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Abstract. This paper presents the implementation and subsequent experimental
verification of an electronic variable speed drive (VSD) for driving an induction
motor, 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, be-
sides driving the motor, it is possible to mitigate power quality problems on the
grid-side (e.g., current harmonics and power factor) associated with the use of di-
ode-bridge ac-dc converters in the conventional VSDs. 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 VSD, it is possible to control the motor speed (including the ro-
tation direction), and the operation with sinusoidal currents and unitary power fac-
tor on the grid-side. A laboratory prototype was developed, permitting to perform
an experimental validation and prove the main functionalities of the VSD.

Keywords: Variable Speed Drive, Active Rectifier, Induction Motor, Regenera-
tive Braking, Power Quality.

1 Introduction

Nowadays, the three-phase induction motor with squirrel cage rotor represents more than
90% of the electric motors used in industry, contributing to more than 60% of industrial
electricity consumption. This situation occurs, not only because the induction motors pre-
sent low acquisition and maintenance costs and great robustness, but mainly due to con-
stant technological evolution and the development of control techniques that have brought
a wider variety of applications [1]-[3].

Conventionally, variable speed drives (VSDs) for induction motors employ a diode
bridge rectifier in order to provide power to the dc-link from the power grid. Although
this type of rectifiers is an economical solution, they contribute to the degradation of
power quality, since they consume currents with high harmonic content that, in turn, cause
distortions in the voltage waveform and low power factor amount of the VSD. Besides,




they do not allow reversing the energy flow, thus rendering the regenerative braking pro-
cess to the power grid impracticable. For power quality improvement, passive or active
filters are frequently installed, meaning additional investment costs [4]. A more recent
solution consists in used active rectifiers [4]. Thus, the passive ac-dc converters have been
replaced by active ac-dc converters, which present the following advantages as attractive
[5],[6]: regulated voltage supply with low ripple to the dc-link; sinusoidal current con-
sumption; maximization of the power factor; and bidirectional power flow, which allows
an effective use of the electrical energy generated in braking or decelerating situations of
the motor, returning it to the power grid instead of being dissipated in a resistor (braking
resistor), or stored in storage elements such as ultracapacitors or batteries [7].

Significant technological advances have emerged in the field of VSDs over the last
few years [1]. This growth has been felt in the market of electric motors, especially as
regards the sale of induction motors, which has increased, and it is thought that it will
continue to increase, not only because of the qualities they have in relation to the dc mo-
tors very used in the past, but mainly because of the evolution of VSDs, which has allowed
the use of these motors in variable speed applications [1].

The paper is structured as follows: Section 2 presents the electrical model of the pro-
posed system under analysis; Section 3 presents the implemented control algorithm for
each of the power converters; Section 4 presents the developed prototype and the obtained
experimental results of the VSD and Section 5 finalizes the paper with the conclusions.

2 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 [8]. As a disadvantage, this type of converter
does not control the input (nor the output) current nor the dc-link voltage (vqc), which is
limited to the peak value of the power grid phase voltages. In this way, the proposed
system suggests the exchange of the passive semiconductors by active semiconductors,
resulting in the electric model of Fig. 1. In this figure, two voltage source converters (ac-
tive 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 fourth 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 (Cqc),
whose function is to minimize the ripple of the vqc voltage. At the input of the active
rectifier, coupling inductors (L, Ly, L) are used to smooth the absorbed currents (ia, ib,
ic). The stator windings of the induction motor were used to smooth the currents at the
output of the inverter (iam, ibm, icm).
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Fig. 1. Proposed system for the VSD.

3 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.

3.1  Active Rectifier

The block diagram of the strategy used to control the active rectifier can be seen in Fig. 2.
In this control strategy, the dc-link voltage (vac) is measured and compared to the refer-
ence value (Vg rer), from where results the error signal vec_er, Which is submitted to a pro-
portional-integral controller (PI). Posteriorly, the output of this controller is multiplied by
each of the sinusoidal references (plla, plly, 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 wt angle resulting from the phase locked-loop (PLL)
based on the p-q theory [9]-[13], corresponding to three sinusoidal signals with phase
synchronized with the phase of power grid voltage and amplitude ip ret dependent of the
error and the gains of the PI controller. The currents ia_ref, in_rer and ic_rer are the reference
currents for each input currents (i, iv, ic). The reference voltages are calculated using a
predictive control technique [14]-[17], which is represented by (1), where refy refers to
the reference voltage that the converter must produce in phase x, which is calculated based
on the simple power grid voltage (vy), the coupling inductance value per phase (L), the
sampling time (Ts), the phase current measured at the input of the rectifier (iy), its refer-
ence current (ix_rerf) and the current measured at the previous instant (ix_ref pr). It should be
noted that the voltage drop in the inductor resistive component was not used, since its
value can be neglected when compared to the voltage drop in the inductive component.

Ly . . )
Tefy = Uy — FX [lejef — lx_ref pr — ix] (9]
s



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.
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Fig. 2. Control diagram for the rectifier stage of the VSD.

3.2 Motor Control

For the motor control, the closed loop Volts per Hertz control was chosen [18]-[21]. Com-
pared to vector control techniques, it is simpler, more economical and easier to implement
[18]-[21], and is recommended for non-critical applications where good speed and/or
torque performances are not relevant [22].

Fig. 3 shows the designed block diagram of the control loop implementation for the
traction system. As it can be seen, the rotor speed, wr, is compared with the reference
speed wr ret from where, by application of a P1 controller, a signal (wq) is obtained, which
has to be added to the rotor speed in order to obtain the desired synchronous speed (ws ref).
Once calculated ws rer, and, based on this, calculated fs_rer through a pre-established V/f
ramp, the respective voltage amplitude (vs rer) that must be applied to each of the stator
windings is obtained by (2). A low-frequency compensation part, an offset voltage Vo,
should be included in the voltage/frequency relation.

Vs
Vs,ref = _fs,ref +V (2)

nom
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Fig. 3. Control diagram for the inverter stage of the VSD.

On the other hand, the integration of ws rer results in the signal 6y that defines the
frequency of the reference voltages, obtain by (3), that must be synthesized and subse-
quently applied to a modulation technique. As in the control of the active rectifier, the
modulation technique used in the inverter control was SPWM.

Vref x = s_refSin (gref —ky) (3)

4 Experimental Setup and Results

This section presents the obtained experimental results of the developed VSD prototype,
which is shown in Fig. 4. 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 are driven by a SKHI22AR driver, also from Semikron. For all IGBTS,
a 5 kHz switching frequency is 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 pro-
tections for overvoltages above 900 V. Further down, on the left, it can be seen the control
system platform, based on a TMS320F28335 DSP of 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.
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Fig. 5. Power circuit used to obtain the experimental results of the VSD active rectifier.

4.1  Active Rectifier Results

The experimental results concerning the operation of the active rectifier were obtained
based on the scheme of Fig. 5. 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 (Rioad) 0f 25 Q was placed in
series with a circuit breaker, it can be connected or disconnected from the dc-link at cer-
tain 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, Ly, Lc) of each
coupling inductor, the equivalent capacitance value (Ceq) and the equivalent equalization
resistance (Reg) Of the dc-link are, respectively, 3.5 mH, 5.5 mF and 8.4 kQ.

With the dc-link voltage regulated at 250 V, at a certain moment, the load of 25 Q was
connected (Fig. 6 (a)), with an expected drop in dc-link voltage. In steady state, the grid
currents (ia, in, ic) were obtained in the three phases with amplitude of 17 A, in phase with
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Fig. 6. Active rectifier operation with a 25 Q load connected to the dc-link: (a) Transient state
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Fig. 7. Power grid voltages and currents for the active rectifier operation for a peak current of:
() 1A; (b)2 A

the respective phase-neutral power grid voltages (va, Vb, Vc) (Fig. 6 (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 (Fig. 7 (a)) and 2 A (Fig. 7 (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.
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Fig. 8. Power circuit used to obtain the experimental results to VSD.

4.2  Motor Control Results

The experimental results for the motor control were obtained with a 5.5 kW induction
motor with nominal speed of 920 rpm, 3 pole pairs, voltage, current and nominal torque
of 380V, 12.3 A and 57.1 Nm, respectively.

In order to carry out the experimental tests, the dc-link was, in a first moment, fed from
the power grid through the diodes of each of the fully controllable semiconductors of the
rectifier stage (Fig. 8). Thus, the grid voltage (75 V rms) was rectified, resulting in a
dc-link voltage close to the peak value of the phase-to-phase 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 kQ on the dc-link which,
although not properly low, is not negligible. It is important to note that the results were
only possible to obtain because it was assumed a voltage Vs (present in equation (2)) ap-
plied to the stator equal to the maximum voltage produced by the converter instead of
considering the motor nominal voltage.

In the first test, the induction motor was subjected to a constant load of 3 Nm at differ-
ent reference speed values (nrer) and the experimental result of Fig. 9 (a) was 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, iom, icm) (@bout 15 A peak),
the appearance of a sag of approximately 23 V in the dc-link voltage is notorious.

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 Fig. 9 (b). During the first
two seconds, an oscillation of the motor rotation 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 is possible to observe the charging of the dc-link capaci-
tors, 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 current cannot flow
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Fig. 10. Results obtained for the motor driving a 5 Nm load during: (a) Acceleration from 600 rpm
to 800 rpm; (b) Deceleration from 800 rpm to 600 rpm.

to the power grid, so the energy generated by the motor during braking is stored in the
dc-link capacitors.

Posteriorly, the ac-dc 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 rotational speed of 600 rpm, which, after some time, was increased to 800 rpm. After
that, the results of Fig. 10 (a) are presented, where the current absorbed in phase a (ia)
and the respective phase 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 distor-
tion 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.
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Then, in order 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 Fig. 10 (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 current 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).

5 Conclusions

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, both converters sharing a capaci-
tive dc-link. An electrical model of the system was developed and, based on it, a labora-
tory prototype was developed, from which the experimental results presented in this paper
were obtained. These results achieved the objective concerning the experimental valida-
tion of the proposed control algorithms, specifically predictive current control (active rec-
tifier) and closed loop Volts per Hertz control (motor speed control). Thus, it was possible
to verify the capability of the system to compensate power quality problems, in particular,
in relation to the currents consumed on the grid side, which presented sinusoidal wave-
forms, low harmonic content and 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).
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