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Abstract— Feedback Quantizer is a closed-loop modulation
scheme with low harmonic content at low frequency and good
tracking of the voltage reference at the fundamental frequency.
In electrical systems where power converters and transformers
interact, the modulation technique must be capable of not
generating low-frequency harmonic components in order to
avoid transformer saturation. This paper presents an alternative
for applying FBQ using Space Vector Modulation to obtain
higher accuracy in tracking the reference and improve the
harmonic content of this technique at low sampling times. The
simulated results show the fulfillment of the objectives
satisfactorily.

Keywords—Voltage Source Inverter (VSI), Feedback

Quantizer (FBQ), Space Vector Modulation (SVM).

[. INTRODUCTION

AC/DC or DC/AC power conversion is now essential
because of the new changes in the energy matrix and the
global context of generating clean energy. Thanks to
technological advances, researchers have created various
converter topologies, modulation, and control schemes to
meet the needs of each application [1]. These applications
include AC motor drives, renewable energies, HVDC
systems, and electromobility.

The power converters use a pulse width modulation
(PWM) scheme for on/off power semiconductors devices.
However, different modulation schemes have been
implemented in the literature [2], and each focuses on
different points of interest, such as switching frequency
optimization, semiconductor losses, harmonic distortion,
system response speed, or voltage reference tracking at the
fundamental frequency.

In this paper, we work with the Feedback Quantizer
(FBQ) modulation scheme as a basis, which is a closed-loop
modulation scheme with good voltage reference tracking at
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the fundamental frequency and natural behavior of mitigating
low-frequency harmonics obtained weighted harmonic
distortions (WTHD) better than other modulation schemes
[31[4]. Another advantage of this modulation scheme is its
easy implementation of notch filters to the system [5][6] to
improve the reference tracking or mitigation of some low-
order harmonics that may be detrimental to -electrical
machines [7].

This technique, thanks to its low harmonic content at low
frequency, can be applied to grid-connected systems or
systems with transformers, thus avoiding transformer
saturation and increasing the lifetime of this equipment
[8][91[10].

The FBQ scheme and the predictive control method
(MPC) do not have a fixed switching frequency, creating a
harmonic spectrum dispersed in time [11]. Also, these
techniques depend on a small sampling time to obtain good
results, which leads to high switching frequencies [12] and
associated losses.

There are works where space vectors have been used to
optimize MPC control techniques, decreasing the iterations
related to its cost function or replacing this function entirely
with only one algorithm [13][14].

From the above, the proposal was born to implement the
Space Vector Modulation scheme to the FBQ scheme in a
two-level voltage source converter to improve the tracking of
the voltage reference at the fundamental frequency and
improve the harmonic content of this technique at low
sampling times.

The structure of this document consists of the first
instance with section II, which introduces the conventional
FBQ modulation scheme, showing its mathematical
development in detail. Then, in section III, the proposal of the
SVM to FBQ modulation scheme is introduced. Section I'V.



V' (z)

w(z) < V(z)

u(z) q(z)

H(z)

Fig. 1 Scheme Feedback Quantizer.

shows the results obtained by simulation and compares the
conventional scheme with the proposed one in terms of
harmonic distortion, switching frequency, voltage reference
tracking at the fundamental frequency, and efficiency.
Finally, in the last section V, we proceed to the conclusions of
this work.

II. CONVENTIONAL FEEDBACK QUANTIZER

A Feedback Quantizer is a closed-loop modulation scheme
that allows the model of the system's quantized noise and
obtains a low harmonic content at low frequencies [6].
Considering the scheme of this technique, Fig. 1, a perfect
tracking of the reference can be theoretically obtained (1). In

b
the given scheme, V(z) the quantized output voltage V' (z)

is the reference voltage, and ¢(z) is the quantized noise of the
system.

* *
V)=V (2)+q(z2)—q(2) =V (2) (1)
The above is possible with an H(z) = 1, but this is not
possible due to causality properties; for this property to be
fulfilled, the minimum H(z) to use is H(z)=z"' which is the

optimal function to use since it provides ease of calculations
and analysis of the system, compared to other possible
functions [9]. Therefore, the scheme would be modeled as
follows:

V() =V (2)+ (- H(2)q(2) @)
Replacing H(z) = 2 lin (2), we obtain:
r@ =1 @+ e G)

From (2), we can obtain the quantized voltage sensitivity
function:

S(z)=1-z"" )

For the analysis of the sensitivity system at the frequency

plane, z= M the magnitude of the system can be
obtained:

[1-H(/®")| = 2~ 2cos(,,) (5)

From the magnitude obtained in (5) and Fig. 2, we can
observe the natural behavior of the FBQ system, where it
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Fig. 2 Bode diagram S(z) =1-z"

tends to mitigate the low-frequency harmonics. In addition, it
can be observed from (3) that having a zero at z = 1, the
system will not have DC components in the voltages
produced by the converter.

Then, the quantizer Q(z) is defined for choosing the
optimal switching states by measuring the distances of the
vectors associated with the reference and the measured
vector. The distance between these is defined as:

* 2 * 2
P ©
Where (V;,Vg ) and (Via’ViB) are the voltages in Clark

coordinates of the reference and switching state at instant i.
For example, a two-level voltage source inverter has eight
valid switching states, in Fig. 3, which can be seen in detail in

[31[6].
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Fig. 3 Valid switching states, two-level converter.
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Fig. 4 Feedback Quantizer Scheme with Space Vector Modulation.

III. PROPOSED FEEDBACK QUANTIZER WITH SPACE VECTOR
MODULATION

The proposed scheme seeks to change the cost function
(6) to the SVM modulation scheme, as shown in Fig. 4, to
improve the tracking of the voltage reference at the
fundamental frequency and obtain a decrease in the switching
frequency of the system.

The operation FBQ scheme was explained in the previous
chapter. Therefore, we now proceed to mention the steps
followed in the SVM block.

*
First, the reference V' (z) is defined in the same way as

the conventional method, which is obtained from the
mathematical model of the converter, working in Clark
coordinates and discretizing by the forward Euler method (7).

L
P k) - [i?B(kT+T)—i?B(kT){1—TSL§LDTf )

Then the SVM scheme's input is the voltage reference's
subtraction with the quantized feedback noise w(z) . From
the quantized voltage, the angle (8) and magnitude (9) are
obtained to place them within the vector space of the optimal
states of the inverter in Fig. 3.

Each sector is divided by 60°.

0 =arg (W“ﬁ (k)) (8)

1w | = g+ w g ©)

Next, calculating the semiconductor activation times for
the given sector i, 7}, T;+1, and To, Fig. 6, with a sampling time
of the SVM, T..

V3

T = Vref T, sin(%—¢) (10)
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Fig. 5 Asymmetric Switching Sequence, Sector 1.
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= " T, sin() (11)
Va
C
Iy=T-T;-T;y (12)
¢ = 9—(sector—l)§ (13)

Once the trigger times 7;, T;+1, and T have been obtained,
the SVM switching sequence is chosen. In this case, an
asymmetric sequence of three segments was chosen to reduce
switching losses. The switching sequence is shown in Fig. 5.

IV. StUDY CASE

A. Simulated Results

The two-level voltage source inverter is simulated using
PSIM 2020a®, with the parameters shown in TABLE 1.
Harmonic distortion indicators were calculated up to
harmonic 51.

In the first instance, we have the simulation of the
conventional FBQ scheme, Fig. 7(a) shows the voltage of
phase "a" generated by the converter with its respective
harmonic spectrum, where you can notice its dispersed
behavior and mitigation of low order harmonics, due to the
FBQ scheme. This is also reflected in the phase current
shown in Fig. 7(b).

> »>

Vo T; 12

Fig. 6 Ver synthesized by Voltages Sector and Dwell Times, Sector 1.
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Fig. 7. Simulated key results. (a) Phase "a" voltage of the Converter with FBQ. (b) Phase "a" current of the Converter with FBQ, (c) Phase "a" voltage of
the Converter with FBQ-SVM, (d) Phase "a" current of the Converter with FBQ-SVM.

Then, Fig. 7(c) and 7(d) show the simulated voltage and
current of the proposed scheme, FBQ-SVM, at 100[uS],
where the behavior of the dispersed type harmonics and the
low-order harmonics mitigation provided by the FBQ can be
seen.

The summary of the results regarding harmonic distortion
can be seen in Table II, where the proposed scheme has better
harmonic content, analyzed for sampling times of 100[uS]
and 200[pS]. This improvement can be seen in greater detail

TABLE I. SIMULATION PARAMETERS VSI

Parameters
Symbol

Quantity Value
R, Load resistance 10 [Q]
L, Load inductance 15 [mH]
Ve Voltage DC 500 [V]
T Sampling time 100/200 [puS]
T, Sampling time SVM 100/200 [puS]
f Network frequency 50 [Hz]

in the indicators obtained with a sampling time equal to
200[uS], thus achieving the objective of achieving a better
harmonic behavior at a shorter sampling time since this
technique depends on short sampling times to obtain a better
performance.

The voltage reference tracking at fundamental frequency
was also analyzed, considering the fundamental component
obtained from an SPWM modulation as a reference. The
conventional FBQ scheme reflects excellent reference
tracking with 99.5%, and the proposed scheme slightly
improves it to 99.8%.

Finally, the average frequency of the techniques was
analyzed, where we can observe in Table II that for both
sampling times, the proposed scheme obtained an increase in
the switching frequency of approximately 25% with respect to
the conventional scheme.

B. Efficiency Analysis

Semiconductor losses were considered and divided into
switching and conduction losses for the efficiency analysis
study. The semiconductors are nonlinear elements; therefore,
we work with linear approximations obtained from the
characteristic curves of the on and off processes and the diode
dynamics, as in [15-17]. The



TABLE II. COMPARISON OF TECHNIQUES

Technique
Indicator FBQ FBQ
oo | S| ooy | SV
a 100[pS] W 200[pS]
THD i, [%] 2.56 2.05 5.53 347
THD v [%] 41.08 36.46 67.63 37.39
WTHD i* [%)] 0.13 0.11 0.30 0.24
WTHD v [%] 1.06 0.85 2.27 1.4
Switching 4566 5890 2230 3240
frequency [Hz]
Reference
tracking [%] 99.54 99.80 99.56 99.88
Efficiency [%] 94.1 93.4 95.4 95.1

parameters used for the efficiency calculation were
considering the IGBT KM600GB 126D semiconductor [18].

As these schemes depend on the sampling time of the
system, it has a high switching frequency. This is reflected in
the distribution of energy losses shown in Figure 8. For
example, the efficiency obtained with the conventional
scheme was 94.1% and 95.4%, while with the proposed
scheme, an efficiency of 93.4% and 95.1% were obtained
with a sampling time of 100[uS] and 200[puS], respectively as
shown in Table II.

V. CONCLUSIONS

An alternative form of the feedback quantizer modulation
scheme has been presented, introducing the space vector
modulation scheme, obtaining a slight improvement in the
tracking of the voltage reference at the fundamental frequency
and better performance at low sampling times with an
increase of approximately 35% in the switching frequency.
Finally, the efficiency obtained did not decrease more than
1% with respect to the efficiency of the conventional scheme.
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