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ABSTRACT Direct current (DC) buses and microgrids have drawn significant attention owing to the simple
integration of distinct sources and energy storage systems. However, most research efforts refer to the use
of DC buses for residential, datacenter, and telecommunications applications rather than manufacturing
industry, where processes are controlled by alternating current (AC) motor drivers. This work proposes a
novel approach of a DC bus used as primary power supply in manufacturing industrial plants for replacing
the traditional AC bus. Unlike most applications, the DC bus voltage presents a variable magnitude and
allows energy recovery aiming to improve energy efficiency. This arrangement employs a capacitor bank
directly to the DC bus, which is responsible for storing the energy that, otherwise, would be lost during the
motor braking. Simulation in PSIM software and experimental results on an industrial plant involving a real
polyvinyl chloride (PVC) injection machine supplied directly by the DC bus, in which the voltage varies
between 535 V and 600 V, are presented and discussed to validate the proposed approach. The obtained
results show that the DC bus does not require a rigid control of the voltage magnitude, thus allowing a
reduction of up to 5.05% in energy consumption.

INDEX TERMS DC distribution, direct DC-DC conversion, energy efficiency, industrial plants, kinetic
energy recovery, variable DC bus voltage, variable-frequency drives.

I. INTRODUCTION
Since the late 19th century, distinct studies focused on the
improvement of efficiency regarding alternating current (AC)
transmission and distribution systems have been discussed in
the literature and industry. AC systems became more popular
than their direct current (DC) counterparts owing to the inher-
ent simplicity in adapting distinct voltage levels associated
with the use of transformers and consequent reduced cost.
However, with the advent and evolution of power electronics,
especially in terms of power semiconductor devices, DC
systems have drawn significant attention once again [1]–[6].

DC networks have become quite popular lately owing to
the advent of renewable energy conversion systems in electric
power generation. With the increasing use of electronics,
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as more andmore equipment is supplied by DC power, signif-
icant research effort has been dedicated to the development of
DC buses in small-size networks to supply high-power loads
andminimize losses [7]. A thorough review onDCpower sys-
tems is presented in [6], focused on traditional applications,
e.g., data centers, space stations, traction systems, and large
ships. Low-voltage DC systems associated with distributed
generation and integrated with AC buses are proposed as an
alternative to the traditional AC systems in [8]–[12].

DC power has been traditionally used in telecommunica-
tions systems for both data and voice transmission. Lawrence
Berkeley National Lab started researching DC power systems
in 2004, also investigating the use of power supplies and
uninterruptible power systems (UPSs) in telecom equipment
aiming to reduce losses due to redundant power conversion
stages. The use of a 380-V DC bus was then proposed so
that the loads could be directly supplied through DC-DC
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converters. As a result, efficiency was increased by 28% in
datacenters where the DC bus was formerly obtained from
AC-DC converters responsible for providing DC voltages
from the AC grid rated at 220/380 V [13]–[16]. EMerge
Alliance, an open industry association of energy and telecom-
munication equipment manufacturers, was created to pro-
mote research and development of standards focused on
energy efficiency in the context of data center equipment
and residential applications where DC buses are employed.
It is worth mentioning that the development of a standard
for the use of 380-V DC buses in datacenters and telecom
applications is currently in progress [17]–[21].

In new recent research performed by Lawrence Berkeley
National Lab, economic studies have proven that replac-
ing an AC bus with a DC one is quite advantageous.
Energy efficiency studies in industrial systems and com-
mercial buildings have demonstrated that the use of DC
buses leads to improved performance as claimed in [22]–[31],
although no results are shown when it comes to indus-
trial plants. New standards and the normalization of volt-
age levels, as well as safety and protection issues, are still
the main challenges for the widespread use of DC buses
according to [32].

Traditionally, the local AC grid presents fixed frequency
and voltage magnitude to achieve stability. The same rules
apply to DC bus voltages, which are often assumed to present
constant voltages as obtained from power electronic convert-
ers. These buses also have strict voltage magnitude control,
with low ripple [28], [33]. Since 2004, when the Berkeley
National Lab started working on DC buses for buildings,
researchers have focused on the conception of fixed-voltage
buses with distinct levels for specific applications as seen
in [34]–[36].

Many industrial applications like elevators, machining
centers, wood cutting, packaging, plastic injection molding,
forming presses, forklifts, robots, and sewing require electric
machines operating in an intermittent regime and, in some
cases, short-time operating cycles. With the frequent accel-
eration and deceleration, there is the possibility of energy
recovery by converting the kinetic energy associated with
such manufacturing processes into electric energy.

The braking process of an electric motor connected to a
driver can cause variations in the voltage magnitude of the
internal DC link of the power converter. The energy recovery
associated with the braking process has been thoroughly stud-
ied in the context of electric vehicles (EVs) in [37], as well
the optimization of DC buses in [38].

As a contribution to this field, this work proposes the use
of a variable-voltage DC bus for a manufacturing industrial
plant instead of using a constant-frequency, constant-voltage
AC bus. The advantages lie in the fact that there is no need for
a rigid control of the DC bus voltage, with an extra feature of
eliminating the internal rectifier of every motor driver, thus
improving the overall efficiency.

The proposed DC bus has a lower limit of the voltage
magnitude to ensure motor starting, whereas the magnitude

can increase to a higher level to preserve the existing
electronic components. The energy surplus of the DC bus
due to the braking of motors can be stored in capacitor
banks directly connected to the bus. The effectiveness of
the proposed variable-voltage system is validated through
simulation and experimental results in a real footwear manu-
facturing plant.

II. DC BUS USED IN INDUSTRIAL MOTOR DRIVE
APPLICATIONS
Increasing the efficiency of motor drives and related sys-
tems is of major importance because 40% of the elec-
tric energy generated worldwide is consumed by electric
motors in industry [39], [40]. In this context, the replace-
ment of induction motors (IMs) with permanent-magnet syn-
chronous motors (PMSMs) was addressed in [41], [42]. With
the significant advances in power electronics, the amount
of PMSMs driven by inverters has increased significantly,
mainly because the cost associated with drivers has become
competitive with their three-phase IM counterparts as
shown in Fig. 1. Commercially-available inverters allow
the variable-frequency operation aiming at speed control so
that the motor efficiency is as high as possible [39], [43].
Inverter-based motor drivers have become more efficient
without loss of robustness as demanded by industrial envi-
ronments, as the associated control systems are able to drive
both IMs and PMSMs [44], [45]. However, most inverters
available in the market require a DC bus composed of an
uncontrolled rectifier followed by an output low-pass filter,
as such AC-DC converter is directly connected to the AC
grid. The DC bus voltage typically varies within a specific
range. To limit the maximum DC bus voltage, a dissipa-
tive protection circuit is often used to maintain the voltage
within safe values supported by the semiconductor devices.
Most inverter losses are due to uncontrolled rectifiers and
dissipative protection devices. Regenerative inverter drives
are uncommon in industry applications, as well the use of
bidirectional rectifiers as studied in [46]–[49].

FIGURE 1. Motor connected to a three phase AC bus through an inverter.

The use of variable-voltage DC buses becomes more
advantageous for replacing the traditional three-phase AC
grid in motor drives. In this case, there is the direct integration
between the DC bus and the inverters, with the possibility
of energy recovery during braking using capacitor banks,
or even other machines connected to the same DC bus.
Besides, there is a wide variety of possible applications, e.g.,
the integration of renewable energy sources such as solar and
wind [50], as well as the reduction of the number of power
conversion stages.
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Two wires are typically used in DC distribution systems,
but three wires may also be used if symmetrical voltages
are required. Reduced cabling needs is one of the main
advantages associated with DC systems, thus leading to lower
cost in terms of infrastructure. Unlike AC grids, there is no
reactive power flow. Therefore, the resulting losses are only
due to the currents flowing through the conductor material,
and there are no losses associated with harmonics.

In this context, this work proposes the use of a DC bus
as a primary power supply to the industrial plant based on an
energy recovery system. The rectifiers used to build the whole
industrial DC bus are not studied in this work. Fig.2 shows a
schematic of the proposed arrangement with inverters and a
capacitor bank directly connected to the DC bus. Thus, it is
possible to avoid the use of internal rectifiers, implying a
reduced number of power conversion stages. In this study,
the DC bus is always present as a premise. The DC bus
voltage can vary with the amount of kinetic energy recovered
from the motors, while also ensuring the safe operation of
semiconductors and cable insulation.

FIGURE 2. Motors connected to DC bus using sinusoidal pulse width
modulation (SPWM) inverters.

Besides, there is no defined control strategy to coordi-
nate energy changes between the energy recovery system
and motor drivers. The energy transfer occurs randomly and
depends on the amount of energy that can be recovered
while the motor is braking or the consumption by another
motor during a new starting. There is no synchronous opera-
tion between different injection molding machines, they are
semiautomated and totally independent. The DC bus should
be robust enough to support the starting of motors without
compromising the stability.

Since the machines are associated with independent pro-
cesses, it is not necessary to employmulti-motor drive system
techniques commonly used to control a sequential process
with many units. The authors in [51] propose a technique that
uses high-gain observers together with state feedback control
to obtain a separation principle for the stable operation of the
whole system. This approach has proven to be suitable for a
belt tension with a multi-motor driver. In another work [52],
the authors present an AC multi-motor drive system based
on a common DC bus for energy regeneration. The system
characteristics are thoroughly assessed, whereas a model
is derived for the representation of discrete-event dynamic

systems. This kind of structure involves a soft energy transfer
process that can be predicted by the control system aiming at
better absorbing the exceeding energy.

III. SIMULATION OF ENERGY CHANGES AMONG
MOTORS AND DC BUSES
In manufacturing industry, the breaking and acceleration
processes of several machines are frequent. During brak-
ing, the kinetic energy stored in the machine rotor must be
dissipated by mechanical brakes, or electronic systems that
convert most energy into heat using resistors. High losses
exist in this condition, which increase as the machine is
further accelerated and decelerated during many operating
cycles.

It is necessary to perform proper measurements to define
the amount of energy involved in the entire process, as well
as to propose alternatives for recovering it aiming at later use.
In order to simulate an industrial process, a hydraulic pump
associated with a plastic injection machine was chosen in this
study. This is because this process involves the frequentmotor
starting and stopping, in which it is possible to recover energy
based on an efficient approach.

A. ELECTRO-HYDRAULIC SIMPLIFIED MODEL
In an injection process, the pressure must be controlled to
inject polyvinyl chloride (PVC) material into the mold. The
servo driver that controls the PMSM receives signals of pres-
sure and flow from the injection molding machine controller
to set the motor speed. At the set pressure, the motor does
not stop at all and maintains a certain speed to ensure that the
system does achieve the required pressure. Fig. 3 shows the
block diagram of the PMSM control system in an injection
molding machine. The PMSM is controlled by two signals
from an internal resolver and a pressure sensor located at the
hydraulic system.

FIGURE 3. Block diagram of the PMSM control system in an injection
molding machine.

The kinetic energy that can be recovered from this electro-
hydraulic system depends directly on the motor speed,
considering the hydraulic system as an inertial load and
neglecting the oil damping. Thus, the kinetic energy variation
available in the deceleration of a motorized system can be
defined by (1).

1Ek =
1
2
· Jt ·

(
ω2
rinitial − ω

2
rfinal

)
(1)
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where 1Ek is the kinetic energy variation during the motor
deceleration; J is the total moment of inertia of the system;
ω2
r_initial is the initial rotor speed (deceleration start); and
ω2
r_final is the final rotor speed (deceleration stop).
In systems with higher moments of inertia and depending

on the amount of stored energy, the deceleration time and the
dissipated energy may be high and, consequently, the overall
system efficiency may be reduced. The total moment of iner-
tia of the system is due to the motor, the mechanical coupling,
and the hydraulic pump as expressed by (2).

Jt = Jmotor + Jcoupling + JPump (2)

The mechanical equation of the motor can be expressed
by (3). It is worth mentioning that the moment of inertia of the
coupling between the motor and pumpwas neglected because
it has a low mass and diameter.

Te − TL = J
dω
dt
+ Bω (3)

According to [53]–[55], it is extremely complex to repre-
sent the losses in a hydraulic system based on a mathematical
approach, since the characteristics of the oil present in these
systems change significantly with the temperature. Thus,
an approximation can be made considering the hydraulic part
as a load with an inertial component. The kinetic energy
stored in the electric machine during the deceleration of the
motor cannot be totally recovered in the form of electric
power, because there are some losses, namelymechanical and
electrical ones.

The mechanical losses are caused by the motor friction and
the portion of kinetic energy consumed by the mechanical
load during deceleration, as well as the hydraulic fluid of
the pump. The electrical losses are associated with the motor,
the inverter, and the bidirectional power electronic converter.
The final amount of recoverable kinetic energy in a motor
can be estimated if all mechanical and electrical losses are
calculated and subtracted from the generated kinetic energy
according to (4) [54], [56], [57].

Ekutil = 1Ek − EP_mec − EP_mot − EP_inv − EP_con (4)

where Ekutil is the recoverable amount of useful energy;
EP_mec represent the system mechanical losses; EP_mot cor-
responds to the motor electrical losses; EP_inv denotes the
inverter losses; and EP_con is the bidirectional converter
losses.

According to simulation tests performed by [58] and [59],
in a PVC injection process, depending on the load size and
production cycle, up to 49% of the energy lost by an injec-
tion molding process can be stored in supercapacitors. The
kinetic energy lost in the industrial process can be converted
to electric energy and increase the voltage across the DC
bus of the motor driver using clamping resistors to protect
semiconductors.

B. SIMPLIFIED MODEL, DESIGN, AND SIMULATION
Two scenarios are analyzed using PSIM R©software to show
the power flowing through the DC bus, which involves two

TABLE 1. Parameters of the PMSM used in the simulation.

motor drivers and the energy storage system similarly to
Fig. 2. The specifications of PMSMs are listed in Table 1,
considering a rated load torque of 64N·m to emulate the oper-
ation of the hydraulic pump of an injection molding machine.
The motors and the energy recovery system composed of a
capacitor bank are connected to the DC bus.

The capacitance of the energy storage system is greater
than those of themotor drivers and was designed to absorb the
energy from the braking, which can be calculated from (5).

Ed_br =
∫ t

0
Pd · t (5)

where Ed_br is the energy lost during the braking (J); Pd is
the power dissipated during the braking (W); and t is the time
interval representing the actuation of the braking protection
system.

It is possible to design a capacitor bank to store the dissi-
pated energy for later use according to (6).

C =
2 · Ereg_max · Nmotors
V 2
bar_max − V

2
bar_min

(6)

where Ereg_max is the energy recovered during the longest
braking session; Nmotors is the average number of motors
that are decelerated simultaneously;Vbar_max is themaximum
voltage across the DC bus; and Vbar_min is the minimum
voltage across the DC bus.

Fig. 4 shows the voltage increase on the capacitor of the
motor driver that is directly connected to the DC bus. In this
condition, the capacitor is charged by the excess of energy
provided by the DC bus. This voltage variation is used to
design the capacitor bank of the recovery system.

1) ONE MOTOR BRAKING AND ONE MOTOR ON FULL LOAD
Fig. 5 shows the power flow in the DC bus as the result of a
PMSM braking. There are two motors connected to the DC
bus. The first one is braking and the second one is on full load.
According to curve Pmotor_1 in blue, it is possible to obverse
the moment at which the motor stops. Then it starts operating
as a generator owing to the kinetic stored in the shaft, as the
power flows to the DC bus, charging the capacitor bank and
increasing the DC bus voltage as a consequence.

The power peak in the blue curve can be explained by
the elastic force on the freewheel movement. The green
curve Pmotor_2 shows the behavior of the second motor
driver when there is an instantaneous increase of energy. On
the other hand, the power provided the primary DC source
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FIGURE 4. Voltage increases on the capacitor of the motor driver.

FIGURE 5. Power flow between two motors with one motor braking and
one motor on full-load condition.

P_DCsource decreases because of the energy recovered by
the first motor. If any recovery system is connected to the bus,
an overvoltage protection systemmust be enabled to dissipate
the excessive energy and protect the power converters.

2) 1st . ONE MOTOR DECELERATING AND ACCELERATING,
WITH ANOTHER MOTOR DISCONNECTED
In this scenario represented by Fig. 6, the second motor is
disconnected from the DC bus and the first one does not
stop at all. The first motor driver is disconnected and then
connected again. As expected, the machine operates as a
generator while braking, and the capacitor bank is charged
as a consequence. The power absorbed from the DC bus cor-
responding to P_DCsource bus becomes nearly null. Thus,
the remaining portion of kinetic energy is transferred to the
capacitor bank according to the behavior of curve Pmotor_1
in Fig. 6, which becomes negative. After that, the motor
accelerates again and starts consuming the energy previously
stored in the DC bus.

FIGURE 6. Power flow between motor 1 and the DC bus while it
decelerates and accelerates again.

In this simulation, the power flow between the machines
connected to a same DC bus may assume distinct character-
istics depending on the actual number of parallel-connected
machines. Since the load has a high inertia moment and the
simulation period is short, the speed does not vary significa-
tively. However, some energy could still be recovered and
supplied to the DC bus.

IV. EXPERIMENT PERFORMED ON A FACTORY
The first experimental test was carried out to analyze the
power flow and the increase of the DC bus voltage associated
with the manufacturing process, so that accurate data could
be collected for the proper design of the capacitor bank.

The tests were performed in an industrial environment with
two types of injectionmoldingmachines, that is, models GEK
220/S and GEK 280/S by Golden Eagle. The voltage and
current levels required to determine the amount of energy
involved in the starting and braking processes were then mea-
sured, considering the machine operation while producing
small PVC parts. It is worth mentioning that there was no
external interference in the production process during the
acquired experimental data. The injection molding machine
can be seen in Fig. 7.

Tables 2 and 3 show the parameters of the PMSMs and
inverters, where PMSM 1 and PMSM 2 are driven by inverter
1 and inverter 2, respectively. PMSM1 and PMSM2 are asso-
ciated with the machine models Golden Eagle GEK 220/S
and Golden Eagle GEK 280/S, respectively.

All measurements and curves were obtained using an oscil-
loscope model DPO3014, current probes model TCP303,
high-voltage differential probes model P5200 by Tektroniks,
and an energy analyzer model RE6000 by Embrasul.

Fig. 8 shows the experimental setup, where Vbar is the
voltage across the DC bus measured at point (5), and Vrf is
the voltage across the braking resistor measured at point (2).
The current probes were connected at points (4) and (3) to
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TABLE 2. Parameters of the PMSMs.

FIGURE 7. Measurement instruments associated with the plastic injection
molding machine in a footwear factory.

FIGURE 8. Voltage and current probes employed in the motor drive
system.

measure Ibar (DC bus current) and Irf (current through the
braking resistor), respectively.

The injection machine was configured according to proper
parameters for the injection molding process as estab-
lished by the company depending on the requested mold.

TABLE 3. Parameters of the inverters used in the experiment.

Measurements were performed to determine how much
power is demanded at each second over the entire cycle
of material injection. This is important for the development
of any power converter that may be employed to allow the
energy exchange between the machines and the DC bus. It is
also worth mentioning that each injection cycle lasts about
16 seconds.

Fig. 9 shows the acquired results in terms of the power
curve for one cycle of the injection process. The red curve
represents the overall power measured at point 1 in Fig. 8.
The blue curve corresponds to the power measured at point
5 after the rectifier. It is observed that the higher power
demand occurs during the molding stage. From the power
dissipated in the protection resistor, as well as the maximum
and minimum voltages across the DC link of the inverter, it is
possible to determine how much energy can be recovered in
the process. The amount of dissipated energy in the resistor
during the braking process of the motor in machine GEK
220/S was carried out using the mathematical function of the
oscilloscope during one operating cycle. The result was also
confirmed after the comma-separated values (CSV) file was
generated from the data acquisition. Thus, the average power
could be calculated by the oscilloscope, as the amount of
energy dissipated in the braking resistor could be determined
for each step of the process.

Fig. 10 shows experimental results regarding the current
and voltage measured in the inverter of the injection molding
machine for a complete cycle of about 16 s. It is worth
mentioning that the braking system consists of a resistor
connected to a switch in parallel with the DC link of themotor
driver. The circuit is activated when the voltage across the DC
link reaches a given desired value.

The motor was braked five times during the operating
cycle (F1, F2, F3, F4, and F5), but the breaking resistor did
only act during F2 and F5. During F3, the motor decelerates,
but before its stops totally it is driven again as the voltage
limit required to enable the protection system is not reached.
The energy regenerated by the motor is then absorbed by
the DC bus.
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FIGURE 9. Power measurement for one cycle of the injection process:
power measured at the main input (red) and power measured at the
motor driver input (red).

FIGURE 10. Experimental results for one operating cycle: Ch 1 (100 V/div.
– dark blue) – DC bus voltage (Vbar), Ch 2 (50 A/div. – light blue) – DC
bus current (Ibar), Ch3 (100 V/div. – pink) – voltage across the braking
resistor (Vrf), and Ch 4 (5 A/div. – green) – current through the braking
resistor (Irf). Time scale: (2 s/div).

During F1 and F4, the motor decelerates, but the kinetic
energy is dissipated by the mechanical load itself, i.e., it is
damped by the hydraulic pump. During F2 and F5, the DC bus
voltage increases by more than 10%, as the braking system
protection is activated twice. The DC bus voltage varies when
the motor decelerates, causing it to behave as a generator
while supplying power to the DC bus.

To calculate the amount of energy dissipated by the break-
ing resistor, the first actuation of the braking system is
considered, which lasts approximately 85 ms according to
Fig. 11. During F2, the maximum voltage across the DC bus
is 594.7 V, which is reduced owing to the power dissipated in
the braking resistor, thus causing the loss of part of the energy
during the PMSM braking. The braking system remains acti-
vated until the maximum DC bus voltage reaches the rated
value.

Fig. 12 represents the second braking session. During F5,
the DC bus voltage increases to 593 V, as it is necessary to
connect the braking system to the circuit once again, although
the time interval is shorter than 50 ms in this case. The aver-
age power calculated by the oscilloscope in the second and
fifth braking sessions is 780.7 W and 383.2 W, respectively.

FIGURE 11. Experimental results for the second deceleration session of
the motor: Ch 1 (100 V/div. – dark blue) – DC bus voltage (Vbar), Ch 2
(50 A/div. – light blue) – DC bus current (Ibar), Ch3 (100 V/div. – pink) –
voltage across the braking resistor (Vrf), and Ch 4 (5 A/div. – green) –
current through the braking resistor (Irf). Time scale: (20 ms/div).

FIGURE 12. Experimental results for the fifth deceleration session of the
motor: Ch 1 (100 V/div. – dark blue) – DC bus voltage (Vbar), Ch 2
(50 A/div. – light blue) – DC bus current (Ibar), Ch3 (100 V/div. – pink) –
voltage across the braking resistor (Vrf), and Ch 4 (5 A/div. – green) –
current through the braking resistor (Irf). Time scale: (20 ms/div).

Considering an interval of 200 ms defined by oscilloscope
window, the dissipated energy can be estimated from (6),
resulting in 156.14 J and 76.44 J, respectively.

The total energy dissipated in the braking resistor during
a production cycle of about 16 s and with an injection load
of approximately 210 g is 232.58 J. If the operation occurs
during one hour, 225 cycles result. Therefore, the energy
dissipated in the braking resistor is 52.33 kJ. Considering a
machine that operates 22 hours a day and six days a week
on average under the conditions employed in the experiment,
the energy dissipated in the braking resistor over one month
will be 27.6 MJ, which is equivalent to 7.7 kWh.

V. ENERGY RECOVERY SYSTEM: DESIGNING THE
CAPACITOR BANK
It is possible to implement the variable-voltage DC bus rep-
resented in Fig. 2 for a finite number of machines depending
on the motor group size. The capacitor bank required to store
the dissipated energy was calculated by (6). The maximum
voltage across the DC bus is Vbar_max = 600 V, whereas
the minimum voltage across the DC bus is set to Vbar_min =
530 V.
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FIGURE 13. Experimental results for one operating cycle without
employing the capacitor bank: Ch 1 (150 V/div. – dark blue) – DC bus
voltage (Vbar), Ch 2 (25 A/div. – light blue) – DC bus current (Ibar), Ch3
(200 V/div. – pink) – voltage across the braking resistor (Vrf), and Ch 4
(50 A/div. – green) – current through the braking resistor (Irf). Time scale:
(4 s/div).

The energy recovery system employing a capacitor con-
nected in parallel with the DC bus is typically embedded in
commercial inverters to mitigate sudden voltage fluctuations,
this being similar to the ones typically employed in EVs.
However, the difference lies in the fact that EVs also have
internal batteries for energy storage.

According to [37], the capacitor bank must be connected
directly to the DC bus, as it allows supplying additional
energy demands without the need of a power converter to
process the energy stored in the capacitors. Overall, it is
reasonable to state that keeping a constant voltage across the
supercapacitor to help the batteries during an eventual peak
demand is quite inefficient.

Thus, the use of a converter to manage a large amount
of energy in a short period of time is a challenging task.
The power flow involved in the injection process shown
in Fig. 9 involved peaks of 33 kW at 600 V, this being a good
reason to connect the capacitor bank directly to the DC bus
aiming to avoid converter losses. Other motivation is that the
voltage assumes variable values over a wide operating range.
The capacitor bank was then designed considering the power
flow between motor and driver in the industrial environment.
Table 4 lists the parameters adopted in the calculation of the
capacitor bank.

TABLE 4. Parameters for the design of the capacitor bank.

The capacitors employed in the experiment in the industrial
plant are part number B43584 by Epcos. The capacitance
was calculated from (6) and the measurements performed
on the injection machine shown in Fig. 11 and Fig 12,

FIGURE 14. Detailed view of the first deceleration session of the motor
without employing the capacitor bank: Ch 1 (150 V/div. – dark blue) – DC
bus voltage (Vbar), Ch 2 (25 A/div. – light blue) – DC bus current (Ibar),
Ch3 (200 V/div. – pink) – voltage across the braking resistor (Vrf), and
Ch 4 (50 A/div. – green) – current through the braking resistor (Irf). Time
scale: (20 ms/div).

FIGURE 15. Experimental results for one operating cycle employing the
capacitor bank: Ch 1 (150 V/div. – dark blue) – DC bus voltage (Vbar), Ch 2
(25 A/div. – light blue) – DC bus current (Ibar), Ch3 (200 V/div. – pink) –
voltage across the braking resistor (Vrf), and Ch 4 (50 A/div. – green) –
current through the braking resistor (Irf). Time scale: (4 s/div).

FIGURE 16. Detailed view of the first deceleration session of the motor
employing the capacitor bank: Ch 1 (150 V/div. – dark blue) – DC bus
voltage (Vbar), Ch 2 (25 A/div. – light blue) – DC bus current (Ibar), Ch3
(200 V/div. – pink) – voltage across the braking resistor (Vrf), and Ch 4
(50 A/div. – green) – current through the braking resistor (Irf). Time scale:
(20 ms/div).

resulting in 7.9 mF. To obtain the equivalent capacitor
associated with the required DC bus voltage, a bank with
five parallel-connected branches composed of two series-
connected capacitors rated at 3300 µF/400 V was employed,
resulting in an equivalent capacitance of 8.25 mF, which is
slightly higher than the calculated value.
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FIGURE 17. Comparison between the active power curves during three cycles (red – without capacitor bank; blue– with capacitor bank).

VI. MEASUREMENTS PERFORMED ON A MACHINE
OPERATING IN THE INDUSTRIAL ENVIRONMENT
Owing to the production schedule of the footwear company,
the injection machines model GEK 220/S were not available
at the moment of the experiment. Thus, experimental data
were acquired from another machine with a slightly higher
power, i.e., model GEK 280/S, which uses 23-kW PMSMs.

The complete production cycle associated with the experi-
ment lasts approximately 24 s, with an injection load of 170g.
The current and voltage were measured to verify the behavior
of the DC bus, first without the capacitors connected to it,
and then with the capacitor bank connected to the DC bus.
It is worth mentioning that the internal capacitance of the
motor driver was neglected in the calculation of the total
capacitance and was not removed when adding the energy
recovery system.

A. MACHINE OPERATING WITHOUT THE CAPACITOR
BANK
During the operating cycle In Fig. 13, the motor is braked
five times (F1 to F5). However, the braking resistor actuates
only during F1. During the remaining ones, the PMSG only
decelerates, accelerates again, and then stops. The exceeding
energy resulting from the motor deceleration increases the
bus voltage, which becomes higher than the maximum limit,
causing the braking system to be activated. The bus voltage
Vbar increases from 528.4 V to 686.2 V, while the average
current Ibar is 69.66 A. The current waveform in light blue
has a high ripple during the whole process as well.

Fig. 14 represents the detailed view of the moment when
the motor decelerates. The DC bus voltage Vbar increases

from 537 Vdc to 670 Vdc very fast, as the protection system
must be activated to avoid damage. Besides, voltage Vrf cor-
responds to the voltage across the protection resistor, which
is turned on and off by a pulse width modulation (PWM)
scheme to keep the average DC bus voltage within safe limits.
The exceeding amount of energy is then dissipated by the
braking resistor. Thus, it causes a fast variation in the DC
bus voltage, thus affecting the motor driver connected to
the DC bus.

B. MACHINE OPERATING WITH THE CAPACITOR BANK
In the second experiment, the capacitor bank is connected
to the DC bus, whereas the currents and voltages are once
again measured as seen in Fig. 15. Unlike Fig.13, voltage
Vbar at F1 goes from 537 Vdc to 600 Vdc and does not
reach the maximum limit set to protect the motor drive.
The capacitor bank operates as a peak-shaving system,
while it stores the bus energy without affecting the motor
driver.

Fig. 16 shows a detailed view of the currents and voltages
during the first deceleration session when using the capacitor
bank connected to the DC bus. The bus voltage varies more
smoothly, reaching 600V. The braking system is not activated
because the voltage level is within safe limits for the motor
driver. Current Ibar decreases and inverts its direction, thus
indicating that the capacitor bank stores energy. If more
machines were connected to the bus, the remaining energy
could be used instead. As the minimum DC bus voltage
required to start the motors is 537 Vdc, it will increase from
this value to a maximum limit defined by the protection
system of the motor driver. Therefore, the higher the voltage,

VOLUME 9, 2021 101285



A. D. S. Lima et al.: Case Study: Variable-Voltage DC Bus With Energy Recovery System for Industrial Plants

the lower the average current through the motor driver, result-
ing in higher energy efficiency.

During the whole experiment that lasted about 4 hours
using machine model GEK 280/S to produce 170g PVC
parts, a power analyzer was connected to the AC grid that
supplies the diode rectifier for the measurement of consumed
power and energy according to the schematic shown in Fig. 8.
A large dataset was recorded during this acquisition period.
A comparative plot regarding the active power profile of the
machine over a period of three cycles equivalent to 21 s each
is presented in Fig. 17.

The curves show the active power behavior with and with-
out using the capacitor bank connected to the DC bus. The
average amount of energy consumed with and without using
the capacitor bank was measured as 6.21 kWh and 6.54 kWh,
respectively, with a reduction of 5.05%. The data acquisition
results show that part of the energy that would be lost could
be stored in the DC bus. Changing the injection process
could affect the energy gain considering that the amount of
recovered energy depends directly on the braking regime of
the machine.

It is effectively observed that the capacitor bank leads to
reduced energy consumption since energy is stored for later
use. There is no need for a rigid control of the DC bus volt-
age because the motor driver can handle voltage variations
while observing safe operating limits for the semiconductor
components. The variable-voltage DC bus associated with
capacitor banks is a more efficient approach because the
number of energy conversion stages is reduced. Besides,
the process involves the direct energy exchange among the
DC bus and machine drivers, as the current ripple of the
PMSMs is reduced.

VII. CONCLUSION
This work has proposed a variable-voltage DC bus approach
based on an energy recovery system for manufacturing indus-
try applications, aiming at the efficient use of electric energy.
A minimum value of the DC bus voltage is maintained to
ensure the starting of motors. Besides, the DC bus voltage
increased with the energy recovery process from the braking
of motors until reaching a safe protection level. A capacitor
bank was designed to allow exchanging energy with the bus.
When the DC bus voltage increases, it is observed that the
average current through it decreases. After carrying out com-
puter simulations and laboratory tests with the capacitor bank
connected to the system, field measurements were performed
on a PVC injection molding machine in a footwear factory.
The results were acquiredwith andwithout the capacitor bank
connected to the DC bus to assess the performance of the
energy storage system. Data acquired with an energy analyzer
showed a reduction of 5% in the energy consumption when
the capacitor bankwas used. It means that the energy from the
motor braking is stored in the DC bus and can be further used
directly without the need for additional energy conversion
stages, resulting in improved energy efficiency of the whole
system.
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