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Abstract: The paper presents a method of determining the efficiency of the slewing drive
system applied in tower cranes. An algorithm for the proper selection of a permanent
magnet synchronous motor (PMSM) for crane applications is presented. In the first stage
of our research the proper PMSM was proposed on the basis of the simulation calculation.
Next, the PM motor was examined on a special test bench. The experimental setup allows
determining major electrical and mechanical parameters of the motor drive system. The
applied slewing system consists of: an inverter, gear, cable drum and a permanent magnet
motor. The performance and efficiency of the system were experimentally determined.
Selected results of the experimental measurement are presented and discussed.
Key words: energy conversion efficiency, permanent magnet synchronous motor, slewing
drive system, system efficiency, tower cranes

1. Introduction

Nowadays, electricity is used in almost all production processes. The major part of elec-
tricity is consumed by electrical machines, mainly, this involves the processing of electricity
into mechanical energy by electrical motors [1]. Nowadays, induction motors are used most fre-
quently [2, 3]. The mathematical model of phenomena in induction motors is well known [4, 5].
They are commonly used in the construction industry and mining industry as drives of industrial
machine tools, and also in agriculture and consumer equipment. The currently manufactured
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induction motors and even high-efficiency induction motors are characterized by low values of
functional parameters in relation to the latest designs of permanent magnet (PM) motors [6–15].

Quickly developing global economy and more and more rigorous requirements regarding the
energy consumption force designers to look for new, better and more efficient designs of electrical
motors. One of themost energy-consuming fields of economy is the construction industry inwhich
cranes are used commonly. In accordance with the catalogue data, the power of all motors installed
in the crane ranges between 15–35 kW [26], depending on the crane type.

There are different types of electrical motors used in crane drive systems. Most frequently,
these are induction motors powered by inverters. The type of the used electrical motor is strictly
associated with the intended use of the device. In addition to the proper selection of the drive
motor in the crane system, the control system, which significantly affects the energy processing
efficiency in the entire drive system, is an important element. In the case of estimating the energy
consumption of the drive for cranes, it is necessary to determine the efficiency of not only the
motor, but the entire drive system [16]. Also, in this case, the selection of the proper control
system strictly depends on the intended use of the crane. The most important requirement set for
manufacturers of crane systems is a guarantee of a high level of safety for their users.

In this paper, the conversion efficiency of the slewing drive system based on the permanent
magnet synchronous motor for a tower crane is presented. The algorithm of proper PM motor
selection for crane applications is introduced in Section 2. The construction of a special test
bench for the investigation of the slewing drive system is shown in Section 3. Next, the results
of experimental measurements of the PM synchronous motor and slewing propulsion system are
presented in Section 4. The comparison of energy conversion efficiency for all propulsion systems
applied in the tower crane is presented in Section 5. The conclusions and discussion about future
work are included in Section 6.

2. Algorithm of the PM motor selection to crane applications

The computer software to determine the static point of work of the motor was developed. This
software used an analytical model of the propulsion system in the Delphi 7.0 environment. The
input data are the catalog data of the motor and the shape of the motion profile. The diagram of
the drive system that consists of: (a) a motor, (b) a gear, (c) a cable drum and (d) a load, is shown
in Fig. 1.

The rms (Trms) and maximum (Tmax) value of torque on the motor shaft can be expressed as
follows:

Trms = Frms

(
Db

2ibigηbηg

)
+ Td rms , (1)

Tmax = Fmax

(
Db

2idigηdηg

)
+ Td max, (2)

where: Fmax is the maximum resistance force, Frms is the rms resistance force of the system, Db

is the cable drum diameter, id is the cable drum transmission, ig is the gear ratio, ηd is the cable
drum efficiency, ηg is the transmission efficiency, Td rms is the rms value of a dynamic moment,
Td max is the maximum value of a dynamic moment.
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Fig. 1. Schematic view of propulsion system for crane application

In the developed algorithm, the values of dynamic moments are calculated according to the
following formulas [18]:

Td rms = Jεrms , (3)

Td max = Jεmax , (4)

where: J is the moment of inertia of rotational mass brought down to the motor shaft, εrms is the
rms angular acceleration, εmax is the maximum angular acceleration of the motor.

The moment of inertia of the rotating mass brought down to the motor shaft in the adopted
crane system is determined as:

J = Js + Jg +
Jb(

ηgig
)2 , (5)

where: Js is the moment of inertia of the PM motor, Jg is the moment of inertia of the gear, Jb is
the moment of inertia of the cable drum.

In order to determine dynamic moments (Td rms, Td max), the motion profile of a duty cycle
must be taken into account. The trapezoidal motion profile has been taken into account in the
developed computational algorithm (see Fig. 2) [17]. In such a case the values of the angular
acceleration can be determined as:

εmax =
1
ta

(
2idv
Db

)
, (6)

J = Js + Jg +
Jb(

ηgig
)2 , (7)

where: v is the maximum linear speed of the lifted load, tt = ta + tr + tc + tb is the total duration
of the work cycle, ta is the acceleration time, tr is the time of work with the constant speed, tc is
the braking time, tb is the break time.
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Fig. 2. The trapezoidal motion profile, ta is the acceleration time, tr is the time of work with constant speed,
tc is the braking time, tb is the break time

The maximum resistance force for the adopted drive system can be derived:

Fmax = Fr + mt

(
g +

v

ta

)
, (8)

where: Fr is the friction force, g is the gravitational acceleration, mt is the total mass, consisting
of the weight of the lifted load and additional mass, i.e. rope mass, declared before the start of
the calculation.

The value of the rms resistance force was determined using the equation:

Frms =

√√√√√√√ tm (gmt + Fr )2 + ta

(
mtv

ta

)2
− tc

(
mtv

ta

)2

tt
, (9)

in which tm is the time of load lifting.
The maximum mechanical power on the shaft of the motor can be determined using Equa-

tion (2), i.e. [19]:

Pmax = Tmaxig

(
2ibv
Db

)
. (10)

Moreover, the rms mechanical (output) power on the motor shaft is determined as:

Prms = Trms

(2ibigv
Db

)
. (11)
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The value of the maximum electrical (input) motor power Ps max and the rms motor power
Ps rms can be obtained by:

Ps max = Pmax + χ∆Pcu max , (12)

Ps rms = Prms + χ∆Pcu rms , (13)

where: χ is the loss factor, ∆Pcu max is the maximum losses in copper, ∆Pcu rms represents the rms
losses in the cooper.

Based on the above algorithm, a preliminary estimation of the functional parameters of PM
synchronous motors for all drives applied in the constructed tower crane has been made.

2.1. The rated parameters of the motor for the slewing drive system

Using the presented algorithm, the type of motors for all drives for the designed tower crane
was selected. The rated parameter of motors for the trolley travelling drive was presented in [17].
In the case of the slewing drive, the Beckhoff AM 8063-3N40 was proposed. Table 1 contains the
rated parameters of the motor for the slewing drive system.

Table 1. The rated parameters of the Beckoff AM 8063-3N40 motor

Parameter Unit Value

Rated torque Nm 13.2

Peak torque Nm 111

Standstill torque Nm 29

Rated power kW 4.15

Rated speed rpm 3000

Maximum value of line voltage V 480

Number of poles – 10

Rotor moment of inertia kgcm2 29

Standstill current A 17.2

Peak current A 80.9

2.2. Determining the best shape of the motion profile

The elaborated software is equipped with an optimization module. The optimization mod-
ule contains the classical particle swarm optimization (PSO) method [7, 20]. The optimization
module allows determining the parameters of the trapezoidal motion profile for which electricity
consumption is minimal for the assumed profile, depending on the assigned rated parameters of
the motor. This module is not available for the person using the crane device.
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3. The experimental test bench setup

In order to verify the proper selection of the motor, a test bench for experimental investigation
of properties of a PMSM was constructed. The test bench consists of: (a) a channel power
analyzer, (b) a main filter, (c) a power inverter, (d) the tested PM synchronous motor and (d) an
active load system. The block diagram of the experimental test bench is presented in Fig. 3. The
experimental bench is automated and computer-controlled. All themeasured electrical parameters
and mechanical parameters are saved into CSV files and are used to determine electrical and
mechanical propulsion system parameters.

Fig. 3. The block diagram of the test bench setup

The active load system with a dynamometer is also computer-controlled, it allows free mod-
eling of the load characteristic. It is possible to set a motion profile with the desired shapes and
accelerations. The configuration of the experimental setup is presented in Fig. 4.

Fig. 4. The view of experimental bench for examination of the slewing drive system properties: 1 – active
load system with dynamometer; 2 – gear; 3 – flange mount for motor; 4 – PM synchronous motor
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4. The experimental test of motor and the propulsion system

The main aim of the measurements was the estimation of properties of the examined slewing
drive system. The most important task is the calculation of the energy conversion efficiency in
the slewing drive system. All the measurements of mechanical and electrical quantities were
performed in the test bench setup presented above.

4.1. Measurements of the PMSM in no-load condition
In the first test the back-electromotive force (EMF) was measured. The examined motor was

propelled with a rotational speed of 1400 rpm. The waveforms of the back-EMF in the specific
phases are shown in Fig. 5(a). Fig. 5(b) shows the spectrum of harmonic of the back-EMF in the
track of the first phase of the motor. The rms value of the phase back-EMF is equal to 221.3 V.
Thus, the maximum value is 321.9 V.

(a)

(b)
Fig. 5. Results of the measurement in no-load condition: (a) back-EMF waveforms;

(b) spectrum of harmonics of back-EMF in the first phase of the motor
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During the measurements, the THD coefficient for the first phase equaled 1.83%. One can
observe the significant influence on the value of the THD coefficient for the 10th and 12th

harmonics, which were valued correspondingly as 1.63% and 0.91%, respectively.

4.2. Measurements of the propulsion system properties in load condition

Next, themeasurements were taken for the slewing drive system under the workload condition.
The results of the measurement in the assigned motion profile are shown in Fig. 6.

The work of the drive was modeled with the trapezoidal profile of the movement. During
the experimental research the characteristic times were assumed: the acceleration time ta, the
braking time tc and the time of work with the constant velocity tr . All three times were identical
and equaled 15 seconds. The break-time tb was equal to 30 seconds. The following mechanical
parameters were assumed: the maximum rotational velocity equaled 1 560 rpm, the maximum
loading torque Tl = 37 Nm.

The maximum temporary value of the electric power consumed by the drive system from the
supply network was Pe = 5.9 kW during the acceleration process, whereas the temporary value
for the braking stage was Pe = 7.2 kW (see Fig. 6(a)). The test results were the basis of estimating
the median value of electromagnetic torque produced by the motor, which was T = 35 Nm (see
Fig 6(b)).

On the basis of the obtained measurements results, it can be observed that the greatest value
of electromagnetic torque is achieved during start-up of the slewing drive system. In this state,
the drive system has to overcome a large value of the moment of inertia. During the period of
work with constant speed, the value of electromagnetic torque is much lower. In the case of the
acceleration period, the velocity increases linearly, the mechanical energy is supplied to the driven
system.

The obtained test results of electrical and mechanical quantities were used to define the rms
values of voltage and rms values of currents in the specific phases of the analyzed drive system.
Additionally, the active power for each phase during the working cycle and the power factor were
also estimated. The results of the measurements are presented in Table 2.

Table 2. The determined electrical parameters of the slewing drive system

Parameter Unit Phase 1 Phase 2 Phase 3

RMS voltage V 230.1 232.1 229.4

Voltage THD coefficient % 1.83 1.82 2.01

RMS current A 10.374 11.018 11.167

Current THD coefficient % 99.1 101.2 100.4

Active electric power W 1381 1381 1379

Power factor – 0.66 0.64 0.63
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(a)

(b)

(c)
Fig. 6. Themechanical and electrical waveforms during enforcedwork cycle: (a) the electric powerwaveform;

(b) the loading waveform and (c) the velocity waveform
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The value of the slewing drive efficiency was calculated with the use of mechanical and
electrical values for all the phases [20, 21] and was determined as:

η =
Prms
Ps rms

100, (14)

For the researched system the value of the energy conversion efficiency equaled 87.982%.
The spectrum of the harmonic content of supply current before the power inverter fed the

slewing drive system (see Fig. 3) was analyzed. The harmonic content of the current of the first
phase is shown in Fig. 7.

Fig. 7. The spectrum of harmonics of the current in the first phase

The analysis showed a high value of the THD coefficient for the supply current. In the case
of supplying PMSMs by inverter-equipped systems one usually observes a high content of odd
harmonics, that is 5, 7, 11 and 13 [22–25].

5. Comparison of the properties of all drive systems used
in the designed tower crane

The aim of our research was to evaluate the possibility of the application of drive systems
based on permanentmagnet synchronousmotors in the construction of tower cranes. The designed
tower crane will be equippedwith following drive systems: (a) the hoist winch drive, (b) the trolley
travelling drive and (c) the slewing drive. The PMSMs for all propulsion systems were selected
using the algorithm presented in the second section of the article. The performance parameters
of all propulsion systems were investigated on the experimental test bench setup [17, 21]. The
comparison of functional parameters for all the tested drives systems is shown in Table 3.

Based on the presented measurement results, it can be noted that the best parameters were
obtained for the hoist winch drive, both the efficiency and the power factor value. The worst
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Table 3. Comparison of electrical parameters of propulsion systems

Type of drive Efficiency Power factor Voltage THD

% – %

Host winch drive 88.045 0.753 1.71

Trolley travelling drive 73.895 0.605 1.46

Slewing drive 87.982 0.643 1.886

performance was obtained for the trolley travelling drive. In the case of the trolley travelling
drive, the position of the trolley is controlled by a system of ropes moving on rollers. For this
type of drive, the good dynamic of movement is more important than the energetic efficiency.
Often, a higher power of an inverter is applied to compensate for load fluctuations caused by the
movement of the swinging load and weather conditions.

6. Conclusions

This paper presents an algorithm for the correct choice of a PM synchronous motor for the
drive system used in cranes’ applications. Employing this algorithm, the PM motors for the
following systems were chosen: (a) the hoist winch drive, (b) the trolley traveling drive, (c) the
slewing drive. The functional parameters of each motor drive were measured on the built test
bench. The taken measurements allowed calculating the efficiencies of each drive. The energy
conversion efficiency obtained during our investigation is encouraging. As a result, the following
efficiency for propulsion systems were obtained: (a) the hoist winch drive equals 88.045%, (b)
slewing drive equals 87.982% and (c) the trolley travelling drive equals 73.895%. At present, the
prototype of a tower crane equipped with PM motors is being constructed. The efficiency of the
tower cranes equipped with PM synchronous motors will be compared with the efficiency of the
cranes equipped with conventional induction motors.

The next research will focus on developing a new construction of the hoist winchmotor, where
the rotor would be directly coupled with the drum for line winding. In such a drive system there
would be no need for a gear, which makes the construction less complicated and thus reduces the
production and operating cost. A project of such a new machine will be determined with the use
of the newest non-deterministic optimization procedures.
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