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Abstrud r TLb p.pcr prclcltr rlfc connutttion rtudics for
switchlng rtrrt gt rcqucmc of ringlo'phtc neHx convcrtcr
(SPMC) opcrrting es invcrtGr modulrtcd by thc Sinusoid.l Pukc
lVidth Moduhtion (SFWMI Thc porcr clrcuit urcc the Iosuhtld
Gete Bipolr Tnnristor OGBT) rr switching do.icc in th SPMC
implemcntetion. Thc switching control scquctroe for sefe
commutetion stretcgics hes bcen deflned rnd implcmented to
colvo rwi&Ling trensio.rltt wit] seapb vcrlf,cetioa on rcsults. A
Xilinr FUd Prognnneblc Getc Arrey (F"GA) rs uscd rt thc
hart of tc control dccrroaicq inphncntcd to vcri$ opcretioo.
Thh b thcn nodclcd uring I Mrdrb Sinulink (MIS) rad vcrificd
erpcrlmcntdly.

Keyvords: Sinusoidal Pulrc \trldth Moduhtion (SPWM),
Inculetcd Getc Blpoler Tnurirtor (IGET)' Singlc-Phesc
Mrtrir Corvcrtcr (SPMC)' Metleb Siuulink (MLS)

L INTROIDUCTION

Many theoretical studies have been investigated on Matrix
Converter (MC) but have found limited practical applications
in power electronics. The marrix converter (MC) otren
possible an *all silicon" solution for AC-AC conversion,
removing the need for reactive en€rry storage coryon€nts
used in conventional converter systcm [t. The topologr was
first proposed by Gyugyi t2l in 1976. The Single-phase

Matrix Converter (SPMC) was first realised by Zuckerberger

[3]. Other SPMC topolory had be€n studied by Hossieni [4]
and AMollah Khoei [5]. All previous works have focussed

attention to direct AC-AC single-phase converter [6]. Very
few publications have been foud on SPMC but none with
commutation strategies in their implementatims. This
problem needs to be resolved in any Pulse Width Modulation
(PWM) type of convert€rs due to absence of nafinal
freewheeling patrs t71 as available in other taditional
converter topologies.

The problem of commtrtation in SPMC occus when inductive
Ioad is used. The use of PWM type of switching algorithm in
SPMC will result with possible switching spikes being
developed during swirch turn-off or during commutation [8].
This paper describ€s the work involved on the implementation
of SPMC as DC-AC inverter opertion with st$jected to the
passive loads condition Commutation problems due to the
usage of inductive lods that arises the swirching spikes are
implemented with safe' commutation switching algorithm.
The switching algorithm has bee,n desiped which allows all
switches to take part in the safe-commutation stratery.

This paper will discuss the design and development of
Sinusoidal Pulse-Width Modrlation (SPWM) generator
suitable for SPMC operating as inverter. [t is bosed on the
Xilinx chip XC4005)G FPGA with IGBTs as the power
switching device. The output voltage is synthesized using
Sinusoidal Pulse Width Modulation (SPWM). The proposed
desigr enables the modulation index and the switching
ftequency to be changed externally. The eryerimental result
frrom hardware implementation will be comparcd with those
simulations using ntlatlab Simulink (MLS) to verify proposed

operation.

II. Scopr Or Wom
The scope of this proj€ct is to carry out the conEol of volhge
spikes of DC-AC converter by using Single Phase Matrix
Converter (SPMC) works in developing comput€r simulation
models within the MATLAB/SIMULINK based on proposed

switching strategies, to study the behavior. After that SPWM
generator was developed as the switching technique for 5 kHz
swirching frequency to make SPMC as inverter operation
using Xlinx Foundation software tten compile and upload to
Xilinx FFGA XC4005)G chip. This Xilinx FPGA was used
as digital control implementations which can result current
and voltage spikes wert eliminated when inductive load was
apply. The simulations result the,n compared with
experimental result.

m. Rosnrncn METHoDoLocY

Figure I below illustrates the rescarch methodolory adoptd
in investigation 6ad implementation of this work. Aftcr donc a
literature review, the,re are three different main parts which is
do simulatio& desip using Xilinx softrrare and lastly test at
trardwarc. In simulilion part, MATLABlSimulink was use as

simulcion tool to study the behavior of SPMC. After that
continue witr desrgn SPWM gen€rator using Xilinx
foundation software then compile and upload to Xilin:r
XC4005)G chip. Lastly tcst using hardware that consist eight
IGBT and Xilinx board. The test was conduct for with and
without commutation stratery.
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Fig. 4: SPMC circuit confgurdion

V. INVERTEROPERATIoN

The ouQut wavefonns of ideal inverters should be sinusoidal.
However the waveforms of practical inverters are non-
sinusoidal and contain certain harmonics. For low and
mediumpower applications, square-wave or quasi-square-
wave voltage may be acceptable: and for high-power
applications, low distorted sinusoidal wave fonns are
required. With the higbspeed power semiconductor devices
the harmonic cont€nts of ouhut voltage can be minimized or
reduced significantly by switching techniques.

The inverter proposed is presented schematically in Fig. 5 and
Fig. 6 with various possible slpi6hing states defined in Table
l. However, since the SPMC is capable of conducting curent
in forward and rcverse directions, it is also possible that the
DC side becomes the generating sounee and the AC side
becomes the recepacle. In this way the SPMC can frinction
either as a volt4ge sounce inverter (VSI) or a current sounce
inverter (CSI) supplying various shapes of alternating current
to the AC supply system. These curents are then normally
used for sanc€lling harmonic distortions in srpply system and
provide unity powo frctor operation.
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IV. SINGLE PNIST MATRIX CONVERTER

The SPMC requires 4 bi-directional switches as shown in
Fig. 2; each capable of conducting cument in bottt
directions, blocking forward and reverse voltages t9l. [t
requires the use of bidirectional switches capable of
blocking voltage aod conducting current in both directions.
Unfortunately there is no discrete semiconductor device
currently that could fulfill the needs [0, I l] and hence the
use of common emitter anti-parallel IGBT, diode pair as

shown in Fig. 3. The IGBT were used due to its popularity
amongst reseaf,chers that could lead to high-power
applications with reasonably fast switching frequency for
fine control, whilst the diodes provides revense blocking
capabilities to the switch module. The new bidirectional
swirch module configrration can be observed from Fig. 3

whereby the left part is named as 'Swirch a' and right part
named as 'Swirch b' which the direction of cureirt flows is to
be rpward and downwad respectively. This direction of
cun€Nil flows is Aplied to all switches. The overall SPMC
circuit configmation cm be seeo from Fig. 4.
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In Figure 5, the bold-line represents the current flow for
commutation switches; Sla and S2b. The dotted line
represents the control (SPWM) switch, S4a Similar
i[ustration is usod in Fig. 6, the bold-line reprcsents thc
cun€nt flow for commutation switches; S3a and S4b. The
doued line rrpresens the contnol (SPWM) swirch, S2a

The well known SPWM used in power electronics are as

illustrated in Fig. 7. A triangular carrier sigrral, Yn is
compared with a sinusoidal refercnce signal, Ya5 of the
desired nequency. The crossover points are us€d to detcrmine
the switching instants.
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Figure 7: Fcmation of SPTTVM

The magnitude ratio of the reference signal (I/p) to ttat of tte
riangular signal (2") is known as the modulation index (z/.
The magniude of fundamental componemt of ou$ttt voltage is
proportional to nr;. The amplitude Y" of the triangular signal is
generally kept constant. By varying the modulation indet the
output voltage could be controlled.
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Fig. 8 shows one complete switching cycle (positive and
negative cycle) is divided into six states described as follows;
Step l: (t0-tl) at time t0, Sla and S2b are turned ON

provided the overlap perid prior to Sna being
switched witr PWM control.

Step 2: (tl-t2) at time tl, control (SPWM) switch S4a is
turned ON (after delay time). During this p€rio4
cunEnt flows into the inductive load (energized)
through Sla and left to be dissipated deenergized)
tlmugh S2b when S4a is turned OFF.

St€p 3: (tl-t2) at time t2, control (PWM) S4a is ttrned
OFF and the inductive load is de-energized
during underlap period beween S4a and S2b
being active.

Step 4: (A{4) at time (}, S3a and S4b are nrned ON to
provide an overlap period prior to S2a being
switched with PWM contnol.

Step 5: (t4-6) at time t4, control (SPWM) switch S2a is
ffined ON (after delay time). This operates in a
similar manner to step 2.

Step 6: (6^6)at time t5, S28 is trned ofr, A complerc
swirching cycle is ended to complete a switching
cycle.

VL CorautrrenoN hoBr,EM

ln conventional sonvqtqs, free-wheeling diodes are used for
this purpose. In SPMC these free-wheeling diodes do not
exisq hence switching sequence need to be developed to allow
for enerry to dissipate during commutatiorq thus protecting
the converter from being damagd due to those spikes
described' 

rhdd.rrt

Figure 9 : Slrcrt circuit cmfigurilim in IGBT

Theoretically the switching s€quence in the SPMC must be
insAntaneous and simultaneous; unfortrmately impossible for
practical realization due to the turn-off IGBT characteristic,
where the tailing-offof the collector curr€nt will create a short
circuit with the next switch turn-on. This problem arises when
inductive loads are used. A change in current due to switch
commutation and PWM swirching will result in two damaging
phenomena- First current spikes will be generated in the short-
circuit path and secondly voltage spikes will be induced as a
result of change in current direction across the inductance.
Both will subject the switches witr undue stress leading to
destruction.
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VII. Couuur.lrroxSTRATEGY

The use of Sinusoidal Pulse Width Modulation (SPWM) is a
well known wave shaping tecbnique in power electonics as

illustrated in Fig. 10, results with possible reversal volage if
inductive loads are used, during switch turn-off [2], restated

here briefly for completeness.

Driver circuits are designed to generate the SPWM patterns

that are used to control the power switches, comprising IGBTs
in the SPMC circuit. The use of SPWM as the switching
algorithm in this converter, results with possible reversal
current if inductive loads are used, during switch turn-
off. This technique will result with the existence of swirching
tansients relating to the inductive load during switch tun-off.

The switching sequence for operation of SPMC as an inverter
for an output of 50Hz is tabulated in Table l, with its
switching sequenc€ shown in Figs. E and l0 for an outprs
frequency of50 Hz-

vI[ Snrurmor AND MoDELnrc

MATLAB Simulink (MLS) is used as simulation tool to study the
behavior of the rectifier operation. Figure I I shows the top level
main model ofthe SPMC. The subsystems are asi shown in Figne
12 trrough 14.
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sl wlFig l0: Swirching Mern for Cmmuation SEategy

In order to overcome these difficulties, safe-commutation
strdtery with swirching sequenoes was defined and developed
to prevent curent and voltage spikes induced by manipulation
of the switch according to the swirching state in Table 1. By
referring to Fig. 5, for state I (positive cycle), switch Ma is
fed with SPWM signal, whilst Sla and S2b will be 'on' for
positive state. During the positive cycle, the commutation
switches that are used to afford the current path are provided
by the upper-part swirches i.e.; Sl & 52. This anangement is
similarly implemented for state 2 (negative cycle), where
switch S2a is controlled by &e SPWM siepal, whilst S3a and
S4b is turned 'on' for negative stale as illustrated in Fig. 6.
The switching stratery proposed is more systematic bocause it
uses all the switches for providing the path of free-wheeling in
avoiding the generation ofvoltage and current spikes.

Table l: Switching stmtegies of Inverter

Switches
Operataon

Positive Cycle
(state 1)

Negative Cyde
(state 2)

S1a ON OFF

s1b OFF OFF

S2a OFF CONTROL

s2b ON OFF

S3a OFF ON

s3b OFF OFF

S4a CONTROL OFF

s4b OFF ON
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Figure 13: Conholler unit for inverter
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Figure 14: (a) SPWM gpnerdfr oodel

The overall block diagram of the SPWM generator in FPGA is as

shown in Fig. 15 and the top level XILINX schematic diagram is
as shown in Fig.l6. There are 7 major components, namely; l)
Exteinal Main Cloclq 2) 'W' shape canier signal, 3) Comparator,
4) Multiplier, 5) Modulation tndex, 6) ROM and 7) Memory
Pointer. Actually SPWM signal generate by comparing the
triangular wave sigpal with the sinusoidal voltage reference
signal which can be adjusted to get the Sinusoidal Pulse Width
Modulation algorithm. An external main clock was used as the
clocking signal for the FPGA counter. For this worlg 5 KHz
carrier sipal was used The 8 bit rrydown counter, CB8CLED is
clocked atz.ssMHzto produce 5 KHz carrier signal. The toggle
flipflop, FTC is used to cormts and changes the counting
direction ofthe updown counter. The counter start cotmting from
0 to 255 when the reset signal 'RST' is rpceived and it will cotmt
back to 0. This process will produce 'M' shape calrier signal.
The multiplier (MULTIPLY) block as shown is created using
VHDL used to multiply the external source data (Modulation
Indeyu MLTY) with the data stored in ROM (reference sine-
wave). The modulation index is set by using 4-bit external data-

The magnitude of sine-wave magnitude are obtained by
multiplying the input from fre extemal data. Inverter, INV8 was
used to change 'M' shEre to 'W' shape. This triangular 'W'
shape then will be compared with the data from multiplier
(MLTLTIPLY) by using eight bit comparator, COMPMS and will
produce SPWM pattern then connect to switch selector to ensure
that the SPWM pulse follows the switching sequenoe as in Table
l.

Figurc l5 : FPGA SPWM Generation Algoritlm for Inverter Operafion
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DL HARDWARE IMPLEMENTATION

The inverter using Single Phas€ Matrix Convefter (SPMC)
was supplied by 20V DC and loaded with R=50O, L--4mH
and C:l0pF opemted at modulation inder ma{.5 with
switching @uency, fs=SkHz 5V DC supply is used to
power the XILINX FPGA board and gate-drive circuit whilst
l5V was supply to the power circuit. The block diagram for
implementation is as shown in Fig.lE with the laboratory test-
rig as shown in Fig. 19. Wifr switching stratery that includes
safe commutation strar€S/ and the use of Sinusoidal Pulse

Width Modulation (SPWM) as illustrated in Fig. 8. Switching
combinations are compiled as shown in Table I with deails of
full switching implementation as in Figs. 5 and 6.

SilC Pow(, Cicrit
l;'r.ilEGBTuofrG

Figure 19 : Laboratory Test-Rig

)C RESULTS

Figure 20-27 represent the investigation on commutation
statery implementation when inductive and resistive loads
are used. Fig. 20a and Zla are the sample obained from
simulation to illustrate the operation of inverter in producing
the square fonn of the output voltage and output current
without safe-commutation arrangement. Notice the spikes
produced are of the order of 5 times (100V) the input value of
20V. Fig. 20b and 2lb are the rcsulting waveform trat is
obained with implemenation of safe-commutation strat€ry as

proposed. Fig.24a,24b,25a and 25b is the result measured
experimentally that indicating similar behaviour obtained.
With the introduction of proper filter, we could actually
produce a sinusoidal wavefomr as shown in Figure 22a,22b,
23a d 23b, where Fig. 26a, 26b,27a and27b is the result
measured operimentally ftat indicating similar behaviour
obtained"

o)
Fig 20: Simulation r€sult at voltsge ouQrtr acroes RL load

(a) without safe-cornmutation (b) wi& safooommutdion
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Figure 18 : The Experimcntal Set up
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Fig. 2l: Simulation rcsult d current ouQut at RL load
(a) without safe-cornmutation O) widr safc-commutation

E,t

o)

Fig 22: Simulation rcsult at voltagc ousut across R losd witt LC fittcr
(b) without safe<ommutation (b) wift safecommutation

(a)

*' td

o)
Fig. 23: Simulaion resuh at cunent oulptn at R load wift t C fiher

(a) withod safe-commuution (b) with saft-oommumiur

(a)

t

(a)(a)

re loomv

(b)

Fig. 24: Experimental result at voltagc output across RL load
(a) without safe-commutation (b) with saft-commutation
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Fig 25: E perirrlcntal rcsult at cun€nt oupnt rross RL load
(a) without safeommttdion (b) witt saft-cmmutdion
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IE roomv\
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Fig. 26: Experimental result at voftage output across R load with LC fiher
(a) without safe-commutation (b) with safe-commutation
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ED lo.omva"

(b)

Fig. 27: Experimental result at current output across R load with L,C fiher
(a) without safe-commut*ion (b) with safe-commuttion
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XI. CONCLUSION

This paper present safe commutation studies for switching
shat€S/ soqucnoe of single-phase matrix conv€rter (SPMC) as

an inverter modulated by the Sinusoidal Pulse Width
Modulation (SPWM) has been preseited- The operational
behaviour was verified using MATLAB/Simulink with the

SimPowerSysrcm Block Set. The Insulated Gate Bipolar
Transistor (IGBT) was used for the switching device. Results

of the SPMC for both the simulation and experiments
illustrates ttat similar results were obtained without any
change. The safe-commutation technique implemented has

resulted in a scheme that allows dead time to avoid currcnt
spikes of non-ideal switches and at the same time establishing
a curent path th* could eliminate switching spikes due to the
use of inductive load. As can be observed in the experimental
results, good agreement was obained with those predicrcd in

simulations.

XtI. Fr'rfuRE Dnwr,opumrr

This project can be improved as listed below:

Use the suitable capacitor 6at acts as a filrcr to
reduce &e ripple which produces from dc supply.

Focus on lnverter operation in induction motor drive
application for full investigations.

This inverter operation can combined with rectifier
operation in single circuit and become
Uninrcmrptible Power SWply (UPS).

lncrease voltage to nonnal application level.

Increas€ the switching frequency of operation to 20
kElz a nonnal application level associated with the
limits of sandard IGBT.

PIC, Xilinx Spartan and Altera FPGA also can be
used as digital electronic control implementation
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