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Abstract. The paper deals with a current feedback-based control working at
constant sampling frequency for a rotor field orientation-based vector-controlled
induction motor drive. The switching signal generated by the current error
detector signal is sampled and executed at a constant rate that will ensure the
switching frequency limitation reducing the commutation losses in the inverter.
Optimal commutation is also possible by shifting the three-phase switching
signals in order to avoid simultaneous commutation on the inverter legs. The
procedure is characterized by reduced computation and execution time and is
suitable for digital implementation. Simulations were performed for different
values of the sampling frequency and motor speed, analysing the system
behaviour, the current THD and the evolution of the average switching
frequency.

Keywords: current-controlled PWM procedure; constant sampling
frequency; shifted sampling; vector control; induction motor drive.

1. Introduction

Three-phase Voltage-Source Converters (VSC) are used in a wide range
of applications as they can ensure an optimal control of the energy flow
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between the utility AC-line and the connected electrical loads. On the line side
may be used as AC-to-DC power supply acting as Voltage-Source-Rectifiers
(VSR), usually working with sinusoidal input current with unity power factor
control. Current controlled VSC can also be used as active power filter (APF) or
active current filter (ACF), also as line-side converter (Suru et al., 2018; Diab et
al., 2018; Durna, 2016).

In controlled AC electrical drive applications, the three-phase pulse
width-modulated (PWM) inverter acts as the actuator for the drive machine. It
provides at the output variable frequency and amplitude voltage in order to meet
the speed requirement in a wide range ensuring at the same time the
magnetization of the machine and also the motor torque. An accurate control of
the machine current is of a great importance as it has a direct influence on both
the motor torque and flux (Bose, 2006). Optimal control of the AC machines
may be achieved by means of based on field-orientation based vector control
strategies.

In field-oriented control (FOC) based AC motor drives the control
system complexity depends both on the converter control procedure, and the
type of the FO that is applied. In industrial applications mostly rotor field
orientation (RFO) is used along with open-loop voltage-controlled PWM
procedures, like sinusoidal PWM (SPWM) or Space Vector Modulation (SVM)
(Bose, 2006). Main advantages of these PWM procedures are the constant
switching frequency operation and, the optimal switching process, meaning that
in transition between two consecutive switching states only one of the three
inverter legs is commutated, which ensures sequential movement of the
controlled voltage space vector in a logical order. On the other hand, the
corresponding vector control structure has an increased complexity as it requires
the computation of the reference voltage for the inverter control. This must be
performed in RFO-ed reference frame and it is highly motor parameter
dependent. Also, the current control is realized by means of linear controllers
that introduce tracking errors and affects the dynamic performances. High
system complexity increases both computation and execution times which is an
important issue in digital control implementation.

The control system complexity may be significantly reduced when the
VS| that feeds the induction motor is controlled by means of a current feedback
based PWM technique. The inverter control variable, namely the stator current
is provided by the flux and speed controllers as two phase RFO-ed components
requires only specific transformation coordinate and phase transformations to
generate the three-phase sinusoidal reference currents. The absence of the
multivariable and parameter dependent voltage computation block and of the
two linear current controllers (needed for the voltage-controlled structure)
significantly reduces the need on computational resources, improves the
dynamic behaviour and reduces to the minimum the parameter dependence of
the control system (Kelemen & Imecs, 1991). Due to the above mentioned
advantages there is a constant interest regarding the application of current
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feedback control in induction motor drives applications (Bose, 1990; Pop et al.,
2012; Dey et al., 2013; Ramchand et al., 2010; Singh et al., 2018; Peter et al.,
2018; Talib et al., 2018).

Current-feedback PWM procedures current ensure an accurate control
of the current waveform among with peak current and overload protection and
superior dynamic performances (Kazmierkowski & Malesani, 1998; Mohseni &
Islam, 2010). The classical current-feedback control based on hysteresis
regulators are characterized by simplicity, robustness, lack of tracking errors,
fast response and independence of load parameter changes. The generated
reference current is tracked by the motor current within a hysteresis band. The
overall switching frequency and the peak to peak current ripples are influenced
by the chosen hysteresis bandwidth.

However, there are several well-known drawbacks of the hysteresis
control procedure (Kazmierkowski & Malesani, 1998; Ogudo et al., 2019;
Bose, 2006).

The control works with variable switching frequency over the
fundamental cycle that may generate unwanted harmonics, making it difficult to
implement a proper filter and the inverter protections. By narrowing the
hysteresis bandwidth, the current ripples are decreased, but undesirable high
frequency trigger signals may be generated, leading to high switching frequency
that means also increased losses. A large hysteresis bandwidth lowers the
switching frequency, but it will increase the current ripples that will be
propagated to the motor torque, generating additional noises and mechanical
vibrations. It is important to keep a balanced between the peak to peak current
ripples and the switching frequency to achieve an optimum performance,
considering the characteristics of the controlled process (Bose, 2006; Singh et
al, 2018).

Researches in the past years are focusing on the optimization of the
commutation process in three phase converters (both line and motor side ones)
controlled by current-feedback PWM procedures. Many solutions that aim to
achieve constant or nearly constant switching frequency are based on variable
hysteresis band based on offline or online computation (Bose, 1990; Thepsatorn
et al., 2006). A generalized model for n-level VSI of a hysteresis controller with
an online computed variable current error boundary capable of constant
switching frequency is introduced by (Dey et al., 2013) for induction motor
drive applications. Combination between the online computed variable
hysteresis band with the variable sampling period to achieve fixed switching
frequency is presented by (Kumar & Gupta, 2016).

Space vector-based solutions also ensure optimal switching process by
forcing the current error vector between boundaries of specific shape (Peter et
al., 2018, Dey et al., 2013). Current space-vector procedures are also known as
it can achieve optimal commutation by a switching state combination for the
three-phase inverter in order to ensure adjacent voltage vector selection.

For large power applications, where high switching frequencies lead to
high commutation losses, hysteresis control may be improved also by frequency
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limiting procedures applied in order to ensure a minimum switching frequency
to ensure stable operation (lonescu et al., 2013; Kazmierkowski, 1998).

This paper deals with two current-feedback procedures for three-phase
VSI working at constant sampling rate applied in a vector control structure of a
cage induction motor drive. The procedure derives from the classical hysteresis
control and is based on the phase current error detection to generate the inverter
switching logic. The conventional approach uses the same clock signal for all
the three phases to sample the error signals. The second solution uses three
different sampling signals for the three inverter legs shifted by one third of the
sampling period. By this procedure, the output voltage vector trajectory is
similar to the one obtained with voltage SVM, where only adjacent voltage
vector selection is allowed that leads to an optimal switching process.
Simulations were performed for the motor running at various speed and torque
conditions and different sampling frequencies. The behaviour of the control
system is analysed both in steady state and dynamic operation as well as the
evolution of the computed average switching frequency and the current THD.

2. Current Feedback Control of the VSI at Constant Sampling Frequency

In a classical three-phase three phase inverter topology. Each leg has
two branches and each branch has an IGBT and an antiparallel mounted diode.
The upper and lower legs are conducting alternatively based on a switching
logic. The voltage space-phasor has intermittent motion so that for each one
sixth of the fundamental period it corresponds to a fixed position, resulting in a
hexagonal-trajectory. For each position it corresponds to a specific, nonzero
voltage vector (u; to Ug). There are also two zero voltage vectors (u; and Usg)
corresponding to the situation when all the upper leg or all the lower leg
switching devices are conducting simultaneously. For an optimal commutation
the transition between two consecutive states the voltage vector may jump only
to an adjacent position or to a corresponding zero voltage state. In this case for
the transition only a single inverter leg will be commutated. The classical
current-feedback PWM using hysteresis controllers lead to variable switching
frequency that may lead in certain operating condition to unwanted, high
switching frequency. A simple, cost and computational resource—effective
method is based on current error sign detection and ensures switching instants
related to an imposed fixed sampling frequency signal. On each phase, the
measured currents i (t)are compared with the reference sine-wave currents

= ref

i (t) generated by the FOC structure, and the error sign will determine the

switching logic of the inverter by the following rule (lonescu et al., 2013; Szabo
etal., 2019):

{Sng =0for i(t) =i (t) (1)

W,y =1for i(t) <if (1)
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A suitable method for digital implementation that propose to reduce the
switching losses by reducing the switching frequency is based on current error
sign detection that will determine the detection and enables switching instants
only at fixed sampling intervals.

The switching logic is then sampled by a fixed rate clock signal fg, that
will trigger the commutation, applying the corresponding logic signal
maintaining its state until the next sampling instant and keeping its state
constant. Simple “on-off” controllers are used instead of hysteresis controllers.
The maximum possible switching frequency is related to the chosen sampling
frequency. However, the method is not capable to ensure constant switching
frequency as the switching frequency during a fundamental cycle will still
present variations. Depending of the applied sampling procedure there are two
cases: the conventional and the shifted sampling approach (Kazmierkowski &
Malesani, 1998; Szabo et al., 2019).

2.1. Conventional Sampling Approach

The conventional sampling approach consists in applying the same
sampling signal for all the three controller outputs. This method will lead to
non-optimal commutation process due to the fact that the switching logics are
sampled simultaneously on the three phases. If two or three simultaneous
commutation appear the voltage vector may jump to any other position, not only
to an adjacent one.

2.2. Shifted Sampling Approach

The conventional sampling procedure can be optimized in order to
achieve optimal commutation by using separate sampling signals for each
inverter leg being shifted in time with 1/3 of the sampling period, as it can be
seen on Fig. 1. Simultaneous commutations are avoided as only one of the
three inverter legs can be switched at a time. This will ensure that the transition
between two consecutive voltage vector states is made with a minimum number
of commutations, allowing switching only between two adjacent states or
between a nonzero and a zero voltage state like in case of the classical Space
Vector PWM.
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Fig. 1 — The block diagram of the shifted sampling procedure and the distribution of
shifted sampling signals (Kazmierkowski, 1998).
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In Fig. 2 there is presented the Matlab/Simulink structure of the
presented current-feedback procedure working with constant sampling
frequency and shifted sampling signals.
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Fig. 2 — Simulink structure of the current-feedback control at constant sampling
frequency with shifted sampling (Szabo Cs., et al., 2019).

The “Relay” block based on the phase current errors generate at its
output the switching logic based on (1) (hysteresis band is set to 0 to
reconfigure it to a simple bipositional switch). The obtained signals are then
sampled at a fixed rate. On the “D” data input of the D Latch flip-flop Block
there is the initially generated switching logic, i.e. the current error. The chip
enable input signal (C) controls when the block executes. When *C?” is greater
than zero, the output “Q” is the same as the input ”D”. When the D Latch block
is not enabled, the block remains in the previous state (Szabo et al., 2019).

3. Rotor-Field-Oriented Control of the Induction Motor

In a vector control structure of an induction machine, based on field-
orientation, the independent control of the machine torque and flux (based on
the analogy with the DC machine) can be performed on two separate control
loops that will indirectly determine the f; frequency and Us amplitude of the
supply voltage (Bose, B.K., 2006). In Fig. 3 there is presented an RFO-based
vector control structure of a squirrel-cage induction machine fed by a three-
phase IGBT-VSI controlled by means of carrier-wave current-feedback
modulation that ensures constant switching frequency. On the electro-magnetic
control loop the W, rotor-field amplitude is controlled that will influence the
amplitude of the supply voltage. On the electromechanical loop the rotor speed
is controlled which determine the frequency. For RFO the control is performed

in a rotating coordinate frame (d, —q, ) with the direct axis is pointing in the
direction of the W, rotor-flux space phasor, where A, represents its angular
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position related to the stator-fixed (stationary) reference frame. The flux
components are:

Wraw =¥ =¥| and W =0. 2

= ref

The flux controller on the reactive loop generates the i, reactive stator

current  component that is equal to the rotor-flux-based magnetizing current iy,
(Kelemen & Imecs, 1991; Szabo et al., 2019),

isd/lr = imr = SUr/I—m (3)
On the active loop the speed controller generates the m!® torque

= ref

reference, while the i, active (torque producing) of current component is

obtained dividing the reference torque by the reference flux magnitude, as it can
be seen in Fig. 3.

The RFO-ed current control variables are transformed into two-phase
stator-fixed reference frame by a coordinate transformation (CooT) with matrix
operator [D(A)]" then into three-phase components by a reverse phase

transformation (PhT with a matrix operator [A]™) obtaining the i, . reference

currents for the VSI control. The switching logic of the inverter is then
generated based on (1) with either conventional or shifted sampling procedure
presented in the previous chapter.
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Fig. 3 — Rotor-field-orientation based vector control structure of a squirrel-cage
induction motor fed by a VSI controlled with current-feedback modulation at constant
sampling frequency.
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The rotor flux is identified in two steps based on the following
procedure: initially, the stator-flux identification is performed by integration of
the back e.m.f. in stator-fixed coordinates, obtaining the two components of the
flux space phasor. The rotor flux is then computed by compensation with the
leakegy fluxes, resulting the two components of the rotor flux, ¥,y and ¥4 in
stationary coordinates. That will lead to a direct field orientation, as the analyzer
(VA) block computes the |\ /rotor-flux module used as feedback for the flux
controller and also identifies the rotor flux space-phasor position A, (Kelemen &
Imecs M., 1991).

4. Simulation Results

Numerical simulations based on the control structure presented in Fig. 4
were performed in MATLAB-Simulink environment for an existing 2.2 kW,
230 Vims, 50 Hz, 4.7 As squirrel-cage induction motor which will be used in
future practical implementations. Other rated data: rotor speed ny = 1415 rpm,
electromagnetic torque mgy = 15 Nm, rotor flux Wy = 0.9 Wb. Simulations were
performed for both procedures, i.e. the conventional sampling and shifted
sampling in same conditions.

The condition imposed by the simulation environment is that any
sample time used in the model need to be an integer multiple of the fixed step
size used in simulation (i.e. 1e® s). In order to meet the condition also for the
shifted sampling approach (by considering the delay equals to the one third of
the sampling period) the sampling frequency was adjusted accordingly. A series
of simulations were performed for three different values of the sampling
frequency: 33.3 kHz, 16.7 kHz, and 11.1 kHz. The motor is started by applying
a reference speed of 1415 rpm at rated load torque of m,= 15 Nm, results being
shown in Fig. 4 for both sampling procedures.
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Fig. 4 — Rotor speed evolution at the end of the starting process for regular and shifted
sampling at different sampling frequencies ("' — reference speed, n®' — actual speed).
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Smaller settling times for both methods are obtained for higher
sampling frequencies. For a sampling frequency of 33.3 kHz the speed response
is almost identical for the two methods.
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Fig. 5 — Stator current in phase a in steady-state operation for different sampling
frequencies: (shift — for shifted sampling; reg — for regular sampling).

In Fig. 5 may also be observed that there is a phase shift between the
sator currents that are directly related to this difference in the settling times
from Fig. 4. Also, as it was expected, the current distortion decreases as the
sampling frequency is increasing. As the current is less distorted at higher
sampling frequency, the curent amplitude also becames smaller, meaning that
the efficiency is increasing. Fig. 6 presents the stator voltage space phasor that
shows the random transition between the consecutive switching states for the
conventional sampling and the optimal transition with sequential movement
between adjacent voltage vector states for the shifted sampling method.

Uy M

Fig. 6 — The stator voltage space-phasor for: a — regular sampling; b — shifted sampling.
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Fig. 7 — The shifted clock signals and the sampled logic signals for 11.1 kHz sampling
frequency, running at 1415 rpm, for shifted sampling.

Fig. 7 shows the inverter switching logic signals sampled by the three
shifted signals, thus disallowing simultaneous commutations, which leads to
optimal commutation.

In Table 1 are presented the results obtained by FFT performed on the
motor current in phase a for a fundamental cycle, showing the current
magnitude and the Total Harmonic Distortion (THD). Both sampling techniques
were analyzed for different sampling frequencies, (33.3 kHz, 16.7 kHz and
11.1 kHz) and three different running speeds. The motor was running at 15 Nm
load.

Table 1
Current THD
Speed | Sampling | Fundamental Conventional Shifted sampling
(rpm) | frequency | frequency sampling

(kHz) (H2) Magnitude THD Magnitude THD

(A) (%) (A) (%)

1,415 50 6.828 8.50 6.837 8.56
707 33 26 6.849 4.74 6.85 4.6
280 12 6.851 3.12 6.852 3.07
1,415 50 6.83 9.31 6.841 9.61
707 16.7 26 6.839 6.82 6.844 6.34
280 12 6.846 5.55 6.853 5.52
1,415 50 6.839 10.78 8.855 10.9
707 11.1 26 6.819 9.39 6.83 8.27
280 12 8.837 8.27 6.847 7.05

As it was expected, THD decreases when the sampling frequency is
increasing, but the increase of the rotor speed leads to higher THD values. The
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distortion factor is always higher at nominal speed, but the gap between the
THD values became more pronounced at high sampling frequency, where at
high speed and full load the motor current is not able to closely track the
reference current due to the high back e.m.f. value which becomes equal or even

higher than the supply voltage. In this case the current is switched only once per
period.

Table 2
Computed average switching frequency
Speed | Sampling Average switching frequency [Hz]
(rpm) | frequency Regular sampling Shifted sampling
(kHz)
15 Nm load 2 Nm load 15 Nm load 2 Nm load
1415 7600 7640 7730 7740
707 33 11700 11800 11650 11890
280 14400 14720 14350 14690
1415 3770 3780 4000 3970
707 16.7 5800 5850 5770 5900
280 7140 7300 7130 7270
1415 2620 2610 3900 3850
707 111 3800 3840 3780 3790
280 4690 4820 4620 4740

This may be observed also on the current waveforms from Fig. 6.

In Table 2 there are shown the average switching frequencies obtained
in same working conditions as the results presented for the THD, but in addition
the values are computed not only for a 15 Nm full load, but also for no load
running, at 2 Nm. The load variation does not significantly affect the switching
frequency. As expected, the switching frequency is always less than a half of
the sampling frequency and it is close to that value at low speed range,

presenting a significant decrease as the rotor speed approaches the nominal
value.

4. Conclusions

The paper presents an analysis of a current-feedback control of a VSI
for FOC based variable speed induction motor drive. It offers a simpler control
structure than the ones that use voltage PWM for the inverter control and also
ensures superior dynamic performances. The current controlled PWM ensures
an accurate current control without tracking errors providing also overload
protection.

The current feedback procedures for VSI presented in this paper are
working at constant sampling rate that brings improvements to the classical
hysteresis control working with variable, uncontrolled switching frequency. By
limiting the switching frequency, it significantly cuts the switching losses.



66 Csaba Szabo, Eniko Szoke, Norbert Csaba Szekely and Vlad Zacharias

Optimal commutation process may be achieved by shifting the sampling signals
with one third of the sampling period in order to avoid simultaneous
commutations on the inverter lag. By doing this, the voltage space phasor will
have a sequential motion, same as in case of open-loop voltage controlled
procedures by allowing only adjacent or zero voltage vector selection in the
transition process between two consecutive states.
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ANALIZA PERFORMANTEI UNUI SISTEM DE ACTIONARE A MOTORULUI DE
INDUCTIE ALIMENTAT DE LA UN INVERTOR CU COMANDA IN CURENT CU
PAS DE ESANTIONARE CONSTANT

(Rezumat)

Lucrarea analizeazd procedura de comanda in bucla inchisa de curent a unui
invertor de tensiune care alimenteaza o masinad de inductie controlatd vectorial. Logica
de comanda generata in urma detectiei erorii de curent este esantionata de un semnal de
frecventd constantd care limiteaza frecventa de comutatie a invertorului permitind
comutatii doar la perioade de timp constante. Procedura este simpla, timpii de calcul si
de executie fiind redusi, pretindu-se astfel implementarii pe dispozitive de calcul
digitale. S-au efectuat simulari pentru procedeele vizate analizindu-se componenta in
armonici a curentului motorului cat si evolutia frecventei de comutatie medie calculata
pentru diverse valori ale frecventei de esantionare si la viteze de functionare diferite.



