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Introduction

Classical three-phase rotary-field motors (asynchronous

and synchronous) have always been used in electric traction.

However, state-of-the-art power electronics, converter equip-

ment, microcontrollers, and information technology allow

one to generate symmetrical multiphase voltage with an

arbitrary number of phases, and a multiphase motor may be

constructed based on the magnetic system of a three-phase

rotary-field machine with a slightly reengineered operating

winding. Therefore, electric traction based on a multiphase

motor (with more than three phases) is technically feasible

and may find application if its advantages over an electric

drive based on a three-phase rotary-field motor are proven

incontestable.

Vehicle manufacturers currently express considerable in-

terest in research into electric traction [1]. Hybrid propulsion

plants with electric traction are currently being developed

for aircraft, traction electric motors compete favorably with

thermal engines constructed for small airplanes, and electric

cars are being used more and more frequently in highway

transportation. A considerable number of papers focused on

various aspects of vector control of three-phase rotary-field

motors have already been published [2–4]. Electric drives

based on, e.g., a four-phase asynchronous motor with vector

control have also been constructed [5].

It has been demonstrated that the rated phase current and

the level of vibrations of electromagnetic origin decrease as

the number of phases of a rotary-field motor increases. In

addition, an increased number of phases may have a positive

effect on the level of reliability of a motor [6–8]. Thus,

the construction of an electric drive based on a multiphase

motor is one of the current lines of development of electric

traction.

A considerable amount of work on the design of an

electric drive based on a multiphase motor is spent on

the control system (algorithms implementing space-vector

modulation, vector control regulators, etc.).
The space-vector pulse-width modulation (SVPWM)

technique is used in generating symmetrical multiphase

voltage by a converter and connecting a multiphase motor

to it. The present study is aimed at examining the operating

algorithms of a seven-phase converter that implements

space-vector modulation of a seven-phase motor.

1. Formulation of the problem

Figure 1 shows the functional diagram of a seven-

phase bridge converter connected to a symmetrical seven-

phase star-connected winding (ABCDEFG) of a rotary-field

motor. The converter is connected to a power supply with

voltage U . Keys of the anode and cathode groups are

denoted with even and odd numbers, respectively. The input

converter voltage is assumed to be equal to unity, U = 1.
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Figure 1. Functional diagram of a seven-phase system.
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Figure 2. Equivalent circuit diagram and vector space of voltages

of a seven-phase winding at logical state 1000111 of the converter.

The seven-phase converter has 27 = 128 logical states. If

the upper key of a converter arm is closed and the lower

one is open, the logical state of the converter arm is
”
1“. If

the upper key of the converter arm is open and the lower

one is closed, the logical state of the converter arm is
”
0“.

For example, logical state 1000000 corresponds to closed

key 1 (with key 2 being open) and open keys 3, 5, 7, 9

(with keys 4, 6, 8, 10 being closed).
Logical states 0000000 and 1111111 correspond to the

closing of phases of the seven-phase winding by the

lower and upper keys, respectively. Thus, the seven-phase

converter produces 128−2 = 126 active discrete states of

the system (with energy consumed by the motor) and two

null states.

If we use mathematical terms, the following description

is valid: each logical state of the converter is an
”
invariant“,

and the entire array of
”
invariants“ (all possible logical states

of the converter) is a mathematical set with a cardinality

of 128.

For comparison, the cardinality of the mathematical set

of logical states of three-, four-, five-, six-, and, e.g., eleven-

phase converters is 8, 16, 32, 64, and 2048, respectively.

Thus, the cardinality of the mathematical set of logical

states of the converter increases by a factor of 2 with each

additional phase.

All 126 active logical states of the seven-phase converter

(each logic
”
invariant“) form unique resultant space-time

vectors of voltage of the seven-phase winding (
”
invariant“

of the vector space). Each vector of this kind is a vector

of discrete states. The process of formation of vectors of

discrete voltage states is commonly referred to as space-

vector modulation.

Each of the two null logical states of the converter may

form a set of resultant space-time vectors (depending on the

previous history of switching). This set of vectors is referred
to as null vectors.

When symmetrical m-phase voltage is generated, space-

time vectors of discrete states are modulated (implemented).
The generation of symmetrical m-phase voltage with even

and odd numbers of phases requires m-step and 2m-step

switching, respectively.

The seven-phase symmetrical voltage is generated

through 14-step switching. The set of 126 logical states may

be divided into 9 subsets of 14 states (126/14 = 9). Each

of the 9 subsets of logical states forms a vector space of

resultant space-time voltage vectors consisting of 14 vectors

of discrete states. Each vector space corresponds to the

seven-phase symmetrical voltage with a certain shape of

phase voltage.

Figure 2 shows the equivalent circuit diagram of the

converter load and illustrates the process of formation of

the resultant vector (discrete states) in the seven-phase

winding space at logical state 1000111 of the converter. The

construction of the resultant space-time vector of voltage of

discrete states is illustrated.

2. Results of experimental studies

Figure 3 presents the experimental data (the upper part

of the oscilloscope record is the shape of phase voltage,

and the lower part is the ripple of the winding common-

point potential with respect to the converter
”
zero“) and

the corresponding vector spaces of generalized space-time

vectors of discrete states for the seven-phase winding. The

results of examination of, e.g., versions 1 and 2 were detailed

in [9].

The magnitudes of generalized space-time vectors of

discrete states are denoted in Fig. 3. These magnitudes

correspond to the first-harmonic amplitudes of sine curves

of the phase voltage of different shapes. The vector space of

version 1 has the maximum magnitude of vector of discrete

states (0.642). The expansion into a Fourier series revealed

that the first-harmonic amplitude of the sine curve of the

phase voltage of this shape is 0.637. The vector with a

magnitude of 0.637 is a vector of continuous rotation.

3. Logical states of the seven-phase
converter

Logical states of the converter forming the vector spaces

of resultant (generalized) vectors of discrete states are as

follows:

Version 1

1000111, 1000011, 1100011, 1100001, 1110001, 1110000,

1111000, 0111000, 0111100, 0011100, 0011110, 0001110,

0001111, 0000111.

14 switchings in a period.

Version 2

1010100, 1011010, 0101010, 0101101, 0010101, 1010110,

1001010, 0101011, 0100101, 1010101, 1010010, 1101010,

0101001, 0110101.

14 · 3 = 42 switchings in a period.

Version 3

0000011, 1100111, 1000001, 1110011, 1100000, 1111001,

0110000, 1111100, 0011000, 0111110, 0001100, 0011111,

0000110, 1001111.

14 · 3 = 42 switchings in a period.

Version 4
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Figure 3. Shapes of phase voltage, ripple of the winding common-point potential with respect to the converter
”
zero“ and the

corresponding vector spaces of generalized vectors of discrete states.
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Fig. 3 (contd.).
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1000110, 1001011, 0100011, 1100101, 1010001, 1110010,

1101000, 0111001, 0110100, 1011100, 0011010, 0101110,

0001101, 0010111.

14 · 3 = 42 switchings in a period.

Version 5

1000100, 1011011, 0100010, 1101101, 0010001, 1110110,

1001000, 0111011, 0100100, 1011101, 0010010, 1101110,

0001001, 0110111.

14 · 5 = 70 switchings in a period.

Version 6

1001110, 0001011, 0100111, 1000101, 1010011, 1100010,

1101001, 0110001, 1110100, 1011000, 0111010, 0101100,

0011101, 0010110.

14 · 3 = 42 switchings in a period.

Version 7

1010111, 1000010, 1101011, 0100001, 1110101, 1010000,

1111010, 0101000, 0111101, 0010100, 1011110, 0001010,

0101111, 0000101.

14 · 3 = 42 switchings in a period.

Version 8

1101111, 0000001, 1110111, 1000000, 1111011, 0100000,

1111101, 0010000, 1111110, 0001000, 0111111, 0000100,

1011111, 0000010.

14 · 5 = 70 switchings in a period.

Version 9

1101100, 0011001, 0110110, 1001100, 0011011, 0100110,

1001101, 0010011, 1100110, 1001001, 0110011, 1100100,

1011001, 0110010.

14 · 5 = 70 switchings in a period.

4. Examination of combinations of the
vector space

Each of the nine versions features 6 combinations of

logical states of the converter residing in a common vector

space. The possible combinations or sequences of discrete

states (or control algorithms) forming vector spaces are as

follows:

Combination 1 (+1)
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 . . .,

1000111, 1000011, 1100011, 1100001, 1110001, 1110000,

1111000, 0111000, 0111100, 0011100, 0011110, 0001110,

0001111, 0000111.

14 switchings in a period.

Combination 2 (+2)
1, 3, 5, 7, 9, 11, 13 . . .,

1000111, 1100011, 1110001, 1111000, 0111100, 0011110,

0001111.

14 · 2 = 28 switchings in a period.

Combination 3 (+3)
1, 4, 7, 10, 13, 2, 5, 8, 11, 14, 3, 6, 9, 12 . . .,

1000111, 1100001, 1111000, 0011100, 0001111, 1000011,

1110001, 0111000, 0011110, 0000111, 1100011, 1110000,

0111100, 0001110.

14 · 3 = 42 switchings in a period.

Combination 4 (+4)

1, 5, 9, 13, 3, 7, 11 . . .,

1000111, 1110001, 0111100, 0001111, 1100011, 1111000,

0011110.

14 · 4 = 56 switchings in a period.

Combination 5 (+5)

1, 6, 11, 2, 7, 12, 3, 8, 13, 4, 9, 14, 5, 10 . . .,

1000111, 1110000, 0011110, 1000011, 1111000, 0001110,

1100011, 0111000, 0001111, 1100001, 0111100, 0000111,

1110001, 0011100.

14 · 5 = 70 switchings in a period.

Combination 6 (+6)

1, 7, 13, 5, 11, 3, 9 . . .,

1000111, 1111000, 0001111, 1110001, 0011110, 1100011,

0111100.

14 · 6 = 84 switchings in a period.

In the general case, the number of combinations is

(m−1), where m is an odd number of phases. For example,

a winding with m = 11 phases features ten combinations.

The experimental phase voltage shapes corresponding

to different combinations are shown in Fig. 4. Converter

frequency f is 1.6 Hz.

The experimental data were obtained using a test stand

constructed for the examination of algorithms of space-

vector modulation of multiphase machines (from 3 to 8

phases). The photographic image of the stand is presented

in Fig. 5. The stand was described in detail in [10].

5. Discussion

The cardinality of the mathematical set of logical states of

the seven-phase converter, which is equal to 126, allows

one to construct a large number of control algorithms

implementing space-vector modulation of the seven-phase

winding and generating symmetrical seven-phase voltage.

Nine algorithms for generation of symmetrical seven-

phase voltage with nine phase voltage shapes (with different

spectral compositions of the phase voltage) are available.

The possible voltage shapes are shown in Fig. 3. It can

be seen that the most efficient sample of logical states is

the sample of version 1. The sample of version 1 makes it

possible to form space-time vectors of discrete voltage states

with the maximum magnitude.

5.1. Combination 1 of the sample of version 1

With 14-step switching in the following sequence of

logical states: 1000111, 1000011, 1100011, 1100001,

1110001, 1110000, 1111000, 0111000, 0111100, 0011100,

0011110, 0001110, 0001111, 0000111,

the vector of discrete states completes one revolution in

a converter period with a pitch of 25.71 electrical degree

and
”
forms“ a space-time vector of continuous rotation for

the first harmonic with an amplitude of 0.637. Converter

frequency f with 14-step switching corresponds to the

frequency of continuous rotation of the vector (w̄ = 2p f ).
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Figure 4. Phase voltage shapes corresponding to six combinations of version 1.

5.2. Combination 5 of the sample of version 1

With 14-step switching in the following sequence of

logical states:

1000111, 1110000, 0011110, 1000011, 1111000, 0001110,

1100011, 0111000, 0001111, 1100001, 0111100, 0000111,

1110001, 0011100,

the vector of discrete states completes five revolutions in

a converter period with a pitch of 525.71 electrical degree.

This sequence of logical states
”
forms“ a space-time vector

of continuous rotation for the fifth harmonic. The frequency

of vector rotation is 5 times higher than the converter

frequency (ω̄ = 5 · 2π f ). The number of key switchings

in a period also increases by a factor of 5: 5 · 14 = 70.

The phase voltage is identical in shape to the one in

version 9, but the time sequence of phases in this algorithm

is ACEGBDF.

The algorithm (sequence of logical states of the

converter) implementing the time sequence of phases

ACEGBDF and enabling the generation of phase voltage

with an enhanced fifth harmonic (Fig. 3, i ) is a
”
fifth-

harmonic algorithm“. The frequency of continuous rotation

of the resultant voltage vector is 5 times higher than

the converter frequency. The magnitude of the resultant

Technical Physics, 2022, Vol. 67, No. 1
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Figure 5. Test stand for the examination of algorithms of space-

vector modulation of multiphase motors.

w p= 2 f
w p= 2 ·2 f w p= 4 ·2 f w p= 6 ·2 f

w p= 3 ·2 f w p= 5 ·2 f

1 2 3 4 5 6

T f= 1/

Figure 6. One converter frequency and 6 rates of rotation of the

voltage vector.

vector of discrete states in combination 5 is the same as

the magnitude of the resultant vector of discrete states

in combination 1. The fifth-harmonic amplitude of the

sine curve (Fig. 3, i ), or the magnitude of the vector of

continuous rotation, is 0.555 and differs from the first-

harmonic amplitude of the sine curve (Fig. 3, a), which is

equal to 0.637.

Similar reasoning holds true for six indicated combina-

tions of logical states. This is illustrated by Fig. 6, where

T = 1/ f is the converter period.

It follows from Fig. 6 that the resultant vector of

continuous rotation of the seven-phase symmetrical winding

has 6 rates (in the general case, (m−1) rotation rates for

an odd number of phases) of rotation at one converter

frequency. For example, five- and eleven-phase windings

have 4 and 10 rotation rates. A motor operates at the

corresponding harmonics of the phase voltage generated by

the corresponding algorithms (sequences of logical states of
the converter).

It should be noted that a cardinality of 126 of the

mathematical set of logical states corresponds to the

converter switching mode with seven keys. Considering

that the symmetrical seven-phase voltage may be generated

by
”
chords“of, e.g., six keys (only six phases of the motor

are constantly active in this mode), the cardinality of the

set is significantly higher than 126. The test stand in

Fig. 5 is an efficient instrument for experimental studies into

space-vector modulation in different modes of operation of

multiphase systems.

Findings

1. The cardinality of the mathematical set of logi-

cal states of the converter and the possible number of

control algorithms implementing space-vector modulation

upon generation of symmetrical voltage increases with the

number of phases.

2. A seven-phase converter with space-vector modulation

may generate symmetrical seven-phase voltage with nine

shapes of phase voltage. Each shape of phase voltage

corresponds to a certain vector space of generalized vectors

of discrete states.

3. Each of the nine vector spaces has 6 combinations

of sequences of vectors of discrete states, and each of

the six combinations forms the resultant voltage vector of

continuous rotation at a specific harmonic.

Conclusion

Using elements of set theory, combinatorics, Fourier

series expansion, and vector analysis, we examined the

control algorithms of a seven-phase converter implementing

space-vector modulation of voltage of a seven-phase motor

regarded as an alternative to three-phase motor in modern

electric traction. The scientific novelty of the study lies in

the fact that the set of active logical states of the seven-

phase converter (the cardinality of this mathematical set is

126) may be divided into 9 subsets. Each subset generates

symmetrical seven-phase voltage with a certain shape of

phase voltage. Each shape of phase voltage corresponds

to a certain vector space of discrete states, which consists

of 14 vectors. The interchange sequence of these vectors

has 6 combinations. The obtained results were verified using

a specialized test stand for experimental research into space

vector modulation of voltage of a seven-phase motor. The

presented data may be used in the construction of electric

traction based on a seven-phase motor.
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