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Abstract:Matrix converter (MC) is a typical high-power-density converter used in more electric aircraft, in which MC can be used as electric
de-icer converter and generation starter converter; this study proposes an analytical spectral calculation method based on three-dimensional
(3D) Fourier integral to obtain accurate spectra of both output voltage and input current of a space vector pulse width modulation
(SVPWM) MC. The MC is a direct AC–AC power converter without an intermediate DC link; three-phase output is synthesised by three-
phase input through nine bidirectional switches. At present, there is no such research on spectral analysis for MC space vector modulation.
This study focuses on spectral calculation, by the adoption of 3D Fourier integral, spectral of bidirectional switch duty cycle function,
output voltage and input current can be achieved. When analytic spectral solution is obtained, the correspondence between SVPWM and har-
monic components is established. Simulation and experimental results are given to demonstrate the theoretical work.
1 Introduction

Matrix converter (MC) offers many advantages compared to trad-
itional converter topologies (shown in Fig. 1), including unity
input power factor, bi-directional power flow, improved input
current harmonics, compact design and high power density
without large energy storage elements [1–5]. The above advan-
tages make the MC topology suitable for high power density ap-
plication area; MC can be modulated through many strategies,
such as Venturini, modified Venturini, space vector pulse width
modulation (SVPWM) and so on. Among which SVPWM is
the most popular method [6, 7], so far no research is done
about the analytical spectral calculation process of SVPWM
modulated MC.
The analytical spectral calculation is of significance since:

(i) Analytical result achieved is timesaving; no time-domain
simulation is needed.

(ii) Analytical result can avoid error caused by truncation, limited
cycle and so on.

(iii) Analytical result can easily guide the following harmonic sup-
pression methods.
2 Spectral analysis of SVPWM modulated MC

The wide-use implement method of MC SVPWM is though
look-up table, after sampling input voltage and direction of
output current, space vector alone with its operation time in
both diagrams can be achieved by naming output voltage
(amplitude and direction) and input current (only direction)
(Fig. 2).
Duty calculation of different space vectors is shown in (1)–(4),

vectors I and II, vectors III and IV have the same direction in
voltage diagram while vectors I and III, vectors II and IV are
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synclastic in current diagram
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2.1 Carrier wave equivalent SVPWM and three-dimensional (3D)
Fourier integral theory

Zero vector is used to fill the gap in order to maintain the constant
switching cycle

d0 = 1− dI − dII − dIII − dIV

= 1− 2��
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√ md
cos (ã) cos (b̃)

cos d
=

∑3
i=1

d0i
(5)

The look-up table is complicated in the process of analytical calcu-
lation, note that SVPWM is described based on input line voltage,
carrier-based modulation methods which is equivalent to SVPWM
should be achieved first, after enumerating different section condi-
tions, Fig. 3 is summarised as follows.

Different input current sections (defined by ki) and different
output voltage sections (defined by kv) lead to different duty
cycle calculation and different input voltage sequence. According
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Fig. 1 MC topology

Fig. 2 Space vector diagram of SVPWM modulated MC
a Output voltage diagram
b Input current diagram
to input voltage sequence, define U01, U02, U03 in order, the corres-
pondence of input voltage is shown in Table 1.

After summarising duty cycle calculation law in all input and
output situations, carrier-based modulation can be achieved by
Fig. 3 Parameter relationship in SVPWM modulated MC
a kv+ ki equal even number
b kv+ ki equal odd number
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adopting dual reference wave modulation process. The single and
double side carrier-based wave is shown as follows (Fig. 4):
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After duty-cycle calculation, MC SVPWM procedure will trans-
form to carrier-based described form.

The triplet Fourier decomposition of a three-variable periodic
function is shown below:
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In MC, these three variables are carrier phase angle, input phase
angle, output phase angle, respectively; these variables should
meet the requirement of independent, periodic (2π ) and ergodic

x = vct
y = vint + uA
z = voutt + uB

⎧⎨
⎩ (8)

2.2 Spectral analysis of SVPWM modulated MC

For SVPWM, different input current sections and different output
voltage sections lead to different duty cycle calculation and differ-
ent input voltage sequence. For three output phase, define H, M, L
in order according to the operation duty cycle of U02, which is sum-
marised in Table 2; for example, when kv= ki= 1, H, M, L means
output phase U, V, W, respectively.

With U01, U02, U03 defined in Table 1, spectrum of bi-direction
switches is calculated as follows: (see (9)) (see (10))
HU03H

(k, m, n) is the spectrum of switch that connects output phase
H (namely U when kv= ki= 1) and input phase U03 (namely B when
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Table 1 Correspondence of input voltage and different sections

U01 U02 U03

ki = 1, 4 VC VA VB

ki = 2, 5 VB VC VA
ki = 3, 6 VA VB VC

Table 2 Correspondence of output phase and different sections

ki = 1, 3, 5 ki = 2, 4, 6

kv = 1 U, V, W W, V, U
kv= 2 V, U, W W, U, V
kv= 3 V, W, U U, W, V
kv= 4 W, V, U U, V, W
kv= 5 W, U, V V, U, W
kv= 6 U, W, V V, W, U

Table 3 Correspondence of phase swift and different duty cycle
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3
p

1

3
p 0 0
kv= ki= 1). After HU03H
(k, m, n) and HU03H

(k, m, n) is calculated,
HU02H

(k, m, n) is obtained with the following equation:
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Where Δ is described in the following equation:
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Spectral of a typical bidirectional switch (duty cycle function of
switch that connects input phase q and output phase p) is an accu-
mulation of all possible fast Fourier transform (FFT) coefficients
(including k, m and n)

Hqb(v) =
∑1

k,m,n=−1
HXX(k, m, n)d(v− (kvc + mvin + nvout))

(13)

Assuming ideal input situation, input voltage contains input fre-
quency ωi only

Vin(q)(v) =
Vi

2
e−j(q−1)(2p/3)d(v− vi)+ ej(q−1)(2p/3)d(v+ vi)
[ ]

(14)

Thus, from (9)–(12), spectra of output voltage and input current can
Fig. 4 Dual reference wave modulation process
a Double-side modulation
b Single-side modulation
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be calculated as follows:
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Considering the rotation transformation character of different sec-
tions (including voltage and current), all other sections can trans-
form to a situation that kv= ki= 1 by multiplying
e−j n(kv−1)(p/3)+(p/6)n+m(ki−1)(p/3)[ ] in frequency domain

x′A = xA − (ki− 1)
p

3

x′B = xB − (kv− 1)
p

3
− p

6

⎧⎨
⎩ (17)

Take duty calculation dII as example, spectrum can be achieved by
(18) and (19), phase swift parameters are shown in Table 3, when
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Fig. 5 Analytical (red line) and simulation (blue line) results of SVPWM modula

Table 4 Simulation and experimental parameters

Simulation
parameters

Value Comment

input phase
voltage

100 V three phase

input frequency 50 Hz —

reference output
voltage

40 V 40% modulation index

reference output
frequency

70 Hz —

load 10 mH+ 20Ω three phase RL load
switching
frequency

2 kHz —

IGBT turn on
delay

17 ns Infineon bi-directional IGBT
module FF200R12KT3_E

IGBT turn off
delay

45 ns —
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k= 0, (9) and (10) can be deduced to the following equations:
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When k= 0, f1I can separate into two different independent inte-
grals
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ted MC
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Where function g1 is expressed as follows:

g1 =
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When k equals non-zero
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Using Jacob expansion for simplification, thus (23) can be achieved
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∑1
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∑1
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Fig. 6 Experimental prototype and experiment results of SVPWM modulated MC
a Experimental prototype for MC
b Time-domain experimental result

Fig. 7 FFT of experimental waveforms
a FFT of experimental output line voltage
b FFT of experimental input current
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3 Simulation and experimental results

To validate the theoretical findings, a MATLAB simulation is uti-
lised. The condition of simulations is shown in Table 4, simulation
results of output voltage in 40% modulation indexes are presented
to validate the theoretical results. Finally, the experimental results
from a small experimental rig are presented to validate the simula-
tion results; the parameter used in experiment and simulation is
same.

Fig. 5 shows the comparison of simulation (red line) and theor-
etical (red line) results, the differences may be due to four-step com-
mutation, limited simulation cycle and so on. The FFT analysis of
each waveform shows the similar results to the simulation. The 40%
output voltage utilisation result in 0.4 (in p.u. value) in base value of
output phase voltage and input phase current, 0.69 in output line-
voltage value.

Figs. 6 and 7 give the corresponding experimental waveforms,
Fig. 6a shows the overall picture of experimental prototype
whose bi-directional switch realised by Infineon bi-directional
IGBT FF200R12KT3_E. Fig. 6b describes the time-domain wave-
forms of voltage and current of input and output side; it can be seen
that the loads current are controlled with the correct amplitude and
frequency. The output line voltages are staircase waveforms and
input current are sine wave as expected, Fig. 7 shows the
access article published by the IET under the Creative Commons
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experimental result of Fig. 5, experiment results and simulation
results are similar.

Comparing different switches (e.g. SAU, SBU, SCU), baseband har-
monics are similar in amplitude and position, which are located on
fin ± fout, fin ± 3fout and fin ± 3fin (namely 20, 100, 120, 160, 200 and
260 Hz in this situation). Consistent amplitude verifies the rotation
characteristics described in Table 1. Since the offset effect between
different sections, no harmonics exists when FFT variables m+ n
equals even numbers.

4 Conclusion

Although SVPWM is the most popular modulation methods for
MCs, no analytical spectral analysis exists for exact harmonic cal-
culation and analyses; this paper proposes an analytical spectral cal-
culation method based on 3D Fourier integral to obtain accurate
spectra of both output voltage and input current. Simulation and ex-
perimental results are given to demonstrate the theoretical work.
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