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Abstract. The paper describes an example of the vector
control strategy applied to five-phase two-level inverters. Two
base methods are discussed. The first one is based on the
standard space vector transformation, while the other uses state
vectors which enable the definition of the basic physical
quantities of the inverter. The proposed notation system offers an
universal simplification of vector identification. It comprises a
standardized proposal of notation and vector marking. This tool
may be really useful for the description of inverter states and
makes it possible to reach correlation between state and space
vectors. All vectors are defined by use of the same digits. The
proposed mathematical tool has been verified during simulation
tests performed with the use of the PLECS program.
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1. Introduction

The performance and the power level of inverters are
continually intensely developed. The increasing range of
novel requirements has a great impact on the development
of inverters as well as the technology of power
semiconductors. For instance, the SiC (silicon carbon)
transistors have better features, such as switch-on and off
times as well as a significantly higher temperature range.
As a result, they make it possible to limit losses and
diminish the overall dimensions of the converter.

During the first period of power electronics evolution all
applications were based on the three-phase supply voltage
network. So, three-phase two-level and later on multilevel
inverters became the most suitable standard devices used
for electric energy conversion. Their features and
drawbacks were largely recognized and verified [1]. For
instance, these converters were applied in AC drives on a
mass scale and in a large scale of drive power from less
than one up to hundreds of kW and even more. The
multilevel inverters present constantly a good example of
power electronics evolution, because they make it possible
to cross high voltage limits and reach a range of converted
power even up to quite a lot of MWs [2,3].

Nowadays the electro-mobility has also become another
very important area of development in power electronics.
It seems that electric cars will credte a novel profitable
application domain of power electronics converters. A lot
of two and multilevel inverters are applied in AC and DC
drives in mobile transport, traction, buses and cars.
Furthermore electric drives are also used in vessels’ drive
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systems. An example of a vessel servicing crew transfer
from off-shore wind farms is analyzed in [4], as using
electric drives in vessels leads to a significant reduction
in fuel consumption.

It seems that the development of two and multilevel
three-phase converters is continually maintained,
particularly in the application domain [5]. However, a
new challenge was to meet the need for a higher phase
number than three in the power energy network and
electric machines. This idea created another development
impact on multiphase energy conversion. Thanks to
effective research and technology achievements,
polyphase power as well as polyphase motors have
become available. The number of phases may reach four,
five or even more depending on applications [6].
Multiphase evolution did not disregard electric drives and
renewable energy systems [7-10].

The higher phase number defines a new research impact
on power electronics. This implies especially novel
works on multiphase converter circuits and control
algorithms and disquiets especially more refined control
methods and algorithms than standard tools used until
now. This is the reason to search for novel mathematical
tools and converter models. There are many proposals
relating to this [11].

The paper presents a significant development of the
inverter description system idea proposed in [12], during
the ICREPQ’14 conference, as well as an extended and
developed version in [13]. Presented in [13] system is
designed for 5-phase two level inverter and it provides a
general standardization and simplification of vectors
describing such an inverter. All these vectors are defined
by use of the same numbers. It helps to identify physical
voltage states and space vectors of the inverter and are
very useful in designing vector control methods of the 5-
phase inverter. The paper presents some samples of these
advantages obtained during simulation works. Such a
vector control strategy is very useful in designing AC
drives [14, 15, 16].

2. Five-Phase Two-Level Voltage Source
Inverter: State and Space Vectors

A. Five-Phase Two-Level Inverter Model

Figure 1 presents a simplified model of the five-phase
two-level inverter. The model contains a voltage source
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and five two-state switches Ka, Kb, Kc, Kd, Ke. The
positive pole of the voltage source is denoted as 1 and the
negative pole as 0. The switches Ka, Kb, Kc, Kd, Ke are in
that order assigned to appropriate phases a, b, c, d, e.
Every switch can connect one pole of the voltage source to
one assigned phase output.

For that reason, two switching states of every switch are
also denoted by 1 and 0. Consequently any state of the
inverter model can be described using a set of digits abcde
where a, b, ¢, d, e = {0, 1}. The set of five elements where
elements can be denoted by digits 0 or 1 has 32 variations
that is: 00000, 00001,...11111. Each inverter state is
determined by one five-digit binary number where the
order of digits corresponds precisely to the order of phases
abcde. By converting binary numbers to the decimal
number system it is possible to denote all 32 inverter states
by decimals: 0, 110,...3110, respectively. Thus, the state
denoted as 1659 (10000), determines that the phase a is
connected to the positive pole of the voltage source, while
the phases b, ¢, d and e—to the negative pole. That is the
model example presented in Figure 1. The indices 10 and 2
indicate the base of the number system. This principle
which eliminates decimal numbers may be used in other
notation systems.

l A B C D E
L4
In |LK¢ Out,
0 Hdc
K Outy
16™d
U/ Ueq
K Out,
[o™e
i
ea
Up n/ Hye
K Outy,
16™b
U«/
Uy,
K.
1oa
0:\ Out,

Fig. 1. The model of the five-phase two-level inverter with five
switches.

The basic idea of the model depends on the rule of
precisely controlled relation “number-phase”. This idea
may be developed and applied for modelling other
multiphase or even multilevel inverters.

B. State-Vector of the Five-Phase Two-Level Inverter

The consecutive states of the five-phase inverter are
denoted by the decimal index k=0, 1, ... 31. Each selected
k-state means that five phase-to-phase output voltages are
connected to load. These voltages form a matrix row
assembled of five elements as a result defining the state
vector of the VSI:

Vie = [Wabk Ubeke Usar Uaer Uear] k =0,1,2,....31 (1)

Since Uabk + Ubck T Ucdk T+ Udek T Ueak = 0, then the state
vector Vi is determined by any four successive phase-to-
phase voltages under the condition that x and y denote the
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neighboring phases that is x, y are: x —a, b, ¢, d, e and
y=a,b,c,d,e.

The binary expansion of the index k permits to determine
output polar voltages. They are referenced to the negative
pole of the voltage source Up, for example: uaox = axua or
upor = brug. As a result, the state vector Vi is defined by
use of respective binary symbols of the index k. The
transpose of the matrix Vi (1), denoted as the state vector
Vi, presents all five phase-to-phase voltages:

_uabk 1 | Hao, ~Hoo, _(ak —b, )2 |
Upey Upo, ~Ueo, (bk —C )2
Ve=|tg |= Up, U, |~ Uy, (Ck —d, )z
ua’ek udOk _ueOk (dk & )2
_ueak B L ueok —uaok | (ek a; )2

Since the symbols ax, by, ck, di, ex can assume only values
0 or 1, then the output phase-to-phase voltage,
independently of the phase number, may assume only
three values: 0, +Up, —Up.

Figure 2 presents a few selected voltage waveforms:
three polar and consequential two phase-to-phase voltage
waveforms: uqo, U, Uco, Uab, Uac.

In order to receive such voltage waves, it was assumed
that all phase outputs are connected consecutively, every
single 72°, for half a period to the positive pole of the
voltage source Up. The phase-to-phase voltage U, has
been determined according to the rule Uyxiok. So, the
state vector is defining as a matrix composed of one row
including five elements (3).

Ve = [Vack Vcer Vepic Upax U] K =0,1,2,...31 (3)

The relevant rms values are: Ux = 0.63 Up whereas
U, = 0.89 Up.

Uac
T

Fig. 2. Polar and phase-to-phase voltage: Uao, Uvo, Uco, Uab, Usc.

C. Pentagon and Star Connected Load of the Five-
PhaseTwo-Level Inverter

The inverter state vector works on physical quantities and
it does not need transformation to be applied for load
current calculation. A model of the five-phase two-level
inverter with pentagon connected load is presented in

RE&PQJ, Volume No.19, September 2021

@)



Figure 3. It is assumed that the load is symmetrical and
every phase-to-phase load is equal to two-terminal
networks: resistor R - inductance L - counter RMF
connected in series. Switching the vector on means that
five resultant voltages are connected to the load. The
situation in Figure 3 articulates that the phase a is
connected to the positive pole 1 (+Up), while the
remaining phases to the negative pole 0 (-Up). Therefore,
the state vector is determined as Vig(10000)-

1y

Upeic

Uabke

Fig. 3. The model of the five-phase two-level inverter with the
pentagon connected load according to the state vector Vie(10000).

If the load remains in a pentagon connection, then suitable
phase-to-phase voltages are equal to the voltage
determined in (2). The pentagon connected load is not
considered later in this article.

D. Star Connected Load of the Five-Phase Two-Level
Inverter

Figure 4 presents the five-phase two-level inverter model
with a load arrangement that is connected in a star. For the
considered class of inverters, it can be assumed more than
one mathematical definition of the five-phase two-level
inverter state vector Vi. For instance, the following
definition:

Ui (ak —by )2
Uper (bk —C )2
V, = =U
¢ Uear ° (Ck —d, )z @
U ger (d k6 )2

is effective in view of the fact that uupr + Uper + Ucar + Udek
+ Uear = 0.
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Fig. 4. The model of the five-phase two-level inverter with the
load connected in a star.

If at a time point t=t, the control system switched on the
vector Vi at that time, a quadruple of phase-to-phase
voltages was connected to the circuit. The selected vector
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Vi acts in a time interval <t,,t,+;> and it is assumed - as it
was aforesaid - that this interval is very short in relation
to a time constant of the circuit and a period of the
interphase voltage. Then, the following assumptions
might be acceptable:

Ugpk = Uabk, Uper = Ubck s Ucar = Ucarr Uaex = Uger

)

e, =FE,,ey =Ey,e. =E.,eq =E;, e, =E,

It means that in the time interval t<tn,tn+1> all above
voltages are constant. Additional assumptions result in
the fact that the system considered in Figure 4 is not
equipped with a neutral conductor, so the following
dependencies are obligatory (6).

eq te, te.+tegte =20
Il.a‘l‘ib +LC+Ld +Le :O
Iﬂa +IOD +IQC + Iﬁd +IO€ == 0
If the phase load is fully symmetrical it is profitable to

(6)

assume the equal opportunity of resistances and
inductances as well: R=R.=Ry=R~=Rs=R. and
L=L=Ly=L~=LsL.. As a matter of fact, the

mathematical model of the circuit is described by the
system of four equations which are in [13]. Solving the
system, it is possible to acquire all analytical phase
voltage and current waveforms.

In order to obtain a final solution, it is necessary to
introduce expressions describing the relations between
phase and phase-to-phase voltages. The applicable
interdependence between phase voltage Uy and phase-to-
phase voltage Uy, does not depend on selected vectors
and remains the following:

S5U, = 4Uyp + 3Uy, + 2Uyq + Uy

S5U, = —Uyp + 33Uy +2U + Uy,
5U, = —Ugp — 2Up + 2Uq + Uy, 7)
5Ug = —Ugp — 2Upe — 3Upq + Uge
5U|‘? = —Uap — 2Up: — 33Uy —4Ugs,

For instance, the dependence defining the phase voltage
U, can be proved by the use of the appropriate voltage
vectors. This situation is illustrated in Figure 6.

Fig. 6. Mutual dependence between the phase voltage Ua and
the appropriate voltage vectors: SUa=4Uap+3Ubc+2Ucd+Ude.

Knowledge of phase voltages allows the solving of the
system of equations and finding the successive phase
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currents. The output phase-to-phase voltage of the two-
level inverter, independently of the phase number, may
assume only three values: 0, +U,. Solving the four-loop
circuit in the way presented in [12] and converting (7) it is
possible to write the generalized expression describing the
phase voltages: g, Upk, Uek, Uak, Uer, Of the two-level
five-phase VSI as well as phase load currents
gy in,iryia,t.. They all can be described using binary
digits of the vector index k = (aybpcpd,e;), binary
expansion:

ia(t) 4a,-b,—c,—d, —¢ E, 1,

ih(t) U 4b,—a,—c,—d, —¢ E, l—e% Iy, o

i(t)|=4=2|4c, —a, —b,—d, —e, |-| E. 2 + 1y, le*

id(t) 4d, —a, -b, —c, —¢ E, 0d

ie(t) de, —a,—b, —c, —d, E, 1,

where 7= L is a time constant of the phase load,
R

E, = Esin(wt, + @,) and I, - phase x current in the time
point t,,. These expressions describe phase voltages and
currents of the two-level five-phase voltage source
inverter. Converting similarly Equations (2) and (7) it
makes it possible to write expressions describing phase-to-
phase voltages and the resulting currents.

D. Star Connected Load of the Five-Phase Two-Level
Inverter

The polar voltage space vector of the two-level five-phase
VSI is determined analogically to the way presented in
previous sections. The definition was established as:

4
V= 5 (uaOk + Qg + q2u00k + ‘f“do;c + q4ue0k) (€)]

where 4 =

_ 4 _ . , ,
V. :gUD(ak +be’ +ce +de”” +eke"4“) (10)

=cosa+jsina a=72

Applying the Euler’s formula and introducing
interdependencies among the angles as well as symbols ay,
bx, ci, di, ek, the space vector is given as follows:

a, + (b, +e, )cosa — (¢, +d, Jcos <+

Vi=2U, (11)

+ j((bk —e, )sina+(c, —d, )sin %j

The Equation (11) expresses the space vector which is
defined in symbols of the index k binary expansion. The
index k is a decimal number discriminating the state vector
k= (ak,bk,ck,dk,ek)z, where ak,bk,ck,dk,ek = {0,1 }

After transformation the space vector is a complex number
which may be represented by the modulus M; and the
argument @;. But in the case of the five-phase inverter the
situation is more complicated compared to the three-phase
inverters. The expression allowing calculation of the space
vector modulus is the following:

4
M, =EUD\/a,f +b] +c] +d} +e} +2y,cosa—2y,coda/2) (12)
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where coefficients y,, y, are

Yi=

Yz =
The position of the successive vector is determined by its
modulus Mk and the shift angle «,.. In order to determine
correctly the shift angle, it might be necessary to use
additionally the arctg function (14). It results in
periodicity of trigonometrical functions and a different
period of sine and tangent functions.

ak'bk -I-ak'ek—i-bk'ck -I-ck'dk-i-dk'ek (13)
a-cy+tag-d,+Dby-dp+by-e;,+cp-eg

(b, —e,)sina +(c, —a’k)sing

@, = arctg (14)

a, +(b, +e,)cosa—(c, +d, )cosz

It was assumed at this point that the denominator of
the expression (14) did not equal The
circumstances, where digits are equal to 0 or 1, denote

that the state vector modulus reaches 0 and its shift angle
is indeterminate. The relevant two vectors Vgggoge) and
V31¢11111y are usually called “zero vectors” and they do

Z€ro.

not influence output current.
According to (12) and after calculations, the modulus M
assumes three different results:

%UD, %Uﬂ- Z—Z'COS(%), %Uﬂ',f2+2'cos(a) (15)

In such a case among the 32 vectors there are three
groups of 10 active vectors each beside two nonactive
zero vectors. The parameters: moduli M,,, coefficients y4,
¥y, and shift angles @, of all 30 active vectors are

collected in [13]. The moduli values are approximated.
Figure 7 presents the active polar space vectors of the
five-phase inverter.

V511110

visotor AR
V01100
-¢

V, 01000
V3010100
V11100

WV, 00100 phase b Vo101

Vi,01010 Val1010

V},01110 Vo1 1000
hase ¢ d

V501111 V610000
Vo, 10110 V, 01001
V, 00110 Vi511001
-a ‘ phase a *
- >
Vi;11011
V, 00010 27
V; 00101 Y/umlﬂl
V; 00111 gmom
phase

V,:10111
V,,01011
V; 00011

-b

V, 00001
V410010
V410011
phase e

Fig. 7. Mutual dependence between the phase voltage Ua. and
the appropriate voltage vectors: SUs=4Uab+3Ubct+2Ucd+Ude.

They are presented on the complex plane (a-jp), where o

denotes the real axis and P - the imaginary one. The
diagram presents their position. For every successive
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@ =na/2 (n-36°), where n =0, 1, 2, ... 9 the position
of the corresponding three vectors is marked as one vector
because they only differ in moduli. The modulus values of
each triple are given in order: M,.=0,8 Up (the upper one),
M,=0,494 Up, M,=1,294 Up, respectively.

3. Experimental Results

This mathematical tool was verified during simulation
tests using the PLECS program. Figure 8 presents the main
part of the model of the five-phase two-level inverter made
in the PLECS program.

Control
System

1

-

-)uw

Fig. 8. The model of the five-phase two-level inverter made in
the PLECS program.

The following parameters were assumed for the purposes
of simulation tests: voltage Up=600 V, frequency =50 Hz
and load: R=10 Q and L=15 mH. In the simulation studies,
two control strategies were compared with the same
parameters of the load circuit, i.e. the strategy described in
the article (which was named of vector studies) and PWM
(Pulse-Width Modulation).

control signal for phase b

1.0

0.8

0.6

0.4

0.2

0.0 =

T T T T
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18 x le-1l

Fig. 9. PWM control signals of phase b.
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Fig. 10 PWM s1gnals - phase to- phase Voltagé“éﬁ%f phase ab and
bc on the left and their Fourier spectrum on the right,
RMS =257V, THD = 119%.
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Fig. 11. PWM 51gnals - phase voltages of phase a and b on the
left and their Fourier spectrum on the right,
RMS =186 V, THD = 86.2%.

phase current ia . phase curent a

pppppppp ntio phase current b

oo ou 012 e 1 035 016 20 0
Frequency

Fig. 12. PWM 31gnals - phase currents of phase a and b on the
left and their Fourier spectrum on the right,
RMS =12.3 A, THD = 6%.

Figures from 9 to 12 show the control signals, phase-to-
phase voltages as well as phase voltages and currents
obtained using PWM control. The RMS and THD were
calculated for the inter-phase voltages as well as the
phase voltages and currents.

The results (Figures 13 to 16) obtained for the
simulations using vector control are presented in a similar
order such as for PWM strategy. RMS and THD were
also calculated for these data.

control signal for phase b

1.0

0.8

0.6

0.4

0.2

0.0

0.10 0.12 0.14 0.16 0.18 0.20
Fig. 13. Vector control signals of the phase b
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phaserto-phase votage ubc phase-to-phase voltage ube

1000 00
500 0

3

500

allll- "
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Fig. 14. Phase- to-phase voltages of phase ab and bc on the left
and their Fourier spectrum on the right,
RMS =382V, THD = 30%.

RE&PQJ, Volume No.19, September 2021



ourier: phase voltage a Fourer: phase voltage va
o Fourer: phase voltags . —

Fourer: phase voltage ub i

Fig. 15. Vector signals - phase voltages of phase a and b on the
left and their Fourier spectrum on the right,

RMS =209.6V, THD = 43%.
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Fig. 16. Vectorq;ignals - phase currents of phase a and b on the
left and their Fourier spectrum on the right,
RMS =17.4A, THD = 22%.

4. Conclusion

The main contribution of this paper was to present a very
simple mathematical system of notation and formulas. The
inverter may be defined by the use of definite state vectors
or standard space vectors obtained with the use of the polar
voltage transform. The paper presents a notation system of
all five-phase two-level 32 converter states. Every state is
defined by two vectors: state vector and polar voltage
space vector. Both vectors are specified by the use of the
same digits resulting in binary expansion of the decimal
vector index. The method could be advanced to other
multiphase and multilevel inverters. This construction of
the notation system provides an easy-to-use mathematical
tool. It enables selection of a suitable vector sequence
assuring the desirable voltage or current waveform. The
discussed vector sequences were based on the imperative
of only one switching in one phase during the whole
voltage period. Three adequate examples were presented in
[13]. This mathematical tool makes it easier to define state
and space vectors as well as to calculate the available
phase and phase-to-phase voltages and the resulting load
currents.

This mathematical tool was verified during simulation
tests using the PLECS program. The results obtained for
steering using PWM and then for steering by use of the
described method were compared. By comparing the
control signals (Fig. 9 and 13), it can be seen that the
described control strategy uses a smaller number of
switchings in the same time interval. The inter-phase
voltages (Fig. 10 and 14) for the described vector method
are characterized by lower RMS and THD values.
Similarly, more favorable RMS and THD values can be
observed for the phase voltages (Fig. 11 and 15) obtained
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in the control strategy described in the article. Comparing
the phase currents (Fig. 12 and 16), it was noticed that for
the PWM control strategy, the current is characterized by
a lower THD, but also a lower RMS value.
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