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Abstract: In this paper, the static and dynamic simulations, and mechanical-level Hardware-In-
the-Loop (MHIL) laboratory testing methodology of prototype drive systems with energy-saving
permanent-magnet electric motors, intended for use in modern construction cranes is proposed
and described. This research was aimed at designing and constructing a new type of tower crane
by Krupinski Cranes Company. The described research stage was necessary for validation of the
selection of the drive system elements and confirmation of its compliance with applicable standards.
The mechanical construction of the crane was not completed and unavailable at the time of testing.
A verification of drive system parameters had to be performed in MHIL laboratory testing, in which it
would be possible to simulate torque acting on the motor shaft. It was shown that the HIL simulation
for a crane may be accurate and an effective approach in the development phase. The experimental
tests of selected operating cycles of prototype crane drives were carried out. Experimental research
was performed in the LINTE"2 laboratory of the Gdarisk University of Technology (Poland), where the
MHIL simulator was developed. The most important component of the system was the dynamometer
and its control system. Specialized software to control the dynamometer and to emulate the load
subjected to the crane was developed. A series of tests related to electric motor environmental
parameters was carried out.

Keywords: hardware in the loop testing; permanent magnet motor; crane drive; control system;
measurement

1. Introduction

Over the last few years, the Hardware-In-the-Loop (HIL) approach for in-depth validation of
complex systems has gained recognition. HIL simulation is a set of tools that exchange a physical object
with a numerical description that elucidates its dynamic state to a required level. A device-under-test
(DUT) communicates directly with a computing platform, which works in a real-time manner and
preferably without high latencies. Such a platform determines the response of a physical object.
Injection of various test cycles and irregular states into the real-time simulation entitles the DUT
to be validated in a broad scope of normal and abnormal settings. A device-under-test validation
under real-life conditions without the connection to a large electro-mechanical environment is a
major advantage of the HIL approach. Other values of HIL include expedited development phase,
the possibility of testing a complete set of operation conditions, especially those that are problematic,
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dangerous or infeasible, and real-time ability to view quantities, which are challenging to obtain in a
physical object.

The verification stage should be completed before the release of the final product, also to check
whether it was made under the appropriate standards and procedures. In the V-model product design
method (Figure 1), verification activities are carried out at all stages of the project; from the design of
individual components to the testing of the entire system.
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Figure 1. Design procedure [1-3].

The appropriate verification procedure should be chosen depending on the type/nature of the
project, the size of the component or the subsystem [4]. Methods of verification using computer
simulations are widely used and have become the basis of model-based systems engineering [5].
The development of computer models of a complex system is often cheaper and faster than the
construction of real prototypes. Based on computer models and simulations, it is possible to carry out
the optimization and verification process. However, also in the case of intensive use of models and
computer simulations, measurement verification is needed.

In recent years, there has been a great interest in methods of HIL simulation that combine digital
real-time (RT) simulation with actual physical components [6,7]. This is a very useful method for
testing expensive and complex physical objects that can be replaced with their computer models.
The use of HIL also provides the ability to verify system components under normal and emergency
operation conditions [8]. The HIL is widely used in research and industrial laboratories, from problems
related to verifying control algorithms, to problems related to mechanical and electrical systems
interaction. [6,9-11].

Three various types of HIL simulations have been developed for these purposes [10,12,13]:

e Signal-level HIL (SHIL) simulation: the control algorithm and control systems are verified and all
other elements are replicated as computer models,

e Power-level HIL (PHIL) simulation: real control and supply systems (power electronics) are
verified, the electrical motor and mechanical loads are simulated in RT.

e  Mechanical-level HIL simulation (MHIL)—a complete drive system is under test, the mechanical
loads (or sources) are emulated using controlled drive system (Figure 2).
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Figure 2. Mechanical-level of Hardware-In-the-Loop (HIL) simulation.
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In electric drive technology, the Power-level HIL (PHIL) and Controller-level HIL (CHIL) have
been distinguished [14-16]. PHIL and CHIL simulations have several profits concerning electric drive
validation [17-25]. Creating an emulation of the motor, which can be considered as a PHIL simulation,
enables the testing of the drive inverter and its control system before the actual motor is developed [26].
The above is accomplished using power amplifiers to emulate motor behaviour [27]. Taking the
CHIL into consideration, both the drive inverter and the motor are employed on a real-time simulator.
Therefore, both variants of HIL simulation have substantial values regarding rapid prototyping and
testing of the electric drive structures.

In the development phase of driving products, the crucial step is the connection with the end-users
mechanical systems, when the capabilities of the inverter and the servo-drive are verified. This step is
usually time-constricted, as the availability of the customer’s system is often limited. Furthermore,
considering large-scale systems, such as cranes, some safety hazards are hard to eliminate from the
testing procedures. With existing problems of large machinery and real processes, the use of the HIL
approach in the development phase may be crucial [28-32].

The authors [33] propose a model-based development method for industrial machinery drive
systems using the HIL simulation system that can integrate various phenomena in mechanical, electrical,
and control fields. The proposed method is utilized for the development and verification of a speed
control pattern, which does not excite mechanical vibration in a tower crane. The effectiveness of such
a method in determining the boundary parameters of a crane drive’s duty cycle is confirmed.

The main focus in the drive design described in this work was the use of high-performance
permanent magnet motors for hoist and other crane drives. The use of modern AC drives with
permanent magnet motors should provide higher efficiency of the drive system than standard squirrel
cage induction motors. At the same time, new propulsion systems should be characterized by high
reliability and low noise.

2. Objective and Scope

The main objective of the research is to validate the proposed research methodology.
This methodology is developed based on the MHIL concept and incorporates the static and dynamic
behaviour of the crane drive systems and the influence of the environmental conditions on the drive’s
performance. The validation process is based on the analytical caution, simulations and measurements
of the drive systems using a dynamometer test stand controlled by real-time simulations. The scope of
the research was established to verify crane drives design assumptions, determine the permissible
scope of operation and verify the compliance with the requirements of the EU Machinery Directive [34].
As part of the project titled “Tower crane with permanent magnet electric motors”, research and
development were carried out, which included:

1. Preparation of simulation models of the electric drive system of the tower crane and simulation
of various drive cycles:

IR Verification of the correct selection of the structure of the power supply system and
control of permanent magnet electric motors,

II. Selection of controller parameters in the control system,

I Specifying guidelines for the optimal selection of electric motors and parameterization of

the power supply system and machine control.

2. Performing experimental tests of the propulsion system components to check and verify that the
propulsion system meets the technical assumptions in the field of:

Lifting speeds for a given weight,
Movement speeds of the tower crane head for a given weight,
Power consumption and propulsion efficiency,

Qo o

Crane rotation speeds under positive and negative wind loads,
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e. Determining the level of noise emission in all phases of work,
f. Determining the impact of drive operation on the quality of electricity,
g.  Determining the motor heating curve.

The drives consisting of brushless synchronous motors (AC) with permanent magnets and
dedicated inverters were selected for the production of the hoist, jib rotation and trolley travel drive
systems. A 16.1 kW motor was selected to drive the hoist winch, a 4.15 kW motor was used to drive
the jib rotation and trolley travel. Motor parameters are presented in Table 1.

Table 1. The parameters of permanent-magnet motors for crane prototype.

Jib Rotation

Drive Hoist Winch and
Trolley Travel
Standstill torque 130 Nm 29 Nm
Standstill current 62 A 172 A
Max mechanical speed 4500 rpm 6000 rpm
Max. rated mains voltage 480 V 480 V
Rated torque (400V) 70 Nm 13.2 Nm
Rated speed (400V) 2200 rpm 3000 rpm
Rated power (400V) 16.1 kW 4.15 kW
Peak torque 456 Nm 111 Nm
Peak current 310 A 809 A
Torque constant 2.1 Nm/A 1.68 Nm/A
Voltage constant 140 mV/rpm 116 mV/rpm
Number of poles 10 10
Static friction torque 1.83 Nm 0.15 Nm
Thermal time constant 94 min 41 min
Rotor moment of inertia 334 kgem? 29 kgem?
Weight 85 kg 17.4 kg

The main drive (winches) is implemented using a converter, network filter, braking resistor and a
controller. The jib rotation drive and the trolley travel drive is implemented using a permanent magnet
motor (servo drive) and a converter. The mechanical characteristics are presented in Figures 3 and 4.

Miax . motortorque
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Figure 3. Mechanical characteristics of the hoist-drive motor with the converter (Udc voltage = 560 V),
where: Tpk—curve for S5 duty cycle (intermittent operation with a large number of connections and
electric braking), Tc—curve for S1 continuous cycle, Tr—drive operating point, SR_pk—torque limit at
maximum current, SR_c—torque limit at rated current.
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Figure 4. Mechanical characteristics of the jib rotation and trolley travel drive motor with the converter
(Udc voltage = 560 V), where: Tpk—curve for S5 duty cycle (intermittent operation with a large number
of connections and electric braking), Tc—curve for S1 continuous cycle, Tr—drive operating point,
SR_pk—torque limit at maximum current, SR_c—torque limit at rated current.

The selection of elements of the main electric drive system as well as the jib rotation and trolley
travel drives was made based on the motors manufacturer software and the set of the operating
conditions (speed, load). As part of the research, simulation calculations were carried out to verify the
design assumptions and to analyze the limit performance of the propulsion system. As part of the
simulation tests, the following was developed: a program supporting motor selection based on a given
motion profile and a simulation model in the MATLAB/SIMULINK environment for the analysis of
dynamic states of the propulsion system operation.

Simulations and experimental tests of selected work cycles characteristic of a given drive type
were carried out. The tests were carried out in the LINTE"2 Laboratory of the Gdarisk University of
Technology on a dynamometer stand, see Figure 5. A special dynamometer control program was
developed to emulate the load to which the crane drive systems are subjected. Lifting a load of a given
weight, movement of the Jib rotation and trolley travel were simulated in the braking mode. Lowering
the weight and weight swing during the work of the crosshead were simulated in the dynamics of the
dynamometer. To set the right torque on the shaft of the motor under test, an appropriate dynamometer
control algorithm was prepared and a proprietary device for communication with the dynamometer
control system and data (speed and torque) acquisition was developed. Communication with the
dynamometer controller is done via the Ethernet interface using the Modbus TCP protocol. The torque
and speed measured values are read and the set values are saved in each algorithm cycle.

The main contributions of the proposed research are:

e  The proposed research methodology incorporates the MHIL approach, the measurement of
electrical, mechanical and thermal parameters of the drive system and the emulation of
environmental conditions such as the changes in the ambient temperature.

e  The measurements of the limits of the drive system in different conditions such as different drive
cycles emulating the real performance of crane drives and the changing supply voltage amplitude
representing real construction site conditions.
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(b)

Figure 5. Permanent magnet motor mounted on the test bench of the dynamometer: (a) for hoist drive,
(b) for the drive with the gear of jib rotation and trolley travel.

3. Hoist-Drive System—Simulation Model

The hoist drive consists of the main winch (electric motor, brake, gear, and rope drum) as well as
the rope, trolley, hook block, rope wheels and rope attachment point (swivel). The diagram of the main
hoist rope is shown in Figure 6. The rope is attached to the hoist drum (a), passing through the cast iron
(b) and polyamide (c) wheels on the turntable. Then, the rope is slung over the rope wheels in the hook
block and the trolley (d). The end of the rope is attached to the last jib segment (e). The hoist-drive
system is equipped with an electromagnetic drum brake to maintain the loads when stopped, but also
during an over-speed operation phase.

Figure 6. The diagram of the main hoist rope: (a) the hoist drum, the cast iron (b) and polyamide
(c) wheels on the turntable, (d) the trolley, (e) rope attachment point (swivel), (f) rope.
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The elements of a drive system (motor, inverter, mains filter, brake resistor and CPU/PLC) were
sized based on the expected maximum load and speed analysis. The motor torque (T};) was calculated
based on the equation:

Ty = 50— )
PpleNg
where: Fj, is the weight of the hook block and the weight suspended on it, D is the diameter on which
the last rope roll is located on the hoist drum (Figure 6a), iy, 1,, are the gear ratio and the efficiency
of the pulley block (Figure 6b,c) and ig, n g are the gear ratio and the efficiency of the transmission,
respectively (Figure 6a).
The rotational speed 75 of the motor was calculated from:

.. Oy
Ng = 1ngn—D (2)

where: vy, is the linear lifting speed of the hook.

At the project stage, it was necessary to confirm the validity of the selection of the propulsion
system elements. Because the mechanical construction of the crane was not completed and available
for testing the verification was carried out in the emulated environment. The crane load characteristics
were used to set the speed and torque waveform on the drive motor shaft using a dynamometer.

3.1. Static Simulations

The main purpose of the static simulations was the calculation of the operating points and the
selection of the appropriate drive elements based on the crane’s movement profiles.

The movement profile expresses the shape of speed changes during the work cycle and provides
a basis for calculating the load torques and selecting the appropriate motor. Several basic shapes
of motor speed changes during operation are assumed: trapezoidal, triangular or according to the
movement profile with a trapezoidal shape of speed consists of three phases of work: acceleration,
work at a constant speed and braking. A special case of the trapezoidal profile is the triangular profile,
which eliminates the stage of work at a constant speed—Figure 7. Consequently, the triangular profile
consists of only two stages of work: acceleration and braking. As a result, adopting a triangular profile
results in higher maximum speeds with smaller accelerations at the same time (Figure 8a). The use
of speed changes according to the trapezoidal or triangular profile allows us to easily determine
the acceleration and change the position of the displaced load. As a consequence of the trapezoidal
or triangular profile of velocity changes, uncontrolled vibrations occur (associated with the lack of
limitation of acceleration changes (jerk). Theoretically, the rate of acceleration changes reaches infinitely
large values. To reduce vibrations, it is recommended to use the velocity profile described employing
s-curves with limitation of acceleration changes (Figure 8b).

A

Vmax

Figure 7. A trapezoidal velocity profile.
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Figure 8. An example of a traffic profile with (a) a triangular velocity profile, (b) a velocity profile
described by s-curves.

The adopted movement profile allows the calculation of the maximum speed value, acceleration
of the maximum distance travelled. It was assumed that the total operation time (ty, =ty + t; + t4) in
Figure 7 for:

(a) Trapezoidal profile—acceleration, driving at a constant speed and braking time is indicated in
the figure,

(b) Triangular profile—acceleration and deceleration time is 1/2 ty,

(c) The profile described by s-curves—acceleration and deceleration time is the same, each of them
is divided into three even stages: acceleration (deceleration) increases linearly, acceleration is
constant and acceleration decreases linearly.

The selection of an appropriate speed change profile should take into account the maximum
speed limits—resulting from the strength of the mechanical structure (e.g., bearings), limitations
of the control system (encoder, controller), available supply voltage and the limits of maximum
acceleration—resulting from the strength of the mechanical structure (bearings), peak current. If the
criterion is the maximum speed limit, a trapezoidal profile with 1/3 division or an ordinary trapezoidal
profile smoothed using s-curves should be used. With such a profile, lower speeds are obtained, but at
the same time higher acceleration than with a triangular profile. If the criterion is the limitation of
acceleration, the use of a triangular profile or the consideration of extending the time of surgery should
be done.

The input data for calculations (Table 2) and the assumed motion trajectory (Table 3) were
formulated based on the device catalogue data and project assumptions. The data and trajectory



Energies 2020, 13, 5727

9 of 25

correspond to the work cycle of the main electric drive (winch) of the crane. The preliminary calculation
results for checking the correctness of motor selection are presented in Table 4.

Table 2. Input data for calculations of the motor selection for crane hoist drive.

Name Indicator Value
1 Load weight Mioad 1400.00 kg
2 Additional weight Myad 100.00 kg
3 Gear ratio ig 57.17-
4 Gear efficiency ng 0.90
5 Gear moment of inertia J¢ 0.00 kgm?
6 Drum diameter D 0.50 m
7 Pulley ratio ip 2.00
8 Pulley efficiency p 0.94
9 Pulley moment of inertia I 0.00 kgm?
10 Electric motor efficiency Nm 0.90
11 Motor moment of inertia Is 0.03 kgm2
Table 3. Trajectory parameters of the lifting movement.
Name Indicator Value
1 Lifting Speed (Maximum) Um 55.00 m/min
2 Motion Profile profile trapezoidal
3 Acceleration time ta 3.00s
4 Travelling time at a . 120.00 s
constant speed
5 Braking time ty 3.00 s
6 Break time/waiting times tiw 180.00 s

Table 4. Checking calculation results for the correctness of hoist motor selection.

Name Indicator Value
1 Total mass Miotal 1500.00 kg
2 Height/distance H 112.75 m
3 Lifting time tm 126.00 s
4 Total Cycle Time te 306.00 s
5 Work cycle DC 41.2%
6 The maximum linear speed of weight Um 0.92 m/s
7 Weight average linear speed Vo = %ym([““j—ﬂt’) 0.37 m/s
8 The maximum angular speed of the pulley Wpm = % 7.29 rad/s
9 The maximum angular speed of the motor Wsm = Wpmig 416.75 rad/s
10 Maximum motor angular speed Ngm = %wsm 3979.63 rpm
11 The average angular speed of the motor Wsap = TpigUay % 167.5 rad/s
12 Linear maximum acceleration (weight) Apax = 7;—;" 0.31 m/s?
13 Maximum angular acceleration (of the motor) Emax = ("Sﬂ’" 123/25
14 Linear effective acceleration (weight) Apms = Ao | ot 0.04 m/s?
15 Angular effective acceleration (motor) Erms = Emax A Itathtd 19.45 rad/s?
16 Maximum acceleration force Fam = Mypta10max 458.33 N
17 Weigh force Fo = myptag 14,715 N
18 Friction force (additional) F, 0N
19 Breaking force Fe=F¢+F 14,715 N
20 Maximum resistance force Friax = Fc + Fom 15,173.3 N
21 Resistance force effective Frims = /w 9442.45 N

The moment of inertia of rotating masses Jp ,
= —t— 4+ 7, + 2

2 converted to the rotor shaft Jru (ngi)? Jg+Js 0.03 kg m
23 Maximum dynamic torque Trum = Jru€max 4.64 Nm
24 Effective dynamic torque True = Jru€rms 0.65 Nm
25 Torque on the motor shaft (maximum) Tmax = Fmax % W + Trum 45.9 Nm
26 Effective torque on the motor shaft Trms = Frms 3 m + True 27.03 Nm
27 Maximum mechanical power P = Tmax@sm 19,137 W
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Table 4. Cont.

Name Indicator Value
28 Effective mechanical power Prirms = Trms@Wav 4527 W
29 Maximum current Lyay = TI’g‘t’-‘ 21.87 A
30 Effective current Lims = TIQ—';‘ 12.87 A
31 Maximum copper losses APeym = %Rphphlgnax 4033 W
32 Effective copper losses APcyrms = nghphlfms 13.18 W
33 Maximum motor power Pey = Py + APy 19,177 W
34 Effective motor power P, = Puyyms + APcyyms 4540 W

. . K.

35 Line-to-line voltage UaCmin = Togg tmax 557 V
36 DC bus voltage Upcmin = \/g Uacmin 682V

When sizing the motor, select the motor whose maximum speed is greater than the calculated
maximum speed and the maximum torque is greater than the calculated maximum torque value and
which will provide the appropriate effective torque value. The obtained calculation results placed in
points 29, 30, 34, 35 and 36 of Table 4 confirm the correctness of choosing the drive.

As aresult of the software calculations, information is obtained regarding exceeding the permissible
motor values (speed, torque, current, power). The calculated operating points of the drive are compared
with the limit characteristics of the motor (and converter) on the graph of the torque dependence on
the motor speed (Figure 9). When choosing the motor and converter, it is necessary to choose devices
that will provide appropriate values for maximum current, effective current, electrical power and
voltage at the terminals. Exceeding the maximum voltage values at the motor terminals and DC bus is
permissible when switching to the appropriate motor control ensuring torque limit and de-excitation
(reduction of the resultant excitation field in the machine).

300
250
200

150

torque [Nm]

100

50 .

0
0 500 1000 1500 2000 2500 3000 3500 4000 4500
speed [rpm]
Kt*Ipeak [nm] Kt*Icont [nm] —Voltage limit ——Speed limit —e—Operating Point MAX —e—Operating point RMS

Figure 9. The results of calculations of the motor selection program for the main tower crane drive
along with the drive limiting characteristics.

Similarly, calculations were carried out by static simulation for the selection of the motor for a jib
rotation drive and a trolley travel drive system.

3.2. Dynamic Simulations

A simplified simulation model was prepared in the commercial MATLAB program. Such dynamic
simulation was used for calculations of winding temperature for a given duty cycle. The model is
based on analytical dependencies taking into account the basic elements of the propulsion system
(converter, motor, mechanical transmission, weight) and energy dependencies.

The following describes the process of heating the electric motor as a result of current flow in the
armature winding. The temperature rise was defined as:
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0=06.-6, 3)

where: 0. is the winding temperature and 0, is the ambient temperature.
The thermal behaviour is determined by the equation:

0 do

2p Y _ aov
"Ry R, Csm I 4)

where: C; is the winding specific heat, m is the winding mass, Ry, is the thermal resistance,

0 ao
Apcu - R_th = CsmE (5)
where AP, are copper losses.
ao 1
CsmE + R_the = Apcu (6)
The solution is: ,

O(t) = RyAPgy — Cre SR (7)

The product of thermal resistance [C/W], specific heat [J/kg/K] and mass has a time dimension
and the thermal time constant is determined:

T = RymCs ®)
-t
0(t) = RpAPey — Cre )
Assuming an initial condition such that the initial temperature is equal to the ambient temperature:
0(0)=0 (10)

one obtains: t
0(t) = RthAPa,(l - e‘ﬁ) (11)

or when taking into account the initial temperature difference or the temperature from the previous step:
__t _t
o(t) = RthAPcu(l —-e Tfh)—|— Ope " (12)

For discrete-time values and small increments dt, one can use approximation:

_ At
e = (1 _ E) (13)
Tty
At At
On = RthAPcun(l - (1 - —)) + 6,1_1(1 - —) (14)
Tth Ttn
At At
On = Ry APy, — + 611—1(1 - —) (15)
Ttn Tty

For a given motion profile, the courses of speed and linear acceleration of weight, displacement,
resultant force, rotational speed, the angular acceleration of the motor, motor shaft torque, electric
power, motor current and voltage at the terminals are determined (Figure 10a—f). The simulation
program prepared can be used to estimate the temperature of the motor windings at a given duty cycle
(Figure 10g).
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Figure 10. The work cycle of the main electric drive of the tower crane: (a) velocity waveform,
(b) acceleration waveform, (c) torque waveform, (d) electrical power waveform, (e) current waveform,
(f) bus-voltage waveform, (g) motor coil temperature, (h) mechanical characteristic.
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Maintaining the set operating temperature below the permissible temperature is possible with
proper selection of the duty cycle. In the case of operation with a load greater than the rated (permissible
permanently), appropriate break time between cycles must be ensured. The maximum speed in the
work cycle should be lower than the maximum mechanical speed specified in the catalogue. Operating
the motor at a speed greater than the rated speed requires adequate motor control to reduce the
excitation flux and limit the voltage on the DC bus. As a consequence, a reactive component appears
in the motor supply current, the purpose of which is to reduce the excitation flux from permanent
magnets. The additional current component requires a reduction of the active motor component and,
consequently, lower active power and torque on the shaft. This functionality is built into the control
and power supply system of the motor.

Similarly, calculations were carried out by dynamic simulation for the selection of the motor for a
jib rotation drive and a trolley travel drive system.

4. Mechanical-Level Hardware-In-The-Loop Testing for Drives

4.1. Hoist (Main) Drive

The main element of the Mechanical-level HIL (MHIL) system was the dynamometer of electrical
machines. In combination with additional control and data acquisition systems, this is a useful device
for testing and verifying prototypes in emulated operating conditions. The tested permanent magnet
motors were mounted on the test bench and coupled to the dynamometer shaft. The additional control
system was used to emulate crane load characteristics (speed and torque acting on the motor shaft).
For this purpose, a master controller based on the Raspberry Pi microcomputer was developed.

Communication between the master controller and the dynamometer controller was done using
the Ethernet interface and the Modbus TCP protocol. The simplified structure of the measurement
system is shown in Figure 11. A graphical interface for controlling the program was developed, which
allows setting the dynamometer work parameters (Figure 12).

The emulation of the tower crane operation is carried out by the set of the torque waveform
corresponding to the load of the drive motor when lifting and lowering the weight. The tests were run
in a loop. The control algorithm takes into account the operation of the mechanical brake (Figure 13).

After stopping the drive motor, the load torque is removed from the shaft with a three-second
delay, simulating the engagement of the brake. After the set time has expired and in 3 s before motor
engaging the brake is released. At this point, the load torque is again applied to the drive motor shaft.
After the reset time of 3 s, the motor restarts and works with the set load torque which corresponds to
lifting or lowering the set weight.

a
] [
: Control : Thermal Control
1| system i| measurements System
] I
] I
] [
_________ 4 [ o
I |
| X Control
—a  Power _1_ — _— : sy stem
3-phase analyzer I Motor
P — VZer L Main filter —{ ——  PMSM |
supply ZES | inverter - Dynamo
— LMGE70 —H — — ] GoIEn
I | LINTE"2
| I
@ L Drive system under test & | @
Electrical Vibroacoustic Mechnical
measurements measurements | | measurements

Figure 11. The simplified structure of the measurement system.
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Figure 12. A graphical interface for the control software used to emulate crane load characteristics.
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Figure 13. The dynamometer control algorithm emulating the activation of the mechanical brake after
motor stopping.

During the drive’s testing, the motor housing temperature and the winding temperature were

recorded. To record the temperature of the motor housing, a thermal imaging camera and temperature
sensors were glued to the housing. The results of temperature measurements from the camera were
archived in photographic, film and text files with the temperature of the selected place on the motor
housing (Figure 14a). The pyrometer was also used to control the external temperature. The winding
resistance of the tested machines was measured:

A.

B.

Directly on the main drive motor using a winding temperature sensor—the signal from the
temperature sensor was recorded using the converter control software;

Indirectly, in the case of the other 2 motors, the winding temperature is based on changes in the
winding resistance during the motor warm-up attempt.

For the indirect method of temperature measurement, a system that would with predetermined

time intervals stop the on-load measurements of the drive system and automatically switch to
resistance measurement before switching back to the on-load operation was used. A greenhouse
foil dynamometer stand cover was prepared for tests at elevated ambient temperature (Figure 14b).
The ambient temperature of T = 40 °C was obtained with external heaters.
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b\ 12

Figure 14. Registration of the motor housing temperature during the test (a) and a view of the
dynamometer stand adapted to obtain an elevated ambient temperature (b).

A work cycle was developed to emulate raising and lowering a given weight at a given speed.
The control system of the dynamometer set the required torque on the motor shaft: braking torque
during the lifting and the driving torque during lowering (Figure 15). The velocity of lifting and
lowering of the weight was controlled by the motor control system (Figure 16a). The results of
mechanical measurements are presented per unit, related to the speed and torque set values.

Oscillations in the torque waveform (Figure 15) result from the control method of the drive.
Dynamic changes in acceleration and associated with this jerk value in combination with dynamometer
stand inertia are causing dynamic changes in measured torque. The test bench regulator can set the
required torque after 0.2 s. However, if the measured speed at any point during the test reaches a
negative value in reference to the set direction of motion, the dynamometer test stand is disabled. This
can happen when the drive is decelerating and stopping, the inertia of the drive and the test stand can
cause the speed to reach negative values. When this occurs the dynamometer is disabled, the control
algorithm detects this and re-enables the dynamometer after 0.5 s.

The mechanical power (Figure 16b) is calculated as the product of the rotational speed and torque
measured by the dynamometer. The positive value of torque and mechanical power means the work
of the crane when lifting the weight, negative values correspond to lowering the weight.

2 T T T T T T

1.5 1

1 1

o
3
1

shaft torque Tm (pu)
i
(4, o

2 1 1 | 1 1 | 1 1
0 50 100 150 200 250 300 350 400 450

time t (s)

Figure 15. The torque measured on the motor shaft during emulation of the work cycle consisting of
lifting and lowering the constant weight, defined in the per-unit system (p.u.).



Energies 2020, 13, 5727 16 of 25

1.2 5
s 1.5
5
o
0.8 e
g -
[
c
>06 3
ksl b
o (o]
[ <
> =4
04 2
Q
€
0.2
0 . . . . . . . . 2 ! . . . . . . . ,
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 500
(a) time t (s) (b) time t (s)

Figure 16. The velocity (a) and mechanical power (b) measured on the motor shaft during emulation of
the work cycle consisting of lifting and lowering the constant weight, defined in per-unit system (p.u.).

The measurement of electrical quantities was carried out using the ZES LMG670 power analyzer.
Among other things, the RMS values of voltage and current supplying the inverter and the electrical
power delivered to the inverter (Figure 17) were recorded. The results of electrical measurements
are presented per unit. During braking, the power was dissipated in the braking resistor and not
returned to the grid thus the inverter input current is not flowing during the dynamic braking stage
when lowering the weight.

The efficiency of the prototype crane drive system, which was 88%, was determined from the ratio
of mechanical power on the motor shaft and the electric power supplied to the inverter (Figure 17).

2 T

Mechanical power
— Electrical power

o
[ =
——

0 50 100 150 200
time t (s)

Figure 17. Electrical power delivered to the motor inverter vs. mechanical power on the motor shaft -
lifting the weight, defined in the per-unit system (p.u.).

Furthermore, tests were carried out on the impact of reduced supply voltage on the winch
drive system operation. The converter supply voltage was reduced at a given constant motor load.
Two motor-load levels were set:

A. The operation with maximum weight: torque T = 130 Nm, set speed n = 1500 rpm—20.4 kW
active power,

B. The operation without additional weight: torque T = 10 Nm, set speed n = 3780 rpm—active
power approximately 4 kW.



Energies 2020, 13, 5727 17 of 25

The outcomes of those tests are presented in Figure 18. At the first load level A, the drive operated
at a set speed across the entire voltage range (280—400 V). In the case of the second load level B, the drive
operated at a set speed at a voltage above 380 V. A drop in supply voltage below 380 V caused a
decrease in motor speed. At 290 V, the motor speed dropped to 2830 rpm, with active power limited to
3 kW. This only shows the drive performance and its limit regarding the deexcited operation.

4000
3500
3000
£
g
€ 2500
e
@
@
o
“ 2000
1500 r—r— 0 r—r—r—r—r—r—r—r—r—r—r—r—r—r—
1000
275 300 325 350 375 400

napigcie U [V]
——n=1500rpm, T=130 Nm ——n=3780 rpm, T=10 Nm
Figure 18. Winch drive operation at a reduced supply voltage.
This performance at a reduced supply voltage can be quantified using measurement data and

expressed as:
n = 10.56-U —232.4 (16)

where U is the supply line-to-line voltage and n is the rotational speed of the drive.

4.2. Trolley Travel Drive

The permanent-magnet motor with the converter selected for the trolley travel drive in MHIL
was also tested on the dynamometer. Experimental studies were performed using a dynamometer test
stand designed for lower power electric machines. Appropriate software to control the dynamometer
was developed to map the work cycle of the trolley travel drive. For each of the given work cycles,
an analysis of the test results was carried out to determine:

a. Power consumption and efficiency of the propulsion system,
b.  Determining the level of noise emissions in all operating phases,
C. Determining the impact of drive operation on the quality of electricity.

It was assumed that the longest path that the crosshead can cover is 60 m. Experimental studies
were carried out for the following cycles:

A. The maximum speed of 60 m/min, driving for 1 min 30 s break, motor speed 3070 rpm, resistance
torque 3.5 Nm;

B. The maximum speed of 45 m/min, driving 1 min 20 s, 30 s break, motor speed 2300 rpm, resistance
torque 4.3 Nm;

C. The maximum speed of 30 m/min, driving 2 min, 30 s break, motor speed 1540 rpm, resistance
torque 9.2 Nm.

An important feature of the crosshead’s work is the need to accelerate and slow down a heavy
load (inertia), which may tend to rock. The impact of uncontrolled weight swings was modelled by
setting the appropriate torque. During the acceleration and deceleration phase, a sinusoidal variable
with an amplitude of 2.5 X Tyst was added, as shown in Figure 19.
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Figure 19. The set course of changes in the set speed and the resistance moment of the trolley

travel drive.

The waveforms of speed, mechanical moment and mechanical power recorded for cycle C on the
shaft of the tested motor are, for example, shown in Figure 20.
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Figure 20. Recorded waveforms of torque, speed (a) and mechanical power (b) on the motor shaft

during a given cycle of work C.
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A summary of mechanical and electrical measurements of the average results during operation at
a constant speed for A and C cycle is given in Table 5. Table 5 also contains the effective results of
recorded values supplying the drive unit’s converter. Repeated analogous measurements for cycle B
showed a reduction in power unit efficiency to 66%. This resulted from increased mechanical losses by
higher speeds.

The waveforms of speed and mechanical moment and mechanical power recorded for A cycle
on the shaft of the tested motor are, shown in Figure 21. The efficiency of the electric drive system
working in cycle A is 75.5% (Table 5). Despite the greater mechanical losses (higher rotational speed),
the drive works by consuming less current and, therefore, less active losses in the windings. As a
result, the efficiency in this cycle is less than in cycle C but greater than in cycle B.
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Figure 21. Recorded waveforms of torque, speed (a) and mechanical power (b) on the motor shaft

during a given cycle of work A.
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Table 5. Measurement results for C and A cycle of the trolley travel drive.

Cycle C A
Accelerating Braking Accelerating Braking
Average speed 1540 rpm 3070 rpm
Average mechanical torque 9.13 Nm 4.17 Nm
Average mechanical power 1.472 kW 1.340 kW
Maximum mechanical power 2.592 kW 0.37 kW 5.349 kW 3.014 kW
Average active electrical power consumed 1.192 kW 1.744 kW
Maximum active electrical power consumed 3.144 kW 9.695 kW
Drive system efficiency 90.7% 75.5%

4.3. Jib Rotation Drive

The permanent-magnet motor with the converter selected for the jib rotation drive was also
tested using the MHIL approach and the dynamometer test bench. Experimental studies were
performed using a dynamometer for lower power electric machines. Appropriate software to control
the dynamometer was developed to map the work cycle of the turntable drive. For each of the given
work cycles, an analysis of the test results was carried out to determine:

a. Power consumption and efficiency of the propulsion system,
b.  Determining the level of noise emissions in all operating phases,
c. Determining the impact of drive operation on the quality of electricity.

Experimental studies were carried out for the following cycle: trapezoidal speed waveform in
which the rise time, constant speed 1560 rpm, constant torque 37 Nm and braking time are the same and
amount to 15s. The set stopping time is the 30 s. The braking moment is applied during acceleration
and deceleration and taken off while driving at a constant speed (Figure 22).

T [Nm]

n [rpm]
"""""" V. :
; i
‘_;E |
= |
|
, ‘ t [S]=
ra tr td tow ‘
) "

Figure 22. The profile of changes in the set speed and the torque of the jib rotation drive.

The waveforms of speed, mechanical moment and mechanical power recorded on the shaft of the
tested motor are shown in Figure 23. A summary of mechanical and electrical measurements of the
average results during operation at the cycle is given in Table 6. Table 6 also contains the effective
results of recorded supplying values the drive unit’s converter. The results showed the power unit
efficiency of 88%.
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Figure 23. Jib rotation drive’s operating cycle: (a) set courses of rotational speed, (b) loading moment

and calculated mechanical power.

Table 6. Measurement results for the cycle of the jib rotation drive.

Accelerating Braking
Average speed 1540 rpm
Average mechanical torque 35.0 Nm 37.0 Nm
Average mechanical power 3.233 kW
Maximum mechanical power 59 kW 72kW
The effective value of mechanical power 3.643 kW
Average active electrical power consumed 414 kW To the resistor
Maximum electrical power consumed 6.732 kW To the resistor

Drive system efficiency

88%
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5. Preliminary Conclusions Regarding the Efficiency of the Tested Drives

The obtained efficiency results do not allow for a direct assessment of the drives proposed for the
tower crane prototype in terms of compliance with standards. Degrees and efficiency classes (“IE”) of
electric motors are defined in the IEC 60034-30-1: 2014 standard. The standard applies to single-speed
electric motors powered by a sinusoidal voltage source. The classification includes motors with rated
power from 0.12 kW to 1 MW, rated voltage from 50 V to 1 kV, with 2, 4, 6 or 8 poles, designed for
continuous operation at rated load and at a temperature rise below that permissible with due to the
insulation class, in the ambient temperature range from —20 °C to +60 °C and at an altitude of up to
4 km above sea level.

The aforementioned standard does not apply to the tested motors as they are 5-pole motors
designed for intermittent operation and powered from a converter. Assessment of the efficiency class
of the tested motors determined by comparing the efficiency determined based on experimental tests
with the minimum value of the efficiency of machines with 8 poles and 15 kW and 18.5 kW, frequency
50 Hz, according to IEC 60034-30-1: 2014.

However, based on the developed charts (Figure 24a) it can be stated concerning the main drive
that the efficiency of the tested motor for loads below the rated torque (Tn = 70 Nm) is on average
91% (at maximum, 94%) which corresponds to class IE3 (premium efficiency) or IE4 (super premium
efficiency) for this machine power.

Concerning the other two crane drives, based on the developed charts Figure 24b it can also be
stated that the efficiency of the tested motors for loads above 6 A and 14 Nm exceeds 85% reaching
a maximum value of about 86%, which corresponds to class IE3 (premium efficiency) or IE4 (super
premium efficiency) for this power machines.
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Figure 24. Cont.
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Figure 24. Efficiency points of the main motor of the crane drive (a) and the trolley travel and jib
rotation drive (b) on the torque characteristics as a function of speed.

6. Conclusions

The experimental tests of selected operating cycles of prototype crane drives were carried out.
Experimental research was performed in the LINTE"2 laboratory, where a mechanical level of the HIL
simulator was developed. The most important device of the system was the dynamometer with the
control system. A special program to control the dynamometer and to emulate the load for which
the crane was developed. A series of tests related to electric motor environmental parameters was
carried out.

As a result of the tests, it was shown that the prototype crane drive system meets both the
requirements specified in the project assumptions and concerning the relevant standards. The use of
high-performance permanent magnet motors allowed for the entire drive efficiency of 88%.

The methodology described in the above work allows for a verification of the drive system of
large-scale machinery utilizing a large-capacity motor without using actual power inverters, motors,
and associated machines so that even software or a control engineer can adapt it easily. Such a
laboratory test-bed is essential when restrictions in the power source environment, installation location,
or safety aspects prohibit on-site testing. Moreover, the effect of the communication period and
communications delay between instruments on control performance can be evaluated also for use with
high accuracy such as synchronous control. Therefore, using the described method for the verification
of a drive system of industrial machinery allows one to discover, in advance, the possible complications
linked to real system examination and to take actions against them during future development.
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