of 5.3 m from the +22° axis to the
-36° axis. With the same movement, but with the
crane extended to the maximum, the calculated pow-
er was 5545 W. When moving to the left, the power
maximum was also recorded for measurements with
the start and end points on the —90° axis with a turn
on the +90° axis. At a range of 7 m, the power was
9156 W and at 5.3 m it was 9696 W. Fig. 6 aslo shows
the possibility of energy recovery with the starting
braking of the crane, which can be located at the end
of each movement, while its beginning is included at
the end of the power peaks. In the current version of
the drive, the hydromotor is not capable of recupera-
tion. However, this possibility arises when using an
electric motor.

3.2 Choice of Electric Motor

Based on the measured results shown in Fig. 6,
the most demanding possible work cycle of the elec-
tric motor was determined. As shown in Fig. 6, this
is intermittent periodic loading, which reaches max-
imum values of approx. 9 kW. Due to the used
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Fig. 6 Input power when swinging from —105° to +105°

planetary gearbox and the ratio of the sprocket and
ring of the slewing gear, the total transmission to the
motor shaft is 1/86.9. At a given slewing speed of
0.595 rad/s, the motor speed is 494 rpm, which, given
the required maximum power of 9720 W, means that
the required maximum torque reaches 187.98 Nm.
From the above Fig. 6, it is also possible to determine
the mean power value, which is equal to 2471 W, with
the mean torque value of 47.81 Nm. Therefore, a low-
speed electric motor with a high torque on the shaft
would be a suitable option. This working area is
quite disadvantageous from the point of view of the
given application, because the size of the electric mo-
tor is proportional to its output torque rather than
power. The torque is directly proportional to the
magnitude of the phase current and the motor wind-
ing has a defined current density. The greater the
current flowing through the winding, the larger the
cross-section of the conductors must be, and there-
fore the total volume of the winding also increases,
as well as that of the machine. Therefore, a larger
gear ratio was chosen so that the engine could be
operated at higher revolutions and the total power
was then equal to the product of these higher revolu-
tions and the reduced torque ratio.

In the case of adjustment of the overall transmis-
sion from a value of 1/86.9 to a value of approx. 1/400,
the maximum value of the required torque is
40.84 Nm at a speed of 2272.33 rpm. Its mean value
is then equal to 10.39 Nm.

24 26 28 30 32 34 36 38 40 42 44 46

Brushless electric motors include an asynchro-
nous electric motor with a squirrel-cage rotor, a syn-
chronous electric motor with permanent magnets or
some variant of a reluctance electric motor.

Due to the requirement of the maximum ratio of
torque and volume in the given application, a syn-
chronous electric motor with permanent magnets
was chosen (Kammermann et al. 2015, Pyrhonen et
al. 2013, Pellegrino et al. 2012, Zhu and Howe 2007).
When controlling a DC/AC three-phase inverter
feeding a motor, a motor with a harmonic induced
voltage is considered, which also requires harmonic
currents for smooth operation without torque ripple.
Thus, the control circuits of the inverter will use sine
PWM and a control algorithm requiring information
about the current position of the rotor (position sen-
sor on the rotor). However, it is also possible to deal
with a BLDC or EC motor (the so-called »brushless
DC« motor or »electronically commutated« motor).
This is again a three-phase synchronous electric mo-
tor with permanent magnets on the rotor. Its wind-
ing arrangement is slightly different so that the in-
duced voltage waveform is not harmonic, but shows
flat-topped (trapezoidal) waveform with an ideal
width of 120 electrical degrees. Then it is possible to
use rectangular pulses of phase currents for power
supply, while the motor has a smooth torque behav-
ior. A simpler design will suffice for the position sen-
sor — only information in which of the six segments
within the 360 electrical degrees where the rotor is
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currently located. The power hardware of the DC/AC
inverter is identical to the harmonic one, only a dif-
ferent algorithm is programmed in the control cir-
cuits.

For a concrete idea, a permanent magnet synchro-
nous motor with harmonic induced voltage »I5-1700«
from Aveko was selected. The motor parameters are
given in Table 1.

Table 1 clearly shows that the motor has a suffi-
ciently large torque reserve, even though it is a motor
that has a power of 3246 W at the nominal point.
Another factor that creates a certain reserve from the
dimensioning point of view is the fact that the op-
erator will never perform these working operations
without time delays. Thanks to this, there is no risk
of overheating the motor and its temperature will
stabilize at a level lower than the permitted maxi-
mum. For safety reasons, the DC/AC converter will
monitor the operating conditions of both the con-
verter and the motor. In the case of the motor, it is
primarily a matter of measuring the temperature
inside its windings, which is recorded in real time
and is immediately evaluated by the regulatory
structure and, if necessary, performs regulatory in-
terventions. It is assumed that a DC/AC converter
from the SiliXcon company, namely the SC or SL se-
ries, will be used, where these converters allow the
motor current to be reduced when the temperature
rises, resulting in a reduction in overall performance
and subsequent stabilization of the temperature. If
the temperature rises further, the motor is discon-
nected for safety reasons.

Table 1 T5-1700 motor parameters

Parameter Abbreviation Value
Nominal revolutions m 2000, rpm
Intermediate circuit voltage Vi 48.0V
Nominal RMS line to line voltage v, 350V
Nominal RMS phase voltage v, 210V
Nominal torque T, 15.5Nm
Nominal RMS phase current I, 103 A
Peak torque T 51 Nm
Peak phase current Lax 552 A
Maximum speed Minax 3770 rpm
Number of poles 2p 6
Electric time constant ty 11.0ms
Mechanical time constant T ech 0.70 ms
Thermal time constant tn 60 min
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4. Discussion

From the above, it is clear that in the case of simply
replacing the powertrain system of the slewing gear
with an electric motor, the resulting torque and engine
speed are quite unsuitable for the given application,
because the required power is given by the product of
low speed and high torque. This leads to the use of a
disproportionately large motor at the required mean
power value. This problem can be solved by using a
higher gear ratio of approx. 1/400, thanks to which it is
possible to obtain a nominal speed of approx.
2272.33 rpm on the electric motor shaft with an average
torque of 10.39 Nm and a maximum torque of 40.74 Nm.
These are parameters that can be achieved even with a
standard commercially produced electric motor.

For the implementation of this application, two
types of electric motors come into consideration,
namely asynchronous (or induction) motors (IM) and
synchronous motors with permanent magnets
(PMSM). Each of these electric motors has advantages
and disadvantages, both technical and economic, and
the choice of the most suitable type must be made ac-
cording to the requirements of the specific application.

From a design point of view, both IM and PMSM
belong to AC electric motors. The stator stack is com-
posed of non-oriented sheets (dynamo sheets) to lim-
it losses due to eddy currents, and usually a three-
phase winding is placed in its slots.

The winding can be distributed or concentrated.
Distributed windings are used in both IM and PMSM,
where in this type of winding the pitch of the coil is
greater than 1 slot and thus the winding faces cross.
An example of a distributed winding of a two-pole
(2p=2) asynchronous motor with twelve slots on the
stator (Qs=12) is shown in Fig. 7a); when on the right
side you can see the finished end windings wrapped
(pulled) in fabric, on the left side of the stack, only for
the demonstration of the end windings, the coils are
left free for a better illustration of the overlapping of
the coils. The figure shows how much copper belongs
to the end windings, which significantly increase the
total electrical resistance of the winding and thus the
losses in the winding. At the same time, only the part
of the winding that is in the slots of the stator stack is
directly involved in the generation of torque. The ratio
between the volume of copper in the slots and in the
end windings is clearly better for the concentrated
winding (Qs=12, 2p=10) shown in Fig. 7b), when the
pitch of the coil is exactly one slot and the coil is thus
wound around each stator tooth. It is a two-layer
winding; single-layer concentrated windings can also
be created.
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Concentrated windings are often used in PMSMs
(or BLDCs), since with them it is possible to achieve
lower losses in copper and a smaller volume (weight)
of copper, and therefore also smaller dimensions of
the entire electric motor. Concentrated windings are
practically not used in asynchronous motors, be-
cause these windings create a large number of sig-
nificant higher harmonics and subharmonics of the
magnetic field in the air gap, which greatly increases
the losses in the rotor cage of the asynchronous mo-
tor and creates parasitic torques in the IM.

The disadvantage of concentrated windings is
that, in principle, their number of poles is usually
higher than that of distributed windings, and there-
fore a higher frequency of the supply voltage is need-
ed to achieve the same speed. However, losses in the
stator iron increase with frequency, which are then
limited by using sheets with a lower specific iron
losses, which is more expensive (material and pro-
duction). A higher fundamental (working) frequency
also places higher demands on the frequency con-
verter, especially for motors with higher speed.

The main difference between IM and PMSM is in
the rotor. The rotor stack of an asynchronous motor
is composed of metal sheets and is most often
equipped with a cage winding, usually made of alu-
minum, Fig. 8a. In a PMSM, the rotor yoke can be
made of solid steel or metal sheets, and permanent
magnets (PM) are placed on the rotor. Permanent
magnets can be either on the surface of the rotor, Fig.
8b, or they can be nested (inserted) inside the rotor
stack. The location of the magnets inside the rotor is
particularly important when de-excitation of the
electric motor is required to increase the achievable
speed range.

Permanent magnets generate a magnetic field in
the PMSM without the need for input power. With
IM, the electric motor must be excited from the stator
side by means of the magnetizing current passing

Distributed Qs=12, 2p=2

Concentrated Qs=12, 2p=10

Fig. 7 Stator stack with three-phase winding

V. Mergl et al.

Fig. 8 a) Squirrel-cage rator of an asynchronous motor; b) rotor
(without shaft) of a synchronous motor with PM

through the stator winding. This magnetizing cur-
rent then creates losses in the stator winding.

The rotor speed of an asynchronous motor must
always be lower than synchronous speed. This speed
difference allows voltage to be induced into the rotor
and create currents in the rotor cage. The rotor cur-
rents create a rotating magnetic field in the rotor,
which rotates synchronously with the rotating mag-
netic field of the stator and creates a torque. However,
the rotor current also creates losses in the IM rotor
cage. Losses in the PMSM rotor do not occur when
considering only the fundamental (working) harmon-
ic of the magnetic field. In practice, however, certain
losses in the PMSM rotor may arise due to the exis-
tence of additional harmonics of the magnetic field in
the air gap of the electric motor, which induce eddy
currents in the electrically conductive PM material
(NdFeB, SmCo).

From the above design differences, it can be de-
duced that, in general, lower losses can be expected at
the nominal working point for PMSM, and therefore
higher efficiency than for IM.

Furthermore, a higher torque-to-volume, or torque-
to-weight, ratio can be expected for PMSM. This is also
evident from the values listed in Table 2, which are
taken from the literature (Pyrhonen et al. 2013). Based
on (Pyrhonen et al. 2013), PMSM can assume up to 1/3
smaller volume of active parts of the electric motor
than IM. This is mainly due to the higher expected
magnetic flux density in the air gap for PMSM (using
PM from rare earths) and the higher cos (£), where &
is spatial phase shift between the fundamentals of the
distributions of magnetic flux density and linear cur-
rent density.

It is therefore clear from the above that PMSM is
more suitable for replacing the slewing bearing pow-
ertrain system, despite the higher price. As this ap-
plication requires starting the motor from zero speed
to rated speed at which the electric motor operates
over the full range of torques, its disadvantage of
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Table 2 Tangential stresses for IM and PMSM dimensioning;
adapted from Pyrhonen et al. (2013)

Closed IM PMSM

Linear current density, Agys [KA] 30-65 35-65
Magnetic induction in the air gap, By [T] 07-0.9 | 0.85-1.05
Tangential voltage (avg), o, [Pal 21500 33500
Estimated power factor, cos (€) [-] 08 1

problematic flux-weakening is not significant and the
above advantages far outweigh those of IM.

The same engine concept is also used, for example,
in the electric excavator and in the electric part of the
hybrid drive of the harvester as stated in (Nevrly et al.
2022, Prochéazka et al. 2019). The definition of the re-
quirements for an electric motor for the hydraulic
slewing gear of the hravestor crane and the subse-
quent selection of a suitable motor was also based on
the fact that it is a slewing gear of the harvester with a
hybrid drive and the battery of the hybrid system can
be used as a source of DC voltage for the inverter that
feeds the electric motor, which is designed to allow the
use of batteries based on LiFePo4 (Lithium Iron
Phosphate), LTO (Lithium Titanate Oxide), or TPPL
(Thin plate pure lead). The choice of a specific technol-
ogy is determined on one hand by the destination of
the harvester operation and on the other hand by the
size of the total purchasing cost, where the price of the
accumulator is not negligible. As it is the case with the
price of the LTO battery, which, despite its high price
and larger built-in dimensions, than, for example, the
LiFePo4 battery, has the best operating characteristics
and the absolute longest service life when cyclically
loaded with large currents. Due to the nature of the
entire drive system, the use of ultracapacitors was not
considered. Compared to accumulators, no manufac-
turers offer cells with sufficient capacity at a sufficient-
ly high voltage, and their use entails the necessity of
constructing an additional DC/DC converter in order
to fully utilize their capacity.

5. Conclusions

As part of the research, it was found that the max-
imum power needed to swing the harvester crane was
9720 W. During this maximum, the torque reached
187.98 Nm. However, the average power required to
swing the hydraulic crane was only 2472 W at a torque
of 47.81 Nm. These values resulted in the use of a syn-
chronous electric motor with permanent magnets and
harmonic induced voltage with a nominal speed of

Power Curve Determination and Electrification of Powertrain System of Harvester... (293-304)

2000 rpm and a power of 3246 W. Fitting the engine
would, however, require the creation of a planetary
gearbox with fast input speeds, which would be re-
duced to slow output speeds. However, the research
results demonstrate the possibility of using an electric
motor to swing the hydraulic crane during the work
cycle of the harvester. In addition, there are prerequi-
sites for the use of energy recovery from crane braking,
which could lead to a reduction in fuel consumption
and emissions.
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