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Abstract 
The three-phase induction motor is the main electric motor used in industrial applications, contributing significantly to the 
industrial electricity consumption. Additionally, the traditional variable speed drivers, due to the internal constitution based on 
a passive rectifier, contribute to accentuate power quality problems on the grid side. In this context, this paper presents the 
simulation, implementation and subsequent experimental verification of an electronic variable speed drive for three-phase 
induction motors, which is composed by a three-phase ac-dc converter on the grid side and by a three-phase dc-ac converter 
on the motor side. With the proposed solution, besides driving the motor, it is possible to mitigate power quality problems on 
the grid side (e.g., current harmonics and reactive power) associated with the use of diode-bridge ac-dc converters in the 
conventional variable speed drives. Besides, with the proposed solution, a bidirectional operation is possible, allowing to 
deliver to the power grid the energy generated in motor braking processes. As demonstrated along the paper, with the 
proposed variable speed drive it is possible to control the motor speed (including the rotation direction), and to achieve 
operation with sinusoidal currents and unitary power factor on the grid side. A laboratory prototype was developed, allowing 
to perform experimental validation and to verify the main functionalities of the variable speed drive. 
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1. Introduction

Nowadays, the three-phase induction motor with squirrel 
cage rotor represents more than 90% of the electric motors 
used in industry [1], contributing to about 70% of the 
industrial electricity consumption [2]. This situation occurs, 
not only because the induction motors present low 
acquisition and maintenance costs and great robustness, but 
mainly due to constant technological evolution and the 
development of control techniques that have brought a 
wider variety of applications [3]. 

Some applications involving induction motors require 
adjustments of speed variation in their processes, either due 
to the need to drive variable loads or the need to optimize 
existing processes. The advances in power electronics 
technologies, especially in the power semiconductors field, 
allows a better controllability, contributing to improve the 

voltage and frequency modulation, which are necessary 
conditions to control the induction motors. The variable 
speed drives (VSDs) are devices designed to control the 
speed and torque of an alternating current (ac) motor, 
which use power converters that, based on control 
algorithms, allow the synthesis of sinusoidal currents with 
adjustable parameters, such as amplitude and frequency 
[4, 5]. This conversion process can be realized directly 
using an ac-ac converter. In relation to ac-ac converters, the 
best known are the cycloconverters and matrix converters, 
which can be found in [5]. The VSDs can present different 
topologies, however, normally they are composed by: 
rectifier, dc-link, inverter and control system [6-8]. 

Conventionally, VSDs for induction motors employ a 
diode bridge rectifier to provide power to the dc-link from 
the power grid. These types of rectifiers, as they behave as 
non-linear loads, consume currents with a high harmonic 
content, that is, currents with a high total harmonic 
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distortion (THD), which in turn cause distortion of the 
power grid voltage waveform, contributing to a low power 
factor upstream of the rectifier [5, 6]. As they do not 
control the input or output current, and since they do not 
control the dc-link voltage, they are categorized as passive 
converters. Besides, as they operate only in the first 
quadrant, in this type of rectifier, the power flows only 
from the power grid side to the motor side, so the energy 
produced by the motor in situations of braking, namely 
change of speed or direction of rotation, should be 
dissipated in a resistor or stored in energy storage elements, 
such as batteries or capacitors [6, 9]. 

In order to solve the power quality problems originated 
by the passive converters, traditional methods have been 
used, such as the application of passive inductive filters in 
series, or capacitive filters in parallel (or both) or the use of 
multi-pulse rectifiers [5, 10]. Active power filters can be 
used to reduce harmonic current distortion through the 
production of compensating currents, in case of the shunt 
active power filter, and to reduce the harmonic voltage 
distortion through the production of compensating voltages, 
in the case of the series active power filter [11]. If joint 
current and voltage compensation is required, the unified 
power quality conditioner (UPQC) is a solution. Another 
way to reduce harmonic distortion is to use converters to 
improve the power quality. In the literature, these 
converters are called improved power quality converters 
(IPQCs). In [11] is presented a review about multi-pulse 
three-phase IPQC converters. Also, in [12] are approached 
IPQCs, where unidirectional and bidirectional three-phase 
power factor correction (PFC) rectifiers can be found. 
These rectifiers use pulse-width modulation (PWM) 
techniques to control fully-controllable power 
semiconductors, such as IGBTs, to dynamically change the 
waveform of the input current and, thus, reduce its 
harmonic distortion, contributing to an increase of the 
power factor close to the unit [9, 12-13]. 

Some PFC topologies are not regenerative and, in turn, 
do not allow to return power to the power grid, i.e., they do 
not allow the operation as inverter. Vienna rectifier is an 
example of this [14]. However, other PFC topologies allow 
bidirectional power flow and can be used in applications 
where it is intended to return energy to the power grid, e.g., 
during a braking situation, as it is, moreover, one of the 
focus topics of this paper. These rectifiers, also known in 
the literature as active rectifiers and active front-end, 
similarly to inverters, are distinguished according to the 
type of energy storage element that they have on the dc-
link, and can be classified as current source rectifiers (CSR) 
or voltage source rectifiers (VSR). 

The interest for the ac against dc drive systems over the 
years, combined with the technological evolution verified 
in power electronics, as well as in microelectronics, has 
motivated the appearance and development of new 
technologies and methodologies for the induction motor 
control. Nowadays, the existing control methods are 
divided into two main groups: scalar control and vector 
control [3, 15, 16]. Scalar control is based on the steady 
state equations that result from the equivalent circuit of the 

motor and only considers the instantaneous electrical 
quantities of the stator (magnetic flux, currents and 
voltages). In turn, vector control is based on the dynamic 
spatial equations of the motor, where instantaneous 
electrical quantities are represented by vectors [3]. These 
control methods have different degrees of complexity and 
the choice for each depends, essentially, on the accuracy, 
quickness and cost of the speed control system that is 
intended to be implemented. 

Among the control methods for induction motors, the 
Volts per Hertz (V/f) is the most used, specifically the V/f 
control in open-loop. This is a type of control 
recommended for non-critical applications where speed 
and/or torque performances are not relevant [3]. When fast 
dynamic responses and high torque and speed accuracy are 
desired, the control method recommended in the literature 
is the vector control [17, 18]. This type of control can be 
implemented in different ways, being the field-oriented 
control (FOC) and the direct torque control (DTC) the most 
widespread vector control techniques in the literature. In 
[19] a comparative study between these two control
methods is presented. Most of control methods for
induction motors require precise speed measurement,
which is one of the indispensable requirements when
robust, high-precision controls are required [3]. Obtaining
this measurable parameter can easily come from reading
sensors such as encoders or tachometers. However, the
choice of such equipment raises the cost of the VSDs,
increases the complexity at the hardware level and makes
the system less reliable, which requires regular
maintenance [18, 20]. One way to overcome the problems
underlying the use of the aforementioned sensors is to
estimate the speed using instantaneous electrical quantities
of the stator. The control techniques that use these
estimators to obtain the velocity are usually known as
sensorless control techniques. Some methods for estimating
speed can be found in [18, 20, 21].

An active rectifier is proposed in [22-25] to interface the 
induction motor drive with the power grid. In [26] the 
authors proposed a VSD with an active rectifier to control 
the input current, assuring a high power factor and, with 
this, decreasing the circulating current harmonics in the 
motor inverter. In [27] and [28], a VSD with active rectifier 
was implemented to reduce the common mode voltage 
caused by different switching frequencies of the rectifier 
and the inverter. In [29], [30], and [31] a drive system uses 
an active rectifier, not only to mitigate power quality 
problems in the power grid side, but also to allow the 
regenerative energy recovery in motor braking situations, 
improving the system efficiency. In [32], an active rectifier 
was added to a VSD system, with a diode full-bridge 
rectifier, to improve the properties and characteristics of the 
proposed VSD, which operates as an active power filter for 
power quality improvement of the power grid side and to 
make feasible additional functions, such as regenerative 
braking. 

The focus of this paper is the development of a VSD that 
allows the speed and direction control of an induction 
motor, as well as its smooth start and stop. A bidirectional 
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power flow between the power grid and the induction 
motor is also a desired characteristic for the VSD, so that 
the kinetic energy generated by the motor in a braking 
situation can be delivered to the power grid, thus enabling 
regenerative breaking. In any of the operating situations 
(traction or braking) the VSD must operate without causing 
any power quality problems for the power grid side. 

This paper is an extension of [33] and is structured as 
follows: Section 2 presents the braking techniques 
applicable to induction motors; Section 3 presents the 
electrical model of the proposed system; Section 4 presents 
the implemented control algorithm for each of the power 
converters; Section 5 shows the simulation results of 
proposed VSD; in Section 6 is described the developed 
prototype and the obtained experimental results of the VSD 
and Section 7 ends the paper with the main work 
conclusions. 

2. Review on Braking Systems for
Electric Motors

In many applications, one of the most important 
requirements in motor drive systems is braking [34]. In 
industrial applications, e.g., there is a need to quickly put 
the motor at rest, not only to keep it immobilized after the 
end of some process, but also to safeguard products in 
situations of defective operation, or in emergency situations 
in order to preserve the physical integrity of the operator as 
well as the equipment. Depending on the application in 
which it is inserted, the drive system may be subject to 
frequent starting, stopping or reversing directions of 
rotation, causing the efficiency of the system to decrease 
considerably [35]. 

Braking is an energy conversion process aimed at 
removing or attenuating the mechanical energy of a moving 
system with a view to decelerating or immobilizing it. 
According to [34], this can be done in two ways: 
mechanically, through brakes whose objective is to increase 
the frictional forces, thus converting the mechanical energy 
into heat, causing the deceleration of the system; and 
electrically, through the application of an electromagnetic 
force that opposes the rotation of the motor, and the energy 
can be dissipated in the form of heat in the motor itself or in 

resistances, called braking resistors, or it can be 
regenerated, being returned to the power supply or stored in 
an energy storage element. In [34] the following electric 
braking methods are presented: (1) reverse current braking; 
(2) dynamic braking; (3) regenerative braking.

The reverse current braking, also known in the literature
as plugging, is especially useful for quickly stopping or 
reversing the direction of rotation of the motor and is 
achieved by changing two of the three phases that feed the 
stator windings [34, 36]. 

The dynamic braking technique is widely used in 
industrial applications and consists of a process in which 
the kinetic energy of the rotor is thermally dissipated in a 
resistor, after interruption of the supply to the stator 
[34, 36]. Once without power into the stator, the inertia of 
the motor and the load keeps the rotor in rotation, with 
magnetic flux production in the stator windings, in which, 
by the electromagnetic induction phenomenon, a voltage 
appears at its terminals. The asynchronous machine works 
as a generator, transferring to the stator the kinetic energy 
in form of electrical energy. Combining this fact with a 
system that dissipates that energy, the dynamic braking 
method becomes conceivable. The dynamic braking can be 
implemented in different ways. In [34] several methods of 
dynamic braking are briefly presented. 

The kinetic energy resulting from a braking process does 
not necessarily need to follow a dissipative process, that is, 
to be converted into heat. This can be converted into 
electrical or mechanical energy [37]. There are several 
applications where the energy resulting from the inertia of 
the motor is used, bringing significant benefits to the 
system in terms of energy use. An example of this is the 
kinetic energy recovery system (KERS), used in 
automotive braking systems that recover part of the kinetic 
energy generated by the vehicle deceleration/braking 
[38, 39]. In the case of vehicles with an internal combustion 
engine, this energy can be stored mechanically on a 
flywheel, as is the case with the KERS systems produced 
by the company Flybrid, originally developed for Formula 
1 cars, but which are also already part of the braking 
control systems of other vehicles, such as trucks, buses and 
locomotives, where starting and stopping operations are 
frequent, and there is an enormous potential for reusing 
energy that would be lost without the use of such 
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Figure 1. Proposed system for the VSD. 
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recovering energy systems [39]. Regarding electric vehicles, 
kinetic energy can be converted into electrical energy during 
braking and later stored in energy storage elements such as 
batteries or capacitors [40, 41]. This is a technology widely 
used in hybrid vehicles, as it contributes to the reduction of 
fuel consumption and greenhouse gas emissions [41]. 

Applications where the use of kinetic energy resulting 
from a regenerative braking process can be applied are not 
limited to road vehicles. Applications such as elevators or 
cranes, where electric motors can function as generators, 
even for short periods of time, are common in everyday 
activities, and energy regeneration in these cases can 
represent significant energy savings [35]. In addition, in 
systems with regenerative braking technologies, the amount 
of heat released is less than that observed in systems 
without this type of associated technology, which in some 
cases allows, in addition to a better use of energy, a 
reduction in costs associated with the cooling system. 

3. Proposed System

This section presents the electrical model of the
proposed system under analysis in this paper. As 
previously mentioned, a typical topology of a VSD for 
three-phase induction motors, usually, has a diode bridge 
rectifier for interfacing with the power grid, also known in 
the literature as a Graetz bridge [6]. As a disadvantage, 
this type of converter does not control the input (nor the 
output) current nor the dc-link voltage (vdc), which is 
limited to the peak value of the power grid line-to-line 
voltages. In this way, the proposed system suggests the 
exchange of the passive semiconductors by active 
semiconductors, resulting in the electric model of 
Figure 1. In this figure, two voltage source converters 
(active rectifier and inverter) can be seen, both with three 
legs with two insulate gate bipolar transistors (IGBTs) in 

each leg. The fact that this topology has only three wires 
allows to simplify the solution and reduce the costs 
related with the addition of a third IGBT leg for the 
neutral connection or, if it is connected to the midpoint of 
the dc-link capacitors, reduce the complexity associated 
with the voltage regulation in each capacitor terminals. 

The converters are connected through a dc-link 
consisting of a capacitive filter (Cdc), whose function is to 
minimize the ripple of the dc-link, vdc, voltage. At the 
input of the active rectifier, coupling inductors (La, Lb, Lc) 
are used to smooth the ripple in absorbed currents (ia, ib, 
ic). The stator windings of the induction motor smooth the 
currents ripple at the output of the inverter (iam, ibm, icm), 
and so, no output filter is required. 

4. Control Algorithm

This section presents the control algorithm implemented 
for the proposed solution. For a better understanding, it is 
divided into two parts: control for the active rectifier and 
control for the traction system, which involves the 
inverter and motor. 

4.1. Active Rectifier 

The block diagram of the strategy used to control the active 
rectifier can be seen in Figure 2. In this control strategy, the 
dc-link voltage (vdc) is measured and compared to the
reference value (vdc_ref), from where results the error signal
vdc_er, which is submitted to a proportional-integral
controller (PI). Posteriorly, the output of this controller is
multiplied by each of the sinusoidal references (plla, pllb,
pllc) with unitary amplitude and frequency and phase equal
to the fundamental component of the respective power grid
voltage. These references are obtained from the ωt angle
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Figure 3. Control diagram for the inverter stage of the VSD. 

resulting from the phase locked-loop (PLL) based on the 
p-q theory [42-46], corresponding to three sinusoidal
signals with frequency synchronized with the frequency of
power grid voltage and amplitude ipk_ref dependent of the
error and the gains of the PI controller. The currents ia_ref,
ib_ref and ic_ref are the reference currents for each input
currents (ia, ib, ic). The reference voltages in instant n
(refx [n]), i.e., the reference voltage that the converter must
produce in phase x, are calculated using a predictive control
technique [47-50], as represented by equation (1), which is
calculated based on the line-to-neutral power grid voltage
(vx [n]), the coupling inductance value per phase (Lx), the
sampling time (Ts), the phase current measured at the input
of the rectifier (ix [n]), its reference current (ix_ref [n]) and the
current measured at the previous instant (ix_ref [n-1]).

(1) 

From the reference signals, in order to generate the 
appropriate duty-cycle of the pulses to be applied to the 
gates of the IGBTs, the sinusoidal pulse-width modulation 
(SPWM) method was used. 

4.2. Motor Control 

For the motor control, the closed-loop Volts per Hertz 
control was chosen. Compared to vector control 
techniques, it is simpler, more economical and easier to 
implement [51-54], and is recommended for non-critical 
applications where good speed and/or torque 
performances are not relevant [3]. 

Figure 3 shows the designed block diagram of the control 
loop implementation for the traction system. As it can be 
seen, the rotor speed, ωr, is compared with the reference 
speed ωr_ref from where, by application of a PI controller, a 

signal (ωd) is obtained, which has to be added to the rotor 
speed in order to obtain the desired synchronous speed 
(ωs_ref). Once calculated ωs_ref, and, based on this, calculated 
fs_ref through a pre-established V/f ramp, the respective 
voltage amplitude (vs_ref) that must be applied to each of the 
stator windings is obtained by equation (2). 

(2) 

On the other hand, the integration of ωs_ref results in the 
signal θref that defines the frequency of the reference 
voltages, obtain by equation (3), that must be synthesized 
and subsequently applied to a modulation technique. As in 
the control of the active rectifier, the modulation 
technique used in the inverter control was SPWM. 

(3) 

5. Simulation Results

This section presents the simulation results obtained for the 
joint operation of the two power stages, rectifier and 
inverter, which allows to validate the integral functioning 
of the VSD for different operating situations. The electric 
motor with which it is intended to validate the proposed 
VSD (presented in Figure 1) is a three-phase induction 
motor with a squirrel cage rotor, with a nominal power of 
5.5 kW. The parameters that characterize it were obtained 
from its nameplate, which can be seen in Table 1. 

Figure 4 shows the dc-link voltage (vdc) and the motor 
speed evolution during the operating stages of the proposed 
VSD, which range from the pre-charge of the dc-link 
capacitors to the starting of the inverter operation for 
induction motor drive with a coupled load of 40 Nm. The 
inverter operation starts only after the defined time (1 s) for 
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stabilizing the dc-link voltage (vdc) has ended. This occurs, 
approximately, in the instant 3.1 s. Shortly thereafter, the 
induction motor starts with a 40 Nm coupled constant load. 
Table 2 shows the reference speeds (nref_d) used in the 
simulations, which were provided to the motor in the ramp 
form (nref_r). 

Table 1. Technical data of the three-phase induction 
motor used. 

Parameter Value 
Nominal power 5.5 kW 
Nominal speed 920 rpm 
Pole number 6 
Nominal voltage 400 V 
Nominal torque 57.1 Nm 
Nominal current (In) 12.32 A 
Start current 5.8 In A 
Nominal frequency 50 Hz 
Cos φ 0.77 
Efficiency 87% 

Figure 5 shows the currents absorbed by the motor 
(iam, ibm and icm) and by the rectifier (ia, ib and ic) for two 
of the operating situations showed in Figure 4, which are 
related to the motor traction at the nominal speed of 
920 rpm (Figure 5 (a)) and at the moment immediately 
after the rotation inversion, which occurs after the time 

4.7 s (Figure 5 (b)). As can be seen in Figure 5 (a), 
during traction, sinusoidal currents in phase with the 
power grid voltages are consumed, as shown in the 
graph showing current (ia) and voltage (va) for phase a 
on the grid side. In Figure 5 (b), the currents consumed 
by the motor are shown with the sequence iam, icm, ibm, 
resulting from the exchange of two of the phases that 
supply the motor (reverse current braking) carried out by 
the control system after order for reversing the motor 
rotation when the motor speed was 500 rpm. As a result 
of this braking, the vdc voltage exceeds the reference 
value (800 V), causing sinusoidal currents to be 
synthesized in opposition phase to the respective power 
grid voltages, thus enabling the current injection in the 
power grid and, consequently, energy regeneration. 

Table 2. Reference speeds supplied to the VSD 
controller when driving a 40 Nm load. 

Speed (rpm) Time Interval 
920 3.07 s to 4 s 
500 4 s to 4.7 s 
-500 4.7 s to 5.2 s 

6. Experimental Setup and Results

This section presents the obtained experimental results of 
the developed VSD prototype (Figure 6), which was 
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developed according to the topology presented in Figure 1. 
At the top of the prototype, the two power converters can 
be seen, implemented with six SKM400GB12V half-bridge 
IGBT modules from Semikron. Each half-bridge is driven 
by a SKHI22AR driver, also from Semikron. For all 
IGBTs, a 5 kHz switching frequency was used. The dc-link, 
also at the top, is built by a set of capacitors with a total 
capacitance of 5.5 mF and a maximum voltage of 900 V. 
Immediately below of the power converters, can be seen 
the sensors used to measure the system variables, as well as 
the dc-link protections for overvoltages above 900 V. 
Further down, on the left, it can be seen the control system 
platform, based on a TMS320F28335 DSP from Texas 
Instruments, and, on the right, can be found the coupling 
inductors for the active rectifier. At the bottom of the 
prototype stands all the necessary logic for the pre-charger 
system of the dc-link capacitors and the prototype interface 
with the power grid. 

Power 
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Protection

Control
System Power Grid 

Interface

Figure 6. Laboratory prototype of the developed 
VSD. 
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(b) regenerative braking moments after reversing of motor rotation speed from 500 rpm to -500 rpm.
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The experimental results for the motor control were 
obtained with an induction motor JM 132M2 from Seipee, 
whose characteristics are specified in Table 1. Figure 7 
shows the workbench on which the experimental tests for 
the VSD prototype were made. In this figure, in addition 
to essential laboratorial equipment, such as dc power 
supplies and an oscilloscope, it can be seen the induction 
motor coupled to an electromagnetic brake, which allows 
testing the motor for different values of mechanical load 
up to a maximum resistive torque of 52 Nm [55]. 

Figure 7. Workbench for experimental tests of the 
VSD prototype. 

6.1. Active Rectifier Results 

The experimental results concerning the operation of the 
active rectifier were obtained based on the scheme of 
Figure 8. As it can be seen, the power grid voltage is 
reduced from root mean square (rms) value of 230 V to 
75 V by using a group of three single-phase star-
connected transformers. In the dc-link, a resistive load 
(Rload) of 25 Ω was placed in series with a circuit breaker, 
it can be connected or disconnected from the dc-link at 
certain moment. With this, it was intended to validate the 
control of the dc-link voltage and simultaneously the 
predictive current control. The inductance value (La, Lb, 

Lc) of each coupling inductor, the equivalent capacitance 
value (Ceq) and the equivalent equalization resistance (Req) 
of the dc-link are, respectively, 5 mH, 5.5 mF and 8.4 kΩ. 

With the dc-link voltage regulated at 250 V, at a certain 
moment, the load of 25 Ω was connected (Figure 9 (a)), 
with an expected drop in dc-link voltage. In steady state, 
the grid currents (ia, ib, ic) were obtained in the three phases 
with amplitude of 17 A, in phase with the respective 
line-to-neutral power grid voltages (va, vb, vc) (Figure 9 (b)). 
These currents have a total harmonic distortion (THD) in 
relation to the fundamental component of 1.6%, 1.4% and 
1.7% for phases a, b and c, respectively. 

In order to validate the operation of the ac-dc converter 
as an inverter, a dc-link voltage of 120 V was fixed with a 
voltage source. Due to the modulation index used (85%) 
and to the available voltage sources, it was necessary to 
reduce to the power grid voltage, having been changed to 
25 V rms. Results were obtained for peak currents 
reference of 1 A (Figure 10 (a)) and 2 A (Figure 10 (b)). 
With these results, it was verified that the harmonic 
distortion of the currents injected into the power grid is 
greater when the amplitude of the currents is smaller, 
which is expected, considering that the signal-to-noise 
ratio is lower in this case. 

6.2. Motor Control Results 

The experimental results for the motor control were obtained 
with the induction motor presented in Figure 7. 

In order to carry out the experimental tests, the dc-link 
was, in a first moment, fed from the power grid through 
the reverse diodes of each of the fully controllable 
semiconductors of the rectifier stage (Figure 11). Thus, 
the grid voltage (75 V rms) was rectified, resulting in a 
dc-link voltage close to the peak value of the line-to-line
voltages, which is slightly lower due to voltage drops in
the coupling inductors, voltage drops on the diodes of the
converter and also due to the equivalent resistance value
of 8.4 kΩ on the dc-link which, although not properly
low, is not negligible.

In the first test, the induction motor was subjected to a 
constant load of 3 Nm at different reference speed values 
(nref) and the experimental result of Figure 12 (a) was 

S1

S2

S3

S4

S5

S6

Ceq
vdc

+

La

Lb

Lc

ReqPower 
Grid

np ns

230:75 
ia

ib

ic
Rload

EN Load

Figure 8. Power circuit used to obtain the experimental results of the VSD active rectifier. 
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obtained. As it can be seen, initially, the motor was 
rotating with a speed (n) of 200 rpm in a given direction. 
After about 1 s the direction of rotation was reversed. At 
this instant, as the figure shows, the reversal voltage 
braking was given until the speed is annulled, and the 
dc-link voltage was slightly increased. From this speed
(0 rpm), the motor accelerated until reaching the reference
speed of 200 rpm, which took place after 2 s. During this
acceleration, as a consequence of the consumed currents
(iam, ibm, icm) (about 15 A peak), the appearance of drop of
approximately 23 V in the dc-link voltage is notorious.

50 ms/div 

icibia

vdc

50 V/div

10 A/div

Rload 
connected

(a) 
10 ms/div 

ia

ib

ic

va

vb

vc

50 V/div

10 A/div

10 A/div

10 A/div

50 V/div

50 V/div

(b) 
Figure 9. Experimental results of the active rectifier 
operation with a 25 Ω load connected to the dc-link: 
(a) Transient state dc-link voltage and power grid
currents; (b) Steady state power grid voltages and 

currents. 

Then, the behavior of the motor with an applied load 
torque of 5 Nm was tested also for different rotation 
speeds. The result obtained is shown in Figure 12(b). 
During the first two seconds, an oscillation of the motor 
speed is visible around the reference speed of 400 rpm. 
This oscillation tends to decrease as the speed decreases, 
as it can be seen. 

During the speed changes, it can be seen the charging of 
the dc-link capacitors, with a maximum voltage on the 
dc-link close to 240 V at the transition from 400 rpm to
350 rpm. Since in these tests a diode bridge rectifier was
used, the energy cannot flow to the power grid, so the
energy generated by the motor during braking is stored in
the dc-link capacitors. Posteriorly, the ca-cc converter was
placed to function as the active rectifier. At this stage a load
torque of 5 Nm was applied to the motor shaft, and this was
carried out at a speed of 600 rpm, which, after some time,
was increased to 800 rpm. After that, the results
Figure 13 (a) are presented, where the absorbed current in
phase a (ia) and the respective line-to-neutral power grid
voltage (va) are shown. As can be seen, the current is in
phase with the power grid voltage. It is also possible to see
that the distortion of the current at the input of the rectifier
(ia) tends to decrease with the increase of the current, as
previously verified in the results obtained for the operation
of the ac-dc converter as inverter.

5 ms/div 

ia

ib

ic

va

vb

vc

0.5 A/div40 V/div

0.5 A/div40 V/div

0.5 A/div40 V/div

(a) 
5 ms/div 

ia

ib

ic

va

vb

vc

40 V/div 1 A/div

40 V/div 1 A/div

1 A/div40 V/div

(b) 
Figure 10. Experimental results of active rectifier 

operation delevering energy to the power  
grid: (a) reference currents of 1 A peak; 

(b) reference currents of 2 A peak.
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Then, to analyze the behavior of the system in the 
event of motor deceleration, the speed of 800 rpm was 
reduced again to 600 rpm and the results of Figure 13 (b) 
were obtained. As it can be seen, the current at the input 
of the rectifier in phase a (ia) has become in phase 
opposition with the voltage va, remaining in this situation 
for about four power grid cycles. During this time, the 
energy was injected into the power grid, therefore the 
ac-dc converter was used as an inverter. Also, for this 
situation, there was an increase of the dc-link voltage by 
about 14% of the voltage set for regulation (250 V). 

7. Conclusion

This paper presents an analysis of a variable speed drive 
(VSD), which makes use of a three-phase ac-dc power 
converter to interface with the power grid, and a 
three-phase dc-ac converter to drive a three-phase 
induction motor, with both power converters sharing a 
capacitive dc-link. Initially, a review on braking systems 
for electric motors was presented, having been addressed 
some braking techniques, such as: Reverse Current 
Braking, which is especially suitable for applications that 
require rapid stopping of the motor or reversing the motor 
rotation direction; Dynamic Braking, where the energy 

produced during the motor braking is lost, dissipated in a 
resistor; and Regenerative Braking, where the electric 
energy produced can be stored and later used, or returned 
to the power grid, assuming this as an added value, in 
energetic terms, for electric traction systems. Then, an 
electrical model of the system was described, the control 
algorithms were explained and the simulation results 
presented. The obtained simulation results validate the 
correct control of the dc-link voltage, where the 
pre-charge stages of the dc-link capacitors, the bypass to 
the pre-charge resistors and the stage of regulation of the 
dc-link voltage were evaluated, having a reference value
of 800 V. The proposed VSD was simulated to validate
the possible stages of operation (traction and braking),
and to verify some functionalities, such as the motor
rotation inversion and the regenerative braking method. It
is observed that, during the traction and the braking
operation, the current in the power grid side is sinusoidal
and the power factor is almost unitary, as expected. Based
on the proposed electrical models, a laboratory prototype
was implemented, from which the experimental results
presented in this paper were obtained. These results
achieved the objective concerning the experimental
validation of the proposed control algorithms, specifically
the predictive current control (for the active rectifier
operation) and the closed-loop Volts per Hertz (V/f)
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Figure 11. Power circuit used to obtain the experimental results to VSD. 
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Figure 12. Results obtained in the operation of the motor for a constant load of: (a) 3 Nm; (b) 5 Nm. 
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control (for the motor speed control). Thus, it was 
possible to verify the capability of the proposed system to 
avoid power quality problems, in particular, in relation to 
the currents consumed on the power grid side, which 
present almost sinusoidal waveforms and almost zero 
reactive power consumption (i.e., with low current 
harmonic content and almost unitary power factor). In 
relation to the motor control, its operation was validated 
in the traction mode, as well as in the braking mode, 
returning the generated energy to the power grid 
(regenerative braking), without neglecting the power 
quality of the power grid. 

In terms of future work, there are some actions that can 
be considered to improve the work in progress, e.g., the 
energy regeneration can be analyzed regarding an 
economical profit compared with the traditional solution 
(i.e., without the ability to regenerate energy), as well as a 
comparison, between the presented control and a vector 
control technique (e.g., field-oriented control), in terms of 
performance. 
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