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Dspace implementation of real-time selective harmonics elimination technique
using modified carrier on three phase inverter

Introduction. In the contemporary world, alternative electrical energy has become an integral part of our daily existence, with the majority
of our electrical materials, electronic devices, and industrial equipment relying on this energy source. Consequently, ensuring the quality of
the electrical signal obtained is of paramount importance in the process of converting and distributing electrical energy. The improvement of
the output voltage inverter can be achieved through adjustments to the inverter structure or by refining the control strategy. The novelty of
the presented research lies in an innovative approach that employs real-time modulation for efficient control over the reduction of
harmonics, alongside managing the fundamental component. This approach is applicable to both bipolar and unipolar configurations,

featuring quarter-wave and half-wave symmetries. Purpose. Employing this modulation strategy aims to enhance the durability of the
switching components and enhance the voltage output of the inverter. Methods. The methodology is founded on a sine-sine modulation as its
Jfoundational model. It constitutes an inventive pulse width modulation technique in which a reference sinusoidal waveform, operating at the
desired signal frequency, is compared to a modified carrier signal with an identical time period as the reference signal. Results. This paper
introduces a broader and more comprehensive approach, alongside specific solutions, for the control and mitigation of harmonics in three
phase voltage source inverters. The proposed method offers precise control over the reduction of harmonics and the fundamental
component, and it can be implemented in extensive power electronic converters. Practical value. To assess the effectiveness of the given

control approach, we conducted simulations as well as real-time implementation employing Dspace DS1104 controller board. The outcomes
were highly favorable, confirming the effectiveness and validity of the suggested control algorithm. References 15, tables 4, figures 7.

Key words: voltage source inverter, real-time harmonics control, pulse width modulation technique, Dspace DS1104.

Bemyn. 'V cyuacnomy ceimi anbmepramuena enekmpuyna enepeis cmana Hegio €MHOI0 YACMUHOIO HAWO20 NOBCAKOEHHO20 ICHY8aHMHS, i
Oinbuticms HAWIUX eNeKMPUYHUX Mamepianie, eneKmpoHHUX NPUCMPOI8 I NPOMUCIO8020 OONAOHAHHA NOKIAOAIOMbCA HA Ye 0dicepeio
enepeii. Omoice, 3a6e3nedents AKOCMI OMPUMAHO20 eleKMPUUHO20 CUSHATY MAE Nepuioyepeose 3HAUeHHs 8 npoyeci nepemeopeHts ma
po3nodiny enekmpuuroi enepeii. Ilokpawents 6uXioHoi Hanpyau iHeepmopa modce Oymu O0CACHYMO ULIAXOM KOPUSYBAHHA CIPYKIYpU
ineepmopa abo edockonanenns cmpamezii kepysanns. Hoeusna npedcmasnenoco 0ocuiodcents nonsieae 8 iHHOBAYIHOMY NioXo0i, SKull
BUKOPUCIOBYE MOOVIIAYIIO 8 PeanbHOMY 4aci Ol epeKmueHo20 KOHMPOIIO HAO 3MEHUEHHAM 2APMOHIK, NOPAO 3 KePYBAHHAM OCHOBHOIO
xomnonenmoio. Lleil nioxio 3acmocosHuil sk 00 GINONAPHUX, MAK | 00 OOHONOJSPHUX KOHDIcypayitl, wo Maoms YeepmbXeUlbo8y ma
Haniexeuwosy cumempiio. Mema. 3acmocysanns yiei’ cmpamezii MoOyIAYii CpMOsane Ha NIOBUWYEHHS! O0B208IYHOCTE KOMYMAYIIHUX
KOMNOHeHmi6 i niosuwjenHs euxionoi Hanpyau ineepmopa. Memoou. Memooonoziss 6asyemovca HA CUHYCOIOHIU MOOYIAYIT AK 6A308ill
Mmooeri. Bin signse coboio Memoo wupomHo-imnyibCHoi MOOYISAYIT 3a GUHAXO00M, Y SIKIll ONOPHA CUHYCOI0ANbHA hOpMa X6Ul, o Npayioe
Ha 6adCamiti Yacmomi CUSHATLY, NOPIBHIOEMbCA 3 MOOUGHIKOBAHUM HECYUUM CUSHANOM 3 IOEHMUYHUM NEPIOO0OM HACY, WO Ul ONOPHULL CUSHA.
Pesynomamu. []n cmammsa npedcmaenac wupuiuil i KOMNIEKCHUU nioxio, nopsao i3 KOHKpemHUMU DilleHHAMU, 0151 KOHMPOIo ma
NOM SIKWIeHHs 2ApMOHIK Y mpudazHux ineepmopax odicepen Hanpyeu. 3anponoHoanuii Memoo NpONnoHye MOYHuli KOHMPOTb HAO
3MEHWeHHAM 2APMOHIK | OCHOBHOI CKIA0060I, I 6il MOJice Gymu peanizo8aHuil y NOMyICHUX eleKmpoHHUX nepemeopiosayax. Ilpakmuuna
yinnicmy. 1106 oyinumu eghpexmugHicmes 0ano2o nioxody 00 YnpaeuinHs, MU NPOSeu MOOCNIO8AHHS, 4 MAKONC Peani3ayito 8 PeaibHOMy
yaci 3 euxopucmartsm niamu koumponepa Dspace DS1104. Pezynomamu 6y 0ysice CRpUsmausumu, niomeepoxcyiouu eqoekmueHicms i
6AIOHICMb 3aNPONOHOBAHO20 anzopummy Konumpomo. bion. 15, tadm. 4, puc. 7.

Kniouosi cnosa: iHBepTOP MKepeiia HANPYI'H, KOHTPOJIb FAPMOHIK Y peajbHOMY Yaci, MeTOJ IMPOTHO-iMIYJILCHOI MO AL,
Dspace DS1104.

Abbreviations
FFT Fast Fourier Transform RTHC Real-Time Harmonics Control
GA Genetic Algorithm RTI Real-Time Implementation
PWM Pulse Width Modulation SHE-PWM |Selective Harmonic Elimination Pulse Width Modulation
RTHE Real-Time Harmonic Elimination SPWM Sinusoidal Pulse Width Modulation

Introduction. Harmonics and the frequency at comparison of a sinusoidal reference with the triangular

which switches operate present notable difficulties within
power systems overall, with switching converters being
particularly affected [1]. To tackle this issue, two
commonly used approaches are the widely recognized
SPWM and SHE-PWM [2-5].

SHE-PWM, regarded as a substitute for the SPWM
approach, has been extensively studied and explored over
time. When compared to SPWM and SHE-PWM provides
enhanced control over the lower order harmonic and
results in a reduced switching frequency, consequently
prolonging the converter’s operational lifespan [6].
Another significant distinction between the two
methodologies lies in the manner in which the angles of
switching are computed. Within the SPWM technique,
angles are continuously produced in real-time through the

carrier. In SHE-PWM, the computations are carried out
offline, rendering its implementation less resource-
intensive. The primary difficulty linked with SHE-PWM
lies in the resolution of the resulting system of nonlinear
equations [6]. To simplify these equations, prior and
contemporary studies have relied on essential
assumptions that enforce quarter-wave symmetry on the
output waveform [2, 3].

SHE-PWM involves a two-step procedure. In the
first phase, the switching instants are determined by
solving a system of nonlinear algebraic transcendental
equations [7], which can be accomplished using various
algorithms like the commonly used iterative method,
elimination theory, and a range of optimization
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approaches, involving GAs and particle swarm
optimization techniques. During the second phase, the
computed switching instants are stored in a lookup table
for real-time retrieval [7]. In practice look-up tables are
electronic memories, there capacities depend on the
number of harmonics desired to be eliminated and the
sampling time of the modulation index. In recent times,
numerous studies have put forward various SHE-PWM
methods that eliminate the need for storing switching
angles in memory, as discussed in references [7, 8]. The
approaches introduced in references [9, 10] are regarded
as significant advancements in the concept of RTHE.

The goal of the paper is analysis, simulation and
implementation RTHC method on three phase inverter,
this method permits the removal of chosen harmonics
while also simplifying the generation and comparison of
the modified sine carrier and a sinusoidal reference.

Subject of investigations. This paper presents an
innovative method for managing and reducing harmonics
within switching converters, known as RTHE. It is
introduced as an alternate approach to SHE-PWM [11, 12].
This approach employs a modulation strategy that utilizes
an altered sine carrier waveform, which is contrasted with a
typical sine wave, rather than the more common triangular
carrier wave [12]. As a result, RTHC streamlines the
process of generating and comparing modified sine carrier
and the reference sinusoid modulation signals, allowing for
quick and precise execution without any precision-related
concerns.

In pursuit of this objective, the switching instants are
calculated by solving nonlinear algebraic transcendental
equations with the use of any optimization algorithm (this
paper employs GA). Then these computed angles are
applied to produce the required sine carrier wave,
resulting in a sine-sine modulation.

Sine-sine PWM. Figure 1,a shows the electrical
circuit of a three phase inverter, where the input voltage is
denoted as v,. and 6 electronic switches. To generate a
PWM signal, two sinusoidal waveforms are employed: a
reference sinusoid denoted as v, = m;-sin(2-7-ft + z) and
a sinusoidal carrier labeled as v, = m;sink-(2-zft) as
shown in Fig. 1,b juxtaposed with (rather than a
sinusoidal reference and a triangular carrier as in
traditional SPWM). The PWM waveform that emerges
from this contrast is shown in Fig. 1,c with a maximum
amplitude of » = 1, a fixed value of £ =9 and a frequency
f = 50 Hz. The constant k signifies the relationship
between the carrier frequency and the reference signal
frequency. A generalized method to compute the
intersection points, as presented in Fig. 1,b,c, in the
context of sine-sine PWM, involves solving (1). The
angles of intersection ¢; are represented in radians for the
values of k=5,9,13,17,21,25, ...,n,n+4:

i-7

LD 2]

0< o, >%, k=5,9,13,17,21...n, n+4.

(1

Table 1 illustrates instances of intersection points in
a sine-sine PWM signal for various k values ranging from
5to 21.
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Fig. 1. Sine-sine PWM: a — electrical circuit of three phase
inverter; b — sine-wave comparison; ¢ — produced PWM

Table 1
Points of intersection present in a sine-sine PWM signal
k=51 k=9 | k=13 | k=17 | k=21
[ 4 '8 w12 16 20
[ 3 5 'l 9 w11
?s * 378 4 3716 3720
oA * 2745 2747 279 2711
s * * 5412 5416 4
@ * * 347 3 3711
o * * * 7716 7720
P * * * 479 4711
% * * * * 97720
P10 * * * * 5711

RTHE theory. The PWM signal depicted in Fig. 1,¢
exhibits both quarter-wave and half-wave symmetrical
properties. To suppress N harmonics and regulate the
fundamental component, (N+1) angles need to be
calculated during each quarter period of the waveform.

To accomplish this objective, we will need to solve a
system of transcendental equations using the Fourier
series decomposition method:

N+l .
I =1+2- )" (1) cos(g; —a;)—M =0;
i=1
N+l )
Iy =1+2- D (=) cos((N +1)(g; — ;) =0,
i=1
for k=2(N+ 1)+ 1 and M = wm; / 4, where m; is the
modulation index (usually 0 < m; < 1). The term ¢; is
referred to as the perturbation angle and is denoted in
radians. To ascertain the appropriate perturbation angles
values ¢; for any combination of m; and £, it is essential to
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solve the set of transcendental equations as described
in (2). This can be accomplished by employing various
computational techniques, as introduced earlier.

In this study, we have employed the established GA
algorithm. The fundamental procedures of GA are
elaborated in [13]. A specific method for resolving the
system of equations in (2) involves the minimization of
the following constrained objective function:

2 72 42 2
F(al,az,og,...aNH):0.5([1 ,12,13,...,1N+1), (3)
where the constraint is defined by:
0<p - <@ - <@3—a3 <<y —ay <7/2. (4)
The perturbation angles’ numerical values for
m; = 0.8 can be found in Table 2, where k=9 and 13.

Table 2
Numerical values of ¢;
o k=9 k=13
o 0.1999 0.1341
a0 0.2051 0.1477
o 0.4634 0.3071
oy 0.3791 0.2899
Qs 0 0.4847
7 0 0.4153

To obtain the intended PWM signal, it is essential to
establish a modified carrier signal using the perturbation
angles computed through the minimization of (3). The
carrier signal in question should have the capability to
produce a PWM waveform that displays attributes of both
odd and quarter-wave symmetries. It is expected to cross
the horizontal axis (time axis) at the point 7and 27 [14].

The altered carrier signal takes on the subsequent
expression:

1(6)= 4y -sin(k, -0)+ 4, -sin(ky -0)+---, (5)
where A4, and k; represent unidentified parameters.

The given formulation of f{#) in this manuscript is
characterized as follows:

F@)=3""C 4, Ci=singg0),  (6)

where C; is the fixed value, 6, = ¢, — ¢; and g¢; is the odd
number within the range of [3, £].

Thus, the sole remaining unidentified parameters
comprise A4;. This transforms the system into a set of
linear equations that can be solved easily using standard
techniques. Compared to [14, 15], the determination of
the new points of intersection g is performed exclusively
over a quarter of a cycle.

As an illustration, let’s take the case with k= 9. The
set of algebraic equations for deriving the parameters A;
can be expressed as:

S(6)) = 4y sin(q10)) + 4 sin(q26,) +

+ A3 sin(q36)) + Ay sin(q46));
S(6y) = 4;8in(q10,) + 4y sin(g,6,) +
+ A3 sin(q36, ) + Ay 8in(q46,);
Sf(63) = 4;sin(q65) + 4, sin(q,63) +
+ Ay sin(q363) + Ay sin(g465);
S(64) = A4y 8in(q104) + Ay sin(g,64) +
+ A3 sin(q394) + A4 Sil’l(LI494),

(7

where

f(0;)=sin(0; +7). 6, =0 - p;,
i=1,2,3,4f0rq1 =3,Q2 :S,Q3 =7,q4 =9.

In general k =n: ¢;=3, ¢:= 5, ¢5= 7,..., Gu-1y = 1
(for quarter-wave symmetry).

The suggested approach can be succinctly outlined
via a sequence of 5 steps, outlined as follows:

Ist step: select the modulation index m; and define
the quantity of harmonics N to be regulated based on the
k’s value;

2nd step: employ the GA algorithm to solve the non-
linear algebraic transcendental equations (2) and ascertain
the perturbation angles «;

3rd step: utilize the calculated perturbation angles ¢;
to derive and solve the set of linear equations in A,
employing (7);

4th step: create the intended modified carrier by
inputting the numerical values of 4; (calculated in 3rd step)
and g, into (7); and

Sth step: generate the PWM waveform.

Results and discussion. To evaluate the
effectiveness of the suggested method, this section unveils
the outcomes under the scenario where all harmonics until
the 11th, 13th, and 17th orders are regulated in three
phase inverters.

To derive the modulation signal (8, f{8)), which
represents the modified carrier waveform, it is imperative
to compute the 4; values by solving a set of linear
equations. Before this, the «; perturbation angles are
calculated by solving the nonlinear transcendental
equations through the use of the GA. The resultant values
are documented in Table 2.

The numeric values of the points of intersection 6;
and the associated modulation signal f{ &) for m; = 0.8 and
different values of £, specifically 9 and 13, can be found
in Table 3. Substituting the values of (8, f(6)) into (7)
results in a set of linear equations for 4; corresponding to
each k value.

The solutions for A4; with k£ values of 9 and 13, are
detailed in Table 4. Subsequently, by replacing the ¢; and
A; values into (7), the modified carrier is derived, leading
to the generation of the PWM waveform.

Table 3
Coordinates of intersection points
k=9 k=13
@, rad f(8) 6, rad f(6)
0.1782 —0.1772 0.1276 —0.1272
0.4434 —0.4290 0.3010 —-0.2964
0.6995 —0.6438 0.4782 —0.4601
0.9008 —0.7838 0.6076 —-0.5708
* * 0.8242 —0.7340
* * 0.9310 —0.8022
Table 4
Computed values of 4;
k=9 k=13
Ay —0.8027 —0.8524
A4, 0.5035 0.6133
A5 —0.2283 —0.3638
Ay 0.0570 0.1694
As 0 —0.0559
Ag 0 0.0099
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The modified carrier, the output voltage waveform
and its corresponding FFT are depicted in Figs. 24,
respectively, for a frequency /= 50 Hz.

It is important to highlight that in a three phase
voltage system, the corresponding phase shifts are 0,
—27/3 and 27/3, respectively. Consequently, for the
alignment of our system voltages in phase:

e The reference sinusoid exhibit phase shifts of 0,
—27/3 and 2 7/3, respectively;

e the modified carrier exhibit phase shifts of 7,
—q;2 73+ and g2 71/3+ 7, respectively.

Simulation results. To showcase the effectiveness
of a three phase inverter under various k& values
(specifically, £ = 9 and &k = 13), custom carrier signals
were generated. These custom carrier signals, along with
their corresponding output voltage waveforms and
resulting harmonic spectra, were simulated over a
duration of 0.02 s. The simulations were carried out at a
50 Hz frequency and a DC input voltage of V.= 100 V.

As depicted by the simulation outcomes, the suggested
approach has been effectively employed across various &
values. The outcomes of the simulation distinctly
demonstrate that the modified carrier possesses half-and also
quarter wave symmetry. As depicted in Fig. 2, the output
voltages along with their corresponding harmonics spectra
for the three phase inverter are illustrated in Fig. 3, 4,
respectively. In conclusion the harmonic spectra provide
clear evidence of the complete elimination of all fundamental
frequency harmonics.

) Amplitude a Amplitude b

Fig. 2. The modified carrier, a sinusoidal reference
in three phase inverter: a —k=9; b — k=13
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Fig. 3. Implementation of RTHE:
a — the phase-neutral output voltage waveform and FFT
corresponding for k£ = 9; b — line-to-line output voltage
waveform and FFT corresponding for k£ =9
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Fig. 4. Implementation of RTHE:
a — the phase-neutral output voltage waveform and FFT
corresponding for k£ = 13; b — line-to-line output voltage
waveform and FFT corresponding for k= 13

Experimental evaluation. The practical execution
of the experiment was realized using the Dspace DS1104.
Figure 5 depicts the experimental prototype of the system;
its purpose was to confirm the validity of the simulation
results. The model comprises a DC power supply, Dspace
1104 for producing gating signals to control the switching
devices and three phase inverter consists of 6 MOSFET
IRF840 switches controlled by driver circuits

Fig. 5. Experimental prototype of the system

Figures 6,a-c show the experimental output voltage
wave forms of the inverter, the phase-neutral voltage and
the line-line voltage and their associated harmonic
spectrum respectively. We note clearly that the harmonics
5th, 7th and 11th have been effectively eradicated.

Figures 7,a-c show the experimental output voltage
wave forms of the inverter, the phase-neutral voltage and the
line-line voltage and their associated harmonic spectrum
respectively. We note clearly that the harmonics 5th, 7th,
11th, 13th and 17th have been effectively eradicated.

Figures 6, 7 illustrate congruence between the
experimental results and simulations, providing compelling
evidence to confirm the effectiveness of the proposed
approach. The success in eliminating the specified harmonics
clearly attests to the effectiveness of the suggested method.
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Fig. 6. Experimental implementation of RTHE:
a — the phase-neutral output voltage waveform for k= 9;
b — line-to-line output voltage waveform for k = 9;
¢ — harmonic spectrum
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Fig. 7. Experimental implementation of RTHE:
a — the phase-neutral output voltage waveform for k = 13;
b — line-to-line output voltage waveform for k = 13;
¢ — harmonic spectrum

Conclusions.

1. This paper discusses a novel real-time
implementation of SHE-PWM to eliminate the unwanted
harmonics in the output voltage waveform of three phase
inverter. This novel approach, known as RTHC, employs
an alternative modulation strategy that streamlines the
carrier generation process and facilitates the comparison
between the carrier and the reference.

2. The suggested method commences by introducing a
novel formula for the modified carrier waveform, resulting
in a set of linear algebraic equations. To calculate the
perturbation angles, the GA method is utilized. The
perturbation angles have a crucial role in shaping the
modified carrier. The proposed approach guarantees
comprehensive control over both the elimination of
harmonics and the fundamental component.

3. To evaluate the efficacy of the technique simulation
and real-time hard ware implementations have been
carried out. The simulation and experimental outcomes
are highly satisfactory, conclusively demonstrating the
soundness of the suggested approach. Presently, efforts
are ongoing to develop solutions for the modified carrier
waveform applicable across a broad spectrum in multi-
level inverters.

Conflict of interest. The authors declare that they
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