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Abstract: In this paper, the topology of the adjustable speed drive with active front end rectifier is considered in terms of application in multi-motor drives. A dynamic model
of the rectifier with a coupled LCL filter is presented. A simulation model has been developed for the analysis of multi-motor drive system dynamics and power flow. Based
on the simulation model, the functional possibilities of reversible induction motor drive with active front end converter and multiple voltage source inverters on a common DC
bus at the motor side are analysed. One example of the application of a complex full regenerative multi-motor drive system on a common DC bus for an industrial crane,
implemented with Siemens converters, is shown. The motor and generator mode of operation from the aspect of energy saving as well as the influence of drives on the
distribution network from the aspect of higher harmonics and power factors are analysed. Siemens's original software, Starter commissioning tool, for drives configuration

and data acquisition is used.
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1 INTRODUCTION

In industrialized countries, electric drive systems
(EDS) represent the most important consumers of electrical
energy using about 70% of consumed electricity. Due to
the very large application, there is a valuable resource of
energy savings that can be achieved using adjustable speed
drives (ASD) [1, 2].

The current trend of the development of modern EDS
is the application of three phase induction motors powered
by different types of static frequency converters [3]. The
main reasons for this are good static and dynamic
characteristics, low price, high reliability, easy
maintenance. Their speed can be effectively controlled by
using semiconductor converters that operate at high
frequencies, high voltages and large currents, and can also
be applied in high-power drives.

The components of the EDS include the motor,
converter, control system, and mechanical load.
Application of advanced technical solutions in complex
EDS greatly influences energy efficiency [4]. Energy
saving can be achieved in three ways:

- use of properly sized and energy-efficient motors,
- use of adjustable-speed drives,
- optimisation of the complete system.

An analysis of the efficiency of the drive from several
aspects can be seen. The first one is from the power supply
point to the motor, and the other from the power common
coupling to the grid. In the first case, energy efficiency can
be influenced by an adequate selection of the motor (a
motor with larger efficiency classes IE, for example 1E3)
and the power converter. The greatest savings are achieved
with an adequate motor selection during the design phase,
depending on the load and the technological requirements
of the process itself. The exact motor loads are often
unknown, which leads to motor selection being oversized
to safely meet the maximum system requirements.

The second aspect relates to the influence of electric
drives on the network. Current and voltage harmonics in
the AC supply are created by ASD (as a nonlinear load)
connected to the power distribution system. Current
waveform distortion is injected back into the power supply
system creating several problems such as overheating of
transformers, cables, motors, generators, and capacitors.

For the fulfilment of both requirements of great
importance is the choice of the topology of converters in
adjustable speed drives. It will dominantly affect the
performance of drives at one side, and the power
distribution system on the other.

There are two cases for ASD from the aspect of the
power flow direction. In the first case, ASD operates in
motor mode and active power flow from the AC
distribution network to the motor. In the second case, the
power flow from load to the network and ASD is in the
regenerative operation mode [5]. If the drive topology is
such that it cannot consume this surplus of energy, the DC
bus voltage has a rising tendency until the drive trips.
When ASD, with diode rectifier at the front end, is
equipped with a standard braking module and resistor, the
drive is capable of dissipating energy in the braking
resistor. If the ASD configuration is such that at the
network side is the active rectifier, also known as Active
Front End (AFE), braking energy can be returned to the
network and the full four-quadrant ASD can be
implemented.

In heavy industry applications, such as cranes, mills,
mining machines, conveyors and others, it is much better
to use a few motors instead of one high-power motor [6].
This is the case of multi-motor drives [7]. The application
of multi-motor drive enables load distribution proportional
to nominal motor powers (load sharing) and system
efficiency improvement [8].

In many papers, pumps and fans in terms of the energy
efficiency are often analysed. There is a much smaller
number of papers with elevators and industrial cranes.
Such machines are used to move materials to support
production, storage, loading or unloading within an object,
outside the yard, or on a rail or ship port. The main motive
for writing this paper was to point out the engineering
guidelines for overcoming the technical and non-technical
barriers [1] in the application of modern energy-efficient
technical solutions for the crane drives.

In this paper, the topology of the inverter is first given.
Topology with diode front end rectifier and pulse-width
modulated active front end rectifier (PWM AFE) are
considered in terms of application in multi-motor drives. A
dynamic model of the AFE rectifier with a coupled LCL
filter is presented in the third part. In this part, a simulation
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model has been developed for the analysis of multi-motor
drive system dynamics and power flow. Based on the
theoretical analysis from the previous part, in the fourth
section, simulation results for the multi-motor drive on a
common DC bus during the motor and generator mode are
carried out. In the fifth section, one example of the
application of a complex full regenerative multi-motor
drive on a common DC bus for an industrial crane,
implemented with Siemens converters, is shown. The
motor and generator mode of operation from the aspect of
energy saving as well as the influence of drives on the
distribution network from the aspect of higher harmonics
and power factors are analysed. At the end, some
conclusions are drawn.

2 ELECTRICAL DRIVES TOPOLOGY
2.1 Topology with Diode end Rectifier

Generally, the electrical drive system configuration
can be divided into single drive (or stand-alone) and multi-
motor drives. In this chapter, the mentioned configurations
from the aspect of energy regeneration are shown [5].

A typical power section of a single AC drive consists
of three parts. The input section is the line rectifier, which
converts a single or three phase AC voltage into a DC
voltage, consisting of six diodes. The middle section is the
DC link, which contains a capacitor bank for smoothing the
DC voltage. The third, and final stage, is the fast switching
inverter section, which using a PWM technique, converts
the DC voltage into a three phase voltage signal. The power
flow in the converter is unidirectional. There are some
shortcomings with stand-alone configuration during
regeneration, i.e. when the motor is braking or accelerating
above the synchronous speed due to the active load. In such
cases, the motor operates in a generator mode with the
tendency to return energy to the network. Due to the diode
bridge at the input, the current cannot flow to the network,
the capacitor charging and voltage increase in the DC
circuit occurs. In this case, it is very often the case that the
inverter is switched off due to overvoltage in the DC
circuit. For these reasons, a dynamic brake module with a
braking resistor is required to prevent trip level. Fig. 1
shows the experimental results for the variable frequency
drive (Danfoss VLT5000) with a braking module in the DC
link and an external braking resistor, for induction motor
load in the regenerative regime [5]. During the
regeneration, there is an increase in voltage at 800 V and
current flow, through the chopper, in the resistor as shown
in Fig. la. After the end of the regenerative period, DC
voltage returns to rated value. Fig. 1b shows the line
voltage and current at the input of the diode rectifier. The
line current harmonic content for the shaded part in Fig. 1b,
in Fig. 2 is shown.

In multi-motor drives, a most frequently used solution
is the application of common DC bus configuration.
Depending on the requirements of the electricity network
and the process application, drive systems have different
kinds of front end units. From the aspect of the power
supply network, the most important selection criterion is an
acceptable level of total harmonic distortion (THD). The
demands of the technological process mainly relate to the
need for frequent braking or regeneration of energy in the
network. Accordingly, a common DC bus system can be

divided into two categories: regenerative and non-
regenerative.
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Figure 2 Line current harmonic content for 6-pulse diode front end rectifier

A large stand-alone 6 - pulse diode bridge rectifier can
be used to realize a DC bus, which is common to all of the
inverters connected in parallel. Power sharing occurs
between drives in motor mode and drives in the
regenerative operation mode. In this way, it is possible to
implement a system that is significantly more efficient than
the system in which each inverter has its own rectifier. In
order to maintain DC voltage at a safe level, it is necessary
that the motoring load is higher than the regenerative one.
If regenerating loads are higher than motoring loads,
common dynamic braking is applied. The functionality of
the braking chopper and the voltage and current waveforms
are the same as in Fig. 1. In this case, the diode bridge must
have adequate power rating depending on the power of the
connected inverters and the load.

2.2 Topology with Active Front end Rectifier

If the ASD configuration is such that at the network
side is the active rectifier (AFE), braking energy to the
network can be returned [9]. AFE provides four-quadrant
operation, which means infeed and regenerative operation
mode. There are three main objectives based on AFE
technology [10]:

- maintain the DC voltage constant regardless of the
absolute power value and the power flow direction,

- minimize the required current supply (unity power
factor),

- minimize harmonic content in the supply current,
which is achieved by an appropriate control algorithm.

The basic principle of the AFE topology consists of the
converter with switchable IGBTSs that converts three-phase
AC line voltage from the network to the constant and
stabilized DC voltage, Fig. 3. To fulfil a control strategy
for the drive an inverter on the motor side is needed. The
voltage source inverter on the motor side subsequently
converts the DC voltage back to AC with variable
frequency and voltage. The speed of the connected
induction motor in accordance with the applied frequency
is then varied.
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Figure 3 Basic principle of the AFE topology

In regenerative mode, a power from the motor drive is
stored through the voltage source inverter in the DC link.
Then AFE converts DC to AC voltage, and power flow
through the line filter back to the network.

The topology design allows the simple usage of AFE
unit with an inverter as a single drive or multi drives
connected to the common DC bus with one AFE unit as a
second topology option. The last combination provides
several AFE units in parallel with common DC bus and
multi-drives units. The various types of the AFE topology
in industry application are presents in Fig. 4.
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Figure 4 The different types of the AFE topology in industry application

One of the advantages of the AFE topology is that
individual converters connected to a common DC bus can
be of different power ratings and therefore drives with
different sizes can be incorporated. Individual motor
control is allowed for each inverter connected to DC bus.

3 MATHEMATICAL MODEL AND CONTROL OF THE
SYSTEM

In this section, components of a reversible drive
consisting of a PWM rectifier and an inverter fed induction
motor drive are analysed.

3.1 PWM Rectifier Model

PWM rectifier operates based on pulse width
modulation principle. Due to the high switching frequency,
harmonics are present on the power input. Therefore, line
filters to reduce output current ripples are needed, in order
to meet corresponding standards like IEEE-1547 and
IEEE-519. Different low-pass filter structures such as L
LCL, LLCL or other higher order filters are possible. In
industrial design, LCL filters are usually used due to their
high filtration performance, minimized cost, size, and
weight compared to the conventional L filter [11, 12, 13].
In Fig. 3 basic AFE topology with LCL filter is shown
where L, and R, are rectifier side reactor and resistance, L,
and R, are the grid side reactor and resistance, Cy and Ry

refer to LCL filter capacitor and damping resistor,
respectively.

The influence of the filter on power quality can be
analysed based on the mathematical model given by Eq.
(1), obtained based on an equivalent single phase
representation in the recovery mode, Fig. 5, [14]:
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w0 =u O+ R0+ L, D p i (1) )
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Figure 5 Single phase equivalent circuit with LCL filter

Based on Eq. (1), the block diagram of the LCL filter
is given in Fig. 6.
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Figure 6 Block diagram of the LCL filter

Using Fig. 6, a complete transfer function can be
obtained and draw the Bode diagram for the filter
parameters given in Tab. 1, as shown in Fig. 7 [14, 15].

The resonant frequency is given by Eq. (2):
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Figure 7 Bode diagrams of L, LCL and LCL with damping resistor filters

In the LCL filter, the filter capacitor Cy is mainly to
filter the high order harmonic currents. When analysing the
fundamental wave, the LCL filter can be modelled as L
filter (L = Ly + L+, R = Ry + R,). Based on Fig. 7 at low
frequency band the LCL filter behaves as an equivalent L
filter with attenuation —20 dB/dec. At the high frequency
band, filter attenuation is —60 dB/dec. For this reason, the
inductance of the LCL filter can be several times smaller
than the L filter. At the frequency defined by Eq. (2), the
system becomes resonant and potentially unstable [16, 17].
To avoid the system instability, passive damping solution
by introducing a resistor R, in a series with a filter capacitor
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is applied. The design of this filter is not treated in this
paper, but in the literature, we can find details about the
methods for suppression of the resonant frequency [17, 18]
as well as methods for selecting the filter parameters [15,
19, 20].

In order to control the active rectifier with LCL filter,
a low frequency model is used, where the capacitor Cy is
neglected. From Fig. 3, the mathematical model of the
three phase PWM rectifier can be defined using the
following equation [17, 211]:

e(t) = Ri(t)+ L %Z(;) +u(t) (3)

where &(7), i(¢) and i(f) are grid voltage, converter current
and converter side voltage space vectors, respectively.

The voltage oriented control scheme of the AFE,
shown in Fig. 8, is based on a standard cascaded two-loop
control scheme implemented in a dg synchronously
rotating frame. A fast internal control loop is used for
current control in the inductors. Slower outer control loop
serves to maintain a constant DC link voltage [9, 17].

The mathematical model in dg synchronously rotating
reference frame can be expressed as follows [22]:

did . .
ng u; —eg —Riy + wLi,
by O
lq . .
LE: uq —eq —qu —C()le

Based on Eq. (4) it can be observed that the currents
(is, i) are mutual coupling. In order to control them
independently, we can use the strategy of feed-forward
decoupling control:

di, . AV
LE‘FRld:(KP'FTJ'(ld—Zd)

i p ©)
i . .
Ld—;’+R1q —[Kp +—j-(lq —lq)

N

where K, and K; are proportional and integral gains,
respectively.
By substituting Eq. (5) in Eq. (4), it is obtained:

Ki) s+ . .
uy =[Kp +TJ-(1d —ld)—C()qu +ey

(6)

u, :(Kp +%j(z; —iq)+a)Lid +e,

After decoupling we can control i; and i
independently, thus we can respectively control the active
and reactive power. These currents are controlled by the
appropriate voltage selection generated by the converter.
At the output of the PI current regulators, the voltages for
the space vector modulation necessary for the current
control are generated [17, 22]. As the design criterion of
the PI controller parameters, the "technical optimum" is
used.

The outer voltage loop controls power flow by
converting the DC link voltage error into a current demand

signal by changing the reference for the current loops. The
reference current d - component i, is controlled to perform
the DC voltage regulation while ¢ current component i is
controlled to obtain a unity power factor. To have the grid
current vector in phase with the grid voltage vector, i,"
should be zero.

The reference value of the active component i;" is
produced by PI controller, which is shown in Eq. (7):

i; = (Kup + Kui j ’ (U;c - Udc) (7)

N

where K., and K,; are proportional and integral gains for
voltage loop control. As the design criterion of the PI
controller parameters, the "symmetrical optimum" is used.

The cascade control structure is shown in Fig. 8.
Determination of line phase angle, €., is done by a phase-
locked loop (PLL) algorithm.

» decgupl_mg :
circuit

Figure 8 Block diagram of AFE control structure
3.2 Induction Motor Drive

In modern electric drives, there are two competitive
vector control strategies for induction motors, Field
Oriented Control (FOC) and Direct Torque Control (DTC).
Compared with the scalar control they give high dynamic
and static performance. In the case of the FOC, depending
on the choice of flux space vector, there are orientations in
relation to the rotor flux, stator flux or magnetizing flux.
The most commonly used scheme for induction motor
drives is Rotor Flux Oriented (RFO) control method that
has found its application in commercially available
devices.

The basic concept of the RFO control is decoupled
control of torque and rotor flux similar to the principle of
direct current machines. With RFO control algorithm, the
stator currents of the induction motor are separated into
flux and torque producing components by using dg
coordinate transformation [23]. The torque current
component lies on the ¢ axis, while the flux component is
on the d axis.

The electromagnetic torque for induction motor
expressed in terms of dg - axes variables is:

3oL, .
Te = Enp L_r(‘//drlqs - ‘//quds) (8)
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where n,, L, and L, represent the number of pole pairs, the
magnetizing inductance and the rotor inductance, - and
wa are quadratic and direct axis of the rotor flux
components, i, and iy are stator current components.

The d - axis is aligned with the direction of the rotor
flux, and consequently, the g-component of rotor flux does
not exist (= 0). The expression of the torque becomes:

3L, o«
Te :Enp _(l//drlqs) (9)

;
where estimated flux is:

L *

m__j 10
1+S];, ds ( )

Vair =V, =

and 7 is rotor time constant.

In order to align the synchronous speed rotating
reference frame with the rotor flux, it is necessary to know
the module and position of the rotor flux space vector.
Therefore, the rotor flux position estimator is composed
using references of stator current components and motor
parameters. The slip speed is calculated as:

r. L K3
a)slip = L_r l//: lqs (1 1)
r r

where 7, is rotor resistance.

Detailed mathematical model of RFO is well-known
and can be found in [24-27]. Basic scheme, shown in Fig.
9, introduces multi-rate digital control system with Space
Vector PWM (SVPWM) and inner current loop. Outer
speed loop superimposed to torque loop is not shown in
this figure. The induction motor (IM) with an encoder on
the shaft is supplied by voltage source inverter.
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Figure 9 Block diagram of RFO control method

4  SIMULATION AND RESULTS ANALYSIS

The circuit of an AFE converter based ASD for
induction motors is implemented using Matlab/Simulink
software package. Fig. 10 shows the complete Simulink
model of multi-motor ASD which comprises a three phase
power supply, AFE converter, DC link, two inverters on a
common DC bus and two three phase induction motors as
a load. This multi-motor drive configuration has been
selected for analysis because it is a very common case in
industrial applications. A similar configuration is discussed
in the context of experimental results.
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Figure 10 Block diagram of the proposed multi-drive system with AFE topology
and LCL filter on the grid side

The models of the various subsystems in the
Matlab/Simulink are shown below. Fig. 11 shows the
control structure of the PWM rectifier that contains the
voltage regulator and current regulators in the dg
synchronously rotating reference frame. The subsystem of
the current regulator is shown in Fig. 12.

we
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. Pl Current
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Ude m Voltage Controller n Iq

Figure 11 Control diagram of the three phase PWM rectifier

Figure 12 Current control structure with decoupling

There are two induction motor drives that use RFO
control algorithm on a common DC bus. Motor and
inverter models are the Matlab library models, while the
inverter control subsystem is shown in Fig. 13.

The system of Fig. 10 represents a model of a crane
lifting drive that will be analysed within the experimental
results in the next chapter. In order to obtain the most
reliable model for all elements of this system, the real data
from the manufacturer catalogues and data sheets were
used. In this case, the equipment (motors, inverters,
rectifiers) of the Siemens manufacturer was considered.
The motors are identical, with a nominal power of 45 kW.
The system parameters are listed in Tab. 1.
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Figure 13 Control subsystem for RFO induction motor drive

Table 1 AFE and inverter parameters

LCL filter parameters
E Grid voltage (line-to-line rms) 400 V
L, Grid side filter inductance 0.032 mH
L, Converter side filter inductance 0.319 mH
Cr Filter capacitance 39 uF
Ry Damping resistor 0.3 Ohm
Rectifier parametersP = 160 kW
C DC link capacitor 5.22 mF
Sfow Switching frequency 4 kHz
DC bus voltage PI regulator
Kip Proportional gain 32
T.i Integral time constant 19.5 ms
Current control loop PI regulator
K, Proportional gain 0.67
T; Integral time constant 3.75 ms
Inverter parameters P = 55 kW
Cac DC link capacitor 2.82 mF
Sow Switching frequency 4 kHz
Speed control loop PI regulator
Ko, Proportional gain 139
T Integral time constant 48 ms
Current control loop PI regulator
K., Proportional gain 0.376
T. Integral time constant 4 ms

The analysis of such a system is considered from two
aspects. The first is the capability of the drive to develop
the appropriate torque in order to maintain the reference
speed, and the second is the influence of drives on the
network. The presented results are referred to the crane
lifting/lowering drive, which consists of two motors. First,
the load lifting regime was considered. The crane load was
3/4 of the rated load. The speed reference in the range from
0 to 100% of the synchronous motor speed is set. The
motors are equally loaded because both motors are
identical and mechanically coupled.

The waveforms of speed, RMS current and
electromagnetic torque for a single motor are shown in Fig.
14. The motor starts loaded. It can be seen, from the aspect
of the drive, that the motor is able to hold the load at zero
reference speed without the load drop. After that, the
reference value of the speed in steps of 25, 50, 75 and 100%
of the synchronous motor speed is assigned.
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Figure 14 Electric drive waveforms during the motor mode

Fig. 15 shows the characteristic waveforms related to
the AFE rectifier. The following waveforms were
observed: active and reactive power at the input of the
rectifier, DC link voltage, grid voltages and grid currents.
The switching frequency of the rectifier is set to 4 kHz.
With the speed increases, there is an increase in the active
power that is taken from the network (about 70 kW at the
maximum speed) while the reactive power is zero. On the
other hand, regardless of the change in the reference speed
of the motor and the active power, DC link voltage remains
at a reference value of 600 V. In the same figure, the
waveforms of steady state grid current and voltage for two
segments are shown. The first segment shows several
periods of the phase voltage and current that occur when
the drive runs at 25 % of synchronous speed. The second
segment refers to the operation of the drive at 100 % of
synchronous speed. It can be observed that in all cases the
unity power factor is maintained.
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Figure 15 AFE variables during the motor mode of drives

Fig. 16 shows the grid current spectrums, in
percentages from fundamental harmonics /5 for the higher
harmonic orders (2 > 5), and for all speed range. Also,
based on the FFT spectral analysis, the grid current THD is
calculated for each of the reference speeds. It can be seen
from the current spectrums that there is higher harmonic
order near switching frequency, but output current ripples
meet the corresponding standards.

Figure 16 Grid current spectrums for different speeds at 3/4 of rated load

The regenerative operating mode of the AFE occurs
when the motors operate in the generator mode during the
lowering operation. The simulations were carried out under
the same conditions as for the lifting mode.

The load is constant and has a value of 3/4 of the rated
load. Fig. 17, similar to Fig. 14, shows the relevant
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waveforms for induction motor drive: speed, RMS current,
and motor torque. Based on the behaviour of drives in
dynamic and steady state regimes, the ability of the drive
to respond to defined requirements in terms of acceleration
and maintenance of the steady state speed is evident.
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Figure 17 Electric drive waveforms during the generator mode

During the lowering of the load the AFE is operated in
the recuperation mode and the active power becomes
negative, which means that the energy is turned back into
the grid, as shown in Fig. 18. The same figure shows the
reactive power and DC link voltage. Since the reference
reactive current is zero, the current regulators have ensured
that the reactive power is zero, while the voltage regulator
has provided constant DC voltage regardless of the load
change. Presented voltage and current waveforms indicate
that the unit power factor has been maintained.

Grid current spectrums for the higher harmonic order
(h > 5) and for all speed range are shown in Fig. 19. Also,
the grid current THD is calculated for each of the reference
speeds. The presence of the LCL filter with a damping
resistor ensured the low content of higher harmonics.
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Figure 19 Grid current spectrums during generator mode for different speeds at
3/4 of rated load

The advantage of the multi-motor drive on a common
DC bus is the power sharing between drives that are
simultaneously in the motor and generator mode. The
simulation results for this case are shown in Fig. 20 and
Fig. 21. The load torque is constant (3/4 of rated torque)
for each of the drives.
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Figure 20 Electric drive waveforms during load sharing mode

In Fig. 20, it can be noticed that Motor 2 is in the motor
mode while Motor 1 operates in the generator mode. In this
case, AFE only covers operating losses (Fig. 21) while
energy over the DC bus is exchanged. Regardless of the
low load of the AFE and a significant content of grid
current higher harmonics, unity power factor is maintained.
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Figure 21 AFE variables during load sharing mode between the drives

5 RESULTS OF PRACTICAL IMPLEMENTATION

Within the experimental results, a real crane of 60 t
load capacity used for the assembly of mining equipment
was considered. The crane can be divided into five
functional groups, Fig. 22. For each functional group, the
number of motors and motor power are shown in Tab. 2.
As a front end converter, a 160 kW Siemens active rectifier
was used. The power supply of the crane is from the
transformer 10/0.4 kV, with a nominal power of 630 kVA.
The power of the AFE converter is less than the total
installed power because all drives do not work
simultaneously. Each of the motors on a common DC bus
through its inverter is connected. Inverters use RFO control
algorithm.
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Table 2 Crane multi-motor drives

Drive group Number of Motor power / kW
motors
Hoist motion 2 45
Jib motion 2 45
Auxiliary hoist motion 1 45
Travel motion 3 7.5
Cable reel 1 1.5

In this paper, only the lifting/lowering operation is
analysed. For the data acquisition, Siemens's original
software tool (Starter) was used. All recorded results were
obtained by testing the drives during the first
commissioning of the crane.

The parameters of the motor and converter, obtained
by applying the automatic parameter adaptation, are shown
in Tab. 1. It should be noted that these parameters have
been used in the previous chapter for the simulation model.

First, in Fig. 23, the results for the lifting regime are
shown. In Fig. 23, at 3/4 of the rated load (45 t), the speed,
RMS current, and the motor torque are shown. The
beginning of the observation is when the motor starts at
zero speed, and after the command to open the mechanical
brake. After that, the reference speed is set. The speed
references are 25, 50, 75 and 100% of the synchronous
motor speed. From Fig. 23 it is noticed that from the aspect
of the drive, there are satisfactory results. The drive starts
without load drop and tracks the reference speed while
steady state speed is without the static error.

e
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Figure 22 AFE topology on the real crane
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Figure 23 Experimental results: speed, current and torque during lifting load

In order to show the effect of the AFE converter on the
network, the active and reactive power are shown in Fig.
24. For motor mode, the active power has positive values.
The AFE converter operates in rectifier mode and supplies
DC link circuits with a constant voltage. Current regulators
have ensured that the reactive power is zero (reference
value i,” = 0) while the voltage regulator was able to
maintain the set point value of 600 V. Fig. 24 also shows
both voltage and current waveforms at low speed (left part)
and at synchronous speed (right part).

Using the Starter software tool, in addition to setting
the drive parameters, FFT spectral analysis is also possible.
Fig. 25 shows the harmonic analysis of the current at a
speed of 1000 rpm. It should be noted that the recorded
signals are with relatively low resolution and hence the
harmonic analysis is shown for the limited order of the
harmonics. Despite the software limitations, low content of
higher harmonics can be observed, and the unity power
factor at all speeds is preserved.
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Figure 24 Experimental results for AFE rectifier: active and reactive power, DC
link voltage, and grid voltage and current during lifting load
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Figure 25 FFT of the current at a speed of 1000 rpm during lifting load

Fig. 26 refers to the lowering regime. Both motors
operate in a generator mode and develop appropriate
torques to track the given acceleration time and speed
control without static error.
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Figure 26 Experimental results: speed, current and torque during lowering load

Fig. 27 shows waveforms of the AFE converter that
operates in the recovery mode. It is noted that the active
power is negative, the reactive power is zero, the DC
voltage has a constant value and there is a unit power
factor. Also, according to Fig. 27 and Fig. 28, the low
content of the higher harmonics of the grid voltage and
current injected into the network (i.e., the small THD) can
be seen.

Experimental results show the superiority of topology
with AFE, which is reflected in working flexibility in all
regimes. Interpreted results are very useful for engineers
because they can be used to determine the correct setting
of the relevant drive parameters.
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Figure 27 Experimental results for AFE rectifier: active and reactive power, DC
link voltage, and grid voltage and current during lowering load
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Figure 28 FFT of the current at a speed of 1000 rpm during lowering load
6 CONCLUSION

This paper presents an overview analysis and a
discussion of different drive configurations used in
industrial applications with energy regeneration capability.
Drives with an active front end rectifier represent a modern
solution, especially for the high-power multi-motor drives.
The presented concept is very suitable for applications
where exist continuous or frequent braking with the high
braking power. In order to overcome technical barriers
from the aspect of the industrial application, the analysis

was performed based on the simulation model of individual
components of the drive.

Experimental results are presented for the multi-motor
drive on a common DC bus, which is on the crane
practically realized. The results are shown for the
lifting/lowering drive because it shows all the benefits of
applying this solution:

- the energy recuperation capability,

- the very low content of higher harmonics in the motor
and generator mode,

- possibility to control the power factor,

- DC bus voltage has approximately the same value
during the motor and generator mode,

high dynamics during sudden change of the reference.

Based on the simulation model and experimental
results, designers can find out the most important
characteristics of drives, control structures, their impact on
the power grid, and energy saving potentials.
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