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Abstract: This paper proposes a method for compensation of dead-time effects for a five-
phase inverter. In the proposed method an additional control subsystem was added to
the field-oriented control (FOC) scheme in the coordinate system mapped to the third
harmonic. The additional control loop operates in the fixed, orthogonal reference frame
(a — B coordinates) without the need for additional Park transformations. The purpose of
this method is to minimize the dead-time effects by third harmonic injection in two modes
of operation of the FOC control system: with sinusoidal supply and with trapezoidal supply.
The effectiveness of the proposed control method was verified experimentally on a laboratory
setup with a prototype five-phase interior permanent magnet synchronous machine IPMSM).
All experimental results were presented and discussed in the following paper.

Key words: dead-time effects, field-oriented control, five-phase voltage source inverter,
IPMSM, sensorless control

1. Introduction

For the last few decades there has been an ever-growing interest in drive systems with multi-
phase electric machines. The term “multi-phase machine” refers to any type of electric machine
with a number of phases higher than three, e.g. five-phase, seven-phase, eleven-phase etc. Although
the concept of such machines is not a new one, as it dates back to the late 1960s [1], it has
not yet found a wide range of practical applications, possibly due to the fact, that such motors
generally have to be supplied from multi-phase inverters, specifically designed for powering such
machines. However, multi-phase machines can utilize certain phenomena not present in classical
three-phase machines, which can offer certain benefits in comparison with classical ones, such
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as [1-5]: higher fault tolerance (a multi-phase motor can continue to operate with one or more
phases open circuited, although with a substantially derated power), reduction of the rated phase
currents of power converter devices for the same generated power (less powerful transistors can
be used), smaller torque ripple, smaller operating noise and higher torque density thanks to the
injection of the higher harmonics of supply voltage (only in the case of machines with an odd
number of phases).These properties are especially beneficial for applications where high reliability
is especially important, such as: electric and hybrid vehicles, electric ship propulsion, locomotive
traction vehicles etc. Multi-phase machines can be constructed as both induction and synchronous.
Induction machines are the most commonly used thanks to their simpler control methods. However,
for safety critical applications (e.g. “more-electric” aircraft) permanent magnet synchronous
machines with modular windings are used [1,2, 6].

Inverter fed drive systems with AC electric machines require the usage of pulse width
Modulation (PWM) strategies. These methods assume the usage of ideal power electronics
switches, whose commutation times and voltage drops are equal to zero [7]. In real systems, despite
constant development in the field of power electronics such requirements are not yet possible to
meet. Thus, due to non-zero turn-on and turn-off times of power transistors, an amount of dead-time
dependent on the transistor switching period has to be set in order to prevent short-circuiting the
dc link voltage sources by simultaneously switching on upper and lower transistors. The dead-time
delays the activation of the next transistor until the previous one in the same inverter branch is
fully deactivated [7]. Although such safety precautions are essential, the dead-time causes voltage
distortion, such as e.g. increase in the harmonic content of the inverter output, decreasing the
quality of the supply voltage [8].

Several solutions to solve the problem of dead-time effects have been proposed. In general,
two approaches were utilized: PWM with low order harmonic reduction [9-14], or additional
controllers in the control scheme [15-18]. However, these solutions were tested for single and
three-phase drive systems, while the multi-phase case was considered in [19], where the specific
phenomena appearing in a multi-phase machine supplied by a VSI were described. The dead-time
effect causes the appearance of 5" and 7™ harmonics in three-phase systems, while in five-phase
systems the 3™ and 7" harmonics appear. The harmonics of higher order are limited by the load
inductance.

In multi-phase systems, when utilizing the same dead-time compensation methods as for
three-phase systems, the low-order harmonics content is significantly higher. In a five-phase drive
system, when operating without third harmonic injection, just as in the case of three-phase systems,
the PWM must generate sinusoidal harmonic-free output voltages in order to avoid the appearance
of low-order stator current harmonics [19]. Although PWM methods suitable for multi-phase VSIs
have been developed [20,21], which theoretically produce sinusoidal output voltages with no low
order harmonics, in practice they do appear in the output voltages, and consequently currents, of
the multi-phase VSIs [19].

The five-phase drive system investigated in the following manuscript uses a field-oriented
control (FOC) scheme operating in two sets of coordinates, allowing for simultaneous control of
both first and third harmonic currents. In the dead-time effect compensation method proposed in
this paper an additional control subsystem was added to the FOC control scheme in the coordinate
system mapped to the third harmonic. The additional control loop operates in the fixed, orthogonal
reference frame (o — S coordinates). The subsystem uses the @ — 8 components of the measured
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currents for the third harmonic, already available in the control system, as feedback in the control
loop, in order to generate a — 8 reference voltage components. When operating with sinusoidal
voltage supply, the proposed approach is aimed to minimize the third and higher current harmonics.
Thus, the waveforms of the resultant phase currents are significantly closer to purely sinusoidal. In
the case of trapezoidal voltage supply, the system uses the difference between the @ — 8 current
components measured in the system and estimated by a state observer in order to generate o — f3
reference voltage components minimizing the disturbances, i.e. all the unwanted harmonic content,
creating quasi-trapezoidal phase current waveforms. The main difference between the proposed
and already existing dead-time effect compensation techniques is operating in the fixed @ — 8
coordinate system, thus avoiding the need for two additional Park transformations.

The following paper is organized as follows: Section 2 describes the sensorless control scheme
and the details of the proposed dead-time effect compensation method, Section 3 describes
the laboratory experimental setup, Section 4 presents the results of the experimental studies,
while Section 5 provides the conclusions as to the performance of the proposed dead-time effect
compensation method.

2. Proposed control scheme

The proposed control system for sensorless control of a five-phase IPMSM consists of a dual-
plane FOC control scheme with angle synchronization and a dead-time effect compensation
subsystem. A block diagram of the complete structure of the proposed control system is presented
in Fig. 1.

2.1. Dual-plane FOC control system for a 5-phase IPMSM

The dual-plane control scheme for sensorless control of the five-phase IPMSM proposed in this
paper is based on a concept of a dual-plane control structure proposed in [22,23] for controlling
a five-phase squirrel-cage induction machine using multiscalar variables. The system includes
a cascade structure of PI controllers of rotor speed and d — ¢ current components in two coordinate
systems (planes): I (mapped to the first harmonic variables) and II (related to the third harmonic
variables). The mechanical interpretation of this control scheme is a system of two three-phase
machines connected by a common shaft, with the first one modelling the first (basic) harmonic
variables (plane I), and the second, modelling the third-harmonic (plane II), which has a three
times higher number of poles and revolves in the opposite direction.

For the purpose of the third harmonic injection the control scheme contains an angle
synchronization subsystem. The system executes angle transformation between the two planes,
while an angle controller synchronizes the position of the rotor flux vectors of both systems in
order to achieve a quasi-trapezoidal resultant rotor flux.

The proposed FOC control system operates without speed and position sensors, using two
separate speed observers to estimate rotor speed and position for planes I and II. Observers
implemented here have the structure of an adaptive full-order observer, presented in [24,25].
Nevertheless, each observer operates on a different set of parameters, for the I and II planes.
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Fig. 1. The structure of the proposed control system with a 5-phase IPMSM and dead-time effect compensation

The nature of a five-phase machine with concentrated windings [1] allows one to operate in
two modes, with and without the third harmonic injection. The proposed FOC control system can
fully utilize this feature, so two control scenarios were prepared for these modes:

1. Sinusoidal, without the third harmonic injection (voltage generated only in the I plane, while

in the Il plane: Uy, = 0, Uy = 0),

2. Trapezoidal, with the injection of the third harmonic (voltage generated in both I and II

planes).

The purpose of the proposed method is to minimize the dead-time effects in both operating
modes by injecting additional reference voltage components in the II plane.
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2.2. Proposed dead-time effect compensation method

In order to compensate the dead-time effects, an additional subsystem was added to the control
scheme (Fig. 1). It consists of two current controllers in @ — 8 coordinates. The control system
used utilizes phase current measurements at the output of the inverter and their subsequent Clarke
transformation into two sets of @ — 8 components, each mapped to a separate coordinate system:
ik, iinﬁ for the I, and i1, iﬂlﬁ, for the II plane. The measured third harmonic current components
are used as feedback for the dead-time compensation subsystem, as it was noticed that the unwanted
disturbances due to the dead-time effects appear only in the II plane. The controllers generate @ — 3
reference voltage components: U™, U, 1};, which are added to the reference voltage components
generated by the FOC control system in plane II in order to minimize the unwanted disturbances
caused by the dead-time influence.

In the first mode of operation, with sinusoidal voltage supply, as the purpose of the proposed
method is to generate sinusoidal phase currents with no low-order harmonic content, the FOC
control system in plane II does not generate any reference voltage components. Simultaneously,
the dead-time effect compensation block introduces the additional third harmonic voltage injection.
For this purpose the reference current components for the third harmonic are set for: tia =0,
liﬁ = 0, so that the controllers generate reference voltages Ufa, U 53, minimizing the current in
the II plane.

When operating in the second mode, with trapezoidal voltage supply, the FOC control system in
the II plane generates the reference voltage components for the purpose of third harmonic injection.
Just as in the case of sinusoidal supply, the dead-time effect compensation block introduces the
additional third harmonic injection. This time the reference current values are set for: lIYIa =,
li'IB ;18’ where ill, and 153 are the currents estimated by the state observer. In this case the
unwanted harmonics have been reduced, so only the required third harmonic content will be
present.

=1

The reference and measured values of the @ — 8 current components in the II plane are used to
calculate the current error values:

error,iila = l{la - i,gm, (1)
) G | 1 |
eITOr i g5 = [ — iyys. 2)

Utilizing (1) and (2) the PI controllers calculate voltage components: UEI;, U g;; Both controllers
have the same gains of: K, = 2.5, K; = 0.05.

The operation of the dead-time compensation subsystem in two modes of operation can be
defined by the following condition:

. 0 if (Ui{f‘ - o)
l = ref )
R N (U§.{‘,* ¢o) 5
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T I
i if (Usﬁ ¢0)
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3. Experimental setup

The proposed control system was tested on a test setup assembled in the laboratory. The
laboratory setup consists of the prototype five-phase IPMSM, supplied by a five-phase inverter,
connected by a common shaft with a three-phase squirrel-cage induction machine generating the
load torque. The inverters powering both motors are connected to a PC via a USB cable and
controlled using a dedicated software package. The view of the drive unit is shown in Fig. 2.

LOAD-PRODUCING PROTQ}TYPE 5-PHA
MACHINE " . IDPMSM

Fig. 2. Drive system with a five-phase IPMSM (on the right)

The parameters of the prototype five-phase IPMSM are listed in Table 1, while the parameters
of the prototype inverter are listed in Table 2:

Table 1. Parameters of the prototype five-phase [IPMSM

Parameter name Symbol Value Unit
Rated power P, 5500 \%%
Nominal phase voltage Uy 140 A%
Nominal phase current I 10.2 A
Number of pole pairs P 3 -
Nominal frequency n 75 Hz
Stator resistance R 0.816 Q
Stator d-axis inductance Ly 10.85 mH
Stator g-axis inductance Lg 16.5 mH

The view of the prototype five-phase inverter is shown in Fig. 3.
The dead time without the compensation method was set for 2 us.
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SRID-SIDE
INVERTER

Fig. 3. View of the prototype five-phase inverter

Table 2. Parameters of the prototype five-phase inverter

Parameter name Symbol Value Unit
DC-link voltage Upc 538 \%
Capacitors in DC-link C 2 x 100 uF
IGBT transistor type MMG50SR120B -
FPGA Altera Cyclone II type EP2C8F256 -
DSP Control Board type ADSP21363 -
Switching frequency fs 3.33 kHz

4. Experimental studies

In order to verify the correct performance of the proposed dead-time compensation method
a number of experimental tests were carried out.

4.1. Experimental tests with sinusoidal supply

The first part of the experimental research was carried out in the first mode of operation of
the control system, i.e. with sinusoidal supply. The tests consisted of recording and analyzing
the values of: phase current (i, 4), measured current @ components in the I (ilna) and II plane
(il ,) and the reference voltage @ components in the I (u,) and II plane (ul,). The waveforms
were recorded in a steady state for three different values of the reference rotor speed. Figures 4—6
present the recorded waveforms for different speed values of w™f = 0.3, 0.5 and 0.8 [p.u.] for
Figs. 4, 5 and 6, respectively.

The amplitude of the third harmonic current component is significantly reduced by the proposed
compensation scheme (by up to 2.5 times for w™f = 0.8). The output phase current waveforms
after the compensation are much closer to purely sinusoidal waveforms.
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The next part of the research consisted of frequency analysis of phase current and line-to-line
voltage in a steady state for three different values of reference rotor speed. Fast Fourier transform
(FFT) and total harmonic distortion (THD) analyses were performed for each reference speed,
both with and without dead-time compensation. Figures 7-9 present the recorded phase current
waveforms and their FFT spectra.

Figures 10—12 present the phase current THD values obtained during the conducted experi-
mental tests. The THD value was calculated using a Tektronics oscilloscope, while the maximum
number of analyzed harmonics was set to 100.

The obtained phase current waveforms confirm the benefits of the proposed dead-time effect
compensation method. Comparing the current waveforms with and without dead-time effect
compensation, (Figs. 4-6), the proposed method allows one to achieve phase currents significantly
closer to purely sinusoidal. This visual impression is confirmed by the phase current FFT spectra
as the magnitudes of the unwanted low-order harmonics are substantially reduced.

Figure 13(a) presents a bar diagram of the phase current THD-F values for each reference
speed. The proposed dead-time effect compensation method allows for achieving up to 3 times
lower harmonic distortion (for the reference speed of w™ = 0.8 p.u.).
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Fig. 7. Phase current waveform and FFT for a reference speed of wef =03 p-u.: (a) without compensation:
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Fig. 9. Phase current waveform and FFT for a reference speed of W =08 p-u.: (a) without compensation;
(b) with compensation
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Fig. 10. Phase current THD for a reference speed of W =03 p-u.: (a) without compensation;
(b) with compensation
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(b)
Fig. 11. Phase current THD for a reference speed of W =05 p-u.: (a) without compensation; (b) with
compensation
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Figure 13(b) presents a bar diagram of the line-to-line THD-F values for each reference speed.
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Fig. 13. THD-F values of: (a) phase current; (b) line-to-line voltage, for different reference speed values with

and without compensation (sinusoidal supply)

The obtained values are relatively similar with and without compensation. The proposed
control scheme has shown better result for lower and slightly worse for the higher speed values.

The increase in the voltage THD-F can be explained by the necessity of the third harmonic voltage
components’ injection.

4.2. Experimental tests with trapezoidal supply

The second part of the experimental research was carried out in the second mode of operation,
with trapezoidal voltage supply. The FFT and THD analyses of the waveforms of phase current in
a steady state, for three different values of reference rotor speed, were performed. Figures 14-16

present the recorded phase current waveforms and their FFT spectra with and without the dead-time
effect compensation.
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Fig. 16. Phase current waveform and FFT for a reference speed of w™f = 0.8 p.u.: (a) without compensation;
(b) with compensation
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Figures 17-19 present the phase current THD values obtained during the second part of the
experimental tests.
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Fig. 17. Phase current THD for a reference speed of W =03 p-u.: (a) without compensation;
(b) with compensation

pefine
Inputs




Vol. 73 (2024) Dead time effects compensation strategy by third harmonic injection 31

(b)

Fig. 18. Phase current THD for a reference speed of wef =05 p-u.: (a) without compensation; (b) with
compensation

%

(b)

Fig. 19. Phase current THD for a reference speed of W =08 p.u.: (a) without compensation;
(b) with compensation
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The obtained phase current waveforms confirm the improvements achieved thanks to the
proposed dead-time effect compensation method. Comparing the current waveforms and their
FFT spectra and THD values with and without dead-time effect compensation, (Figs. 14—19), the
proposed method shows noticeable improvement under low reference speed operation (THD value
was reduced from 24.7% to 19.0%). For higher speed values the results are quite similar due to the
nature of dead-time effects, as the dead-time influence is the highest for a low frequency.

Figure 20 presents the bar graph analysis of the THD-F spectra for phase current (Fig. 20(a))
and line-to-line voltage (Fig. 20(b)) for trapezoidal supply mode. The phase current THD-F values
have been reduced for smaller reference speed values, but remained at a similar level for the
reference speed of w™' = 0.8 p.u.
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Fig. 20. THD-F values of: (a) phase current; (b) line-to-line voltage, for different reference speed values with
and without compensation (trapezoidal supply)

In the case of line-to-line voltage the results are comparable to those achieved for sinusoidal
supply (better result for lower and slightly worse for the higher speed values).

It is worth noticing that much higher THD values obtained for the trapezoidal supply can be
explained by the fact that as the THD analyses treat all the harmonic content higher than the basic
harmonic as distortion, the 3™ harmonic content injected for the purpose of torque enhancement
is also treated as a disturbance as well, so in the case of trapezoidal supply the amount of THD
due to the dead-time effects is much lower.

The last part of the experimental research consisted of estimating the increase in computational
burden caused by the addition of the dead-time compensation subsystem. An additional function
was added to the code to calculate the control program execution time. It was established that it has
increased from 10.26 ms for no compensation to 10.45 ms with the compensation subsystem added.

5. Conclusions

The results of the experimental research performed prove the effectiveness of the proposed dead-
time effect compensation scheme. The waveforms of the phase currents after the compensation,
recorded during the first part of the experimental tests, are significantly closer to purely sinusoidal
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than in the default control scheme in the whole speed range. The amplitude of the third harmonic
current components is reduced by up to 2.5 times when compared to the system without the
compensation subsystem. The results of the FFT and THD analyses performed for the phase
current waveforms confirm the correct operation of the compensation system, as the magnitudes of
the unwanted low-order harmonics are significantly reduced. The decrease in the THD is especially
visible for the higher speed values (up to 3 times lower harmonic distortion for the reference
speed of 0.8 p.u.).The difference in the voltage THD is not significant compared to the achieved
improvement in the current THD.

In the case of trapezoidal voltage, supply the main difference between conventional and the
proposed schemes is visible for low-speed operation. The obtained results prove that the proposed
solution allows for achieving a lower current THD (by up to 23% for a reference speed of 0.3 p.u.)
while the possibility of independent output voltage generation in the I and II planes is retained.

The proposed method introduces additional current controllers operating in the @ — 3 fixed
orthogonal coordinate system, which does not further complicate the structure of the control
system by adding an additional Park transformation, as the measured current components in
a-f3 coordinates are already available. The increase of the control program execution time from
10.26 ms for no compensation to 10.45 ms with compensation amounts to an increase of 1.85%.
Such an increase is negligible and does not negatively affect the system’s performance, especially
when compared to the benefits gained.

However, there is a limitation of the proposed dead-time effect compensation method resulting
from the additional delay caused by the PI current controllers. These delays become noticeable at
higher frequency values. The introduction of a different type of current controllers, e.g. hysteresis or
predictive controllers, could further improve the proposed dead-time effect compensation strategy.
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