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Abstract. The paper presents vector control structures for n-phase AC motors derived from generalized Clarke transformation. In contrast to
known works, where authors operate on generalized formulas of the Clarke transformation, in this work, only a number of actually used phases,
of mostly industrial purposes, are considered (n = 5, 6, 2x3). This allows to perform control calculations in stationary orthogonal coordinates
ap or rotating dq. There are implementations of different control strategies: ROC (rotor-oriented control) or FOC (field-oriented control). Next,
the paper presents the novel concept of a voltage modulator designed for multi-phase drive systems. Operation of the modulator is based on
the extended Clarke transformation for multiphase systems. A mathematical model of the multiphase voltage modulator, operating in open-loop
and closed-loop current control has been presented. Some selected oscillograms of voltage and current waveform, which illustrate properties

of proposed control structures have been presented.
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1. Introduction

At present, the most widely used electric drives in industry are
3-phase AC induction and PMSM motors. Power amplifiers are
transistors bridge circuits. In the last ten years in the literature
describing the electrical drive systems, there are more and more
publications related to n-phase systems, i.e. where the number
of motor phases n > 3 [1-4]. Due to the number of phases
n > 3, such motors cannot be powered directly from a 3-phase
grid, but must be supplied with power by transistor converters
on the number of branches equal to the number of motor phases.
In electrical engineering, for the analysis of waveforms of dif-
ferent physical quantities, e.g. voltage, current, flux, in multi-
phase systems the vector notation is used [5, 6].

Space vectors are defined based on physical quantities (volt-
ages, currents, flux linkages) in the individual phases of a motor
[7]. Space vectors are written in a stationary n-phase coordinate
system for multiphase drive, fixed with the stator. Torque and
motor speed are regulated by a control system implementing
adequate feedback. Most often, the drive is built with a primary
loop speed control. As a subordinated torque or current control,
loops are used. It is convenient to write regulatory procedures in
the stationary coordinate system aff or rotating dq synchronized
with a rotor or stator flux. Control strategies like: rotor-oriented
control (ROC) or field-oriented control (FOC) have been real-
ized, basing on coordinate transformations. For 3-phase sys-
tems, the space vector written for stationary systems phase X, pc
is transformed into orthogonal X, through the Clarke transfor-
mation [8]. As the paper addresses n-phase systems built from
a number of phases n > 3, one should define the transformation
of the n-phase to orthogonal transformation, which is a general-
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ization of Clarke transformation for systems with a number of
phases n > 3. In contrast to known works [9, 10] where authors
operate on generalized formulas of the Clarke transformation,
in this work, only a number of actually used phases, of mostly
industrial purposes, are considered (n = 5, 6, 2x3).

2. Why multiphase drive systems?

In the last years, more and more often there appear works de-
voted to multiphase drives. Most of them refer to drives with
induction motors, but published there are also descriptions of
drives with permanent, magnet-synchronous motors. Many
works refer to drives with 5-phase, but also with 6-phase mo-
tors, and dual 3-phase motors. A work on drives with multi-
phase motors justifies the advantages of such motors, compared
to 3-phase motors:

e With the same nominal values of power and supply voltage,
the nominal values of phase currents for an n-phase motor
are reduced, as compared to a 3-phase one.

e In transistor power converters, components of a smaller
permissible collector current can be applied. This problem
is important in high-power drives used in traction, metal-
lurgy, mining transport, high-power pump drives, fans, and
compressors [11, 12].

e In n-phase systems, the angle between the phases of the
motor is smaller. When using direct torque control method,
it is possible to accurately determine the position of the rotor.

e In n-phase motors, there is a decrease in the amplitude of
fluctuations of the torque, and an increase in their frequency
(for a specified angular velocity of the rotor) [13].

e By increasing the number of phases, the drive offers
a greater robustness. It is possible to work with a damaged
single phase in the motor or branch in the inverter [14].
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At the same time, n-phase motors, as compared to the
3-phase, are characterized by:

e Larger complexity of the mechanical structure.

e Complex phenomena related to the conversion of electric
energy into mechanical energy.

e N-phase motors must be supplied with n-phase power con-
verters, so that the number of phases of the motor and the
inverter are the same.

The control circuit of an n-phase drive must be adapted to
the number of phases, while it can use the control strategies as
those in conventional drives. Classical vector control method is
executed most frequently in the cascade structures, which play
a decisive role in fast current vector loop.

Vector Control Strategies

TR

IFOC

FOC

N

DTC

DFOC

Fig. 1. Division of basic vector control strategies used in n-phase drives

e FOC — the field oriented control, involving the synchroni-
zation of the stator current vector with respect to the flux
position. It is the famous control strategy for an induction
motor. The principle of FOC is based on an analogy to the
separately-excited DC motor. Field-oriented-controlled ma-
chines need two variables as input references: the torque
and the flux. FOC consists of controlling the stator currents
represented by a vector. The space vector can be represented
in another reference frame, with only two orthogonal axis
a, B (Clarke transformation). Next, the Park transforma-
tion modifies a two-phase orthogonal system a, B in the d,
q rotating reference frame. These transformations require
a rotor flux angle 8. Depending on calculations of this angle,

Oref

Yy

Slip
estimation

0 - rotor flux position

two different kinds of field-oriented control methods may
be considered. If the flux angle 0 is estimated from motor
signals and parameters, this is called direct FOC, and if
it is calculated from speed and slip frequency, it is called
indirect FOC (Fig. 2).
e ROC — rotor oriented control, involving the synchronization
of the stator current vector with respect to the rotor position.
It is a less popular control strategy. In a synchronous machine,
the rotor speed is equal to the rotor flux speed. Then, the rotor
flux position 0 is directly measured by a position sensor.
These control methods require a transformation of space vec-
tors from the n-phase coordinates to the orthogonal coordinate
system.
e DTC — direct torque control strategy. The n-phase inverter
produces m = 2" voltage vector, including two zero vectors.
Thus, for multiphase systems, the number of active vectors is:

3-phase m=2-2=8-2=6, (1)
4-phase m=2*-2=16—-2=14, )
5-phase m=2—-2=32-2=30, (3)
6-phase m=20-2=64—-2=62. 4)

In order to avoid calculations in case of a large number of
vectors used in a drive, the n-phase modulator is proposed. Its
operation will involve converting vector quantities from the
n-phase coordinates to orthogonal coordinates, and vice versa.
In the literature [2, 8], drive systems with a multi-hysteresis cur-
rent regulator are described (Fig. 2). Usually, the control system
applies the speed control loop. The speed controller generates
a reference value component iy, of the current vector. The
reference component iz, of the current vector is set directly.
Reference current components gy, iy,.r are converted into com-
ponents i,, iz in o, B system through Park transformation.

Reference phase currents are compared with the measured
values of the phase currents in the hysteresis controller. Such
a control structure needs to operate on n-phase values.

Fig. 2. Control scheme with hysteresis current controller for multiphase drive: 1 — Indirect FOC for the induction motor, 2 — ROC for PMSM
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0 - rotor flux position

Multiphase
Voltage |
Modulator

Fig. 3. ROC scheme with linear PI current controller for multiphase drive

This paper proposes the application of a control structure
with n-phase voltage modulator (Fig. 3). This allows the use
of current regulators — PI and PWM circuit. This allows for
obtaining uniform current waveforms. Using a superior speed
control loop and a speed controller PI, a reference component
igrer OF the current vector is generated. Reference component
igrer 18 adjusted directly.

The objective of the paper is to simplify the control algo-
rithms in a fast-current control loop. In the calculations, the
elements of transformation matrices T, (16) and T, (23) can
be written in the form of simple fractions (Tables 1, 3). This can
be considered a contribution to the simplification of the control
strategy of multiphase systems.

3. Assumptions for an n-phase system

For further discussion, we accept the following assumptions

(Fig. 4):

1. The system consists of n phases, and we will consider in
detail the systems forn =3, 4, 5, 6, 2x3.

2. The n-phase stator winding is connected in Star, with an
isolated neutral.

3. The angle between successive phases is: 6, = 2, which op-
erates for the following systems:

3-phase 0 = 2—3’” =120°, (5)
4-phase 0, = 27’” =3 =90° (6)
5-phase bs = 2 =172°, (7
6-phase Og = 2—;” =4 =160 (8)
dual 3-phase = % =+ =130° 9)
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4. The vector in the phase coordinates is written in the form of:

x, (1)
X = x, () ,

x, (1)

x,(?) are the instantaneous values of

(10)

where: x,(2), x5(?), ...,
the phase quantities.

5. The sum of the instantaneous values of the phase quantities
equals to zero:

k=n
> x,.(1)=0. (1)
k=1
Phase 4 i Phase 3
L4§
Phase 6 N
. L1 Phase 1
A"
Phase 7
Phase n

Fig. 4. Simplified diagram of the stator windings of n—phase motor

867



www.czasopisma.pan.pl P

N www journals.pan.pl

M Janaszek

4. Multiphase modulator in an open loop system

Input signals of the modulator are:
— components uger, Uqer Of the voltage vector:

| Yaret | _ gy | cOS(@)
U, - {} -] (12)
where:  |U| — module of voltage vector
a — the initial angle of the voltage vector
— pulsation w:

Voltage vector components iy, Ugrer are converted into com-
ponents u,, ug in stationary coordinates system by the Park
transformation:

| Y| _ cos(ar) -sin(ar) | | cos(@)
Uuﬁ_|:uﬁ:|_|U|.|:Sin(a)t) cos(a)t)][sin(a)} (13)

U | cos(wt + )
Uy = {uﬁ } - |U| 'Lin(a)t +a)}'

Next, the transformation of the voltage vector U, into
the n-phase stationary coordinates system is performed. The
transformation is based on multiplication of the vector U, by
a matrix Topp:

(14)

Un :Taﬂ/n'UaB' (15)
The transformation matrix is:
_ | 0 _
cos(zT”) - sin(zT”)
cos(i0) —sin(i%)
T(x[}/n =l - : (16)
cos(ZkT” — sin( 2';”)
_COS(( 2(}1;1)72’) _ Sil’l( 2(n;1)7r )_

For the number of phases n = 3, 4, 5, 6, the matrix elements

can be written in the form of a fraction (Table 1).
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As aresult of the transformation, the voltage vector U, in
n-phase stationary coordinate system is obtained:

T cos(wt + )
1 V4
u, cos(wt + o + ZT
i, cos(wt + o + 1)
U,=|:" |=|Y- : (17)

Uy cos(a)t+oz+2kT” .
N socthn

L%n | cos(wt +a + =) |

where: @ — value of pulsation

o — the initial angle of the voltage vector
2km
n

— the angle of the phase k

|U| — module of voltage vector

If the output voltages are applied to n-phase resistive-induc-
tive circuit, connected in Star, and being a load of the inverter,
then the current vector I, is obtained:

i, | [ cos(wt + B)
i cos(wt + f+ 22
L= = . 18
" || cos(a)t+ﬂ+2':1 ) (18)
7 ] | cos(ar + f+ 2ot)r )|
Table 1

Matrices T, transform vector U, from an orthogonal system
of coordinates ap to the n-phase stationary coordinates U,

n TaB/n
[ 1 0 17 1 0
3 cos(35) —sin(3F) [=| -1 -3
| cos(*Y) —sin(*]) | - g
1 0 1 _1 0
. cos(y) —sin(3) [ [0 -1
cos(w) —sin(z) | |-1 0
_cos(%”) —sin(ST”)_ 101

Fig. 5. The scheme of the n-phase modulator in open loop
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n TCLﬁ/n
- N

! 0 V51 104245

cos(3%) —sin(3) = S
5 COS(%”) _sin(“T") _|- in _ 10;2J§
COS(GT”) —Sin(%ﬂ) 541 10;2J§

74 . T 4

cos() =sin() | | 1wl
L 4 7 |
1 (1 0]

T 0 z 1 e
cos(3) —sin(3) -
cos(’f) —sin(’H) | |-1

6 cos(r) —sin(x) | | -1 0
cos(’f) —sin(*5)| |- L
cos(F) —sin()| | 1 &
1 0 [1 0]
cos(%) —sin(3) -1 - g
cos(&) —sin(ZE) -3 @
2x3 cos(%) —sin(f) |~ @ _%
cos(Z) —sin(F)| |_v3 1
2
| cos(F) —sin(F) R

4.1. Examples of the results of simulation. A mathematical
model of an n-phase voltage modulator operating in open loop
system has been built. The following circuit parameters have
been used (Table 2). As input signals are:

— Pulsation of voltage modulator:

w=314", (19)
— Voltage vector components:
Uy (1) =100-sin(62,8¢), (20)
Uy (1) =—100 - 5in(62,87). Q1)
Table 2
Parameters of the simulated circuit
Parameter Value
Resistance of phase load Re=1Q
Inductance of phase load Lr=0.01H
Intermediate circuit voltage Upe = 560V
PWM carrier frequency frpwym = 10 kHz
Pulsation of voltage 0=3142

Module of the reference voltage vector is:
|Us| =m=100-ﬁ-|sin(62,8-t)|_

Bull. Pol. Ac.: Tech. 64(4) 2016

(22)

Calculations of voltage and current waveforms for the mod-
ulator from Fig. 6 were performed for the 3-phase, 4-phase,
5-phase, 6-phase, and dual 3-phase systems (Fig. 7).

e 3
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Fig. 6. Scheme of the converter and allocation of the system phases:
a) 3-phase, b) 4-phase, c) 5-phase, d) 6-phase, ¢) dual 3-phase
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Fig. 7. Simulated voltage and current waveforms for the modulator from shown in Fig. 6: a) reference voltage signals uq, uq and u,, ug, and
module of reference voltage vector Ug. Output phases currents for n-phase circuit: b) 3-phase, ¢) 4-phase, d) S-phase, ¢) 6-phase, f) dual 3-phase

5. Multiphase modulator in closed current loop

Operation of the modulator in a closed current control loop requires:
e Measurement of phase currents iy, iy, ...i, defining the cur-
rent vector I, (18),
e Transformation of current vector I, to the form l,5 in coor-
dinate system a, 3 (23, 24),
e Transformation current vector l,g to the form lgq in coordi-
nate system dq (25-27).
Transformation of the current vector I, from the n-phase sta-
tionary coordinates into the orthogonal stationary coordinates
a, B is performed with the matrix:

2 {1 cos(2X) cos(iX) ... cos(207)

wof o sin(2%) —sin(2%) ... - sin((z(l:”)”)}' )

n

"
N

Fig. 8. The scheme of n-phase modulator in closed current loop
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The transformation based on the multiplication of the current
vector I, by a matrix T,

I(lﬁ :Tn/ 'I

(¢ n°

24

For the number of phases n = 3, 4, 5, 6, the elements of matrix
T.ep (23) can be written in the form of fractions (Table 2). As
a result of the transformation, the current vector l,4 in orthog-
onal coordinates af is obtained:

i |y | cos(at+ B)
by = [iﬁ} B |I| '[sin(a)t + ,B)}' (25)

Current vector components i, igare converted into components
i, iq in system dq through Park transformation:

Bull. Pol. Ac.: Tech. 64(4) 2016
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I, = {ld} _ ||| _ [ cos(ar) sin(a)t)} . {cos(a)t + ,B)} 26)
lq

-sin(ar) cos(at)

|- [id} _ ||| .[cos(ﬂ)}
A sin(f) |’

sin(ot + )

27

Current vector ly, is compared with a reference current vector
lygrer- Current control error is delivered to the current regulator
PI. At the output of the current regulator, the reference voltage
vector Uy, has been obtained. Transformations of voltage vec-

tors are performed as described in Section 4.

Table 3

Matrices T, transformation of vector U, from n-phase stationary

coordinates to orthogonal stationary coordinates aff

n Tn/aB

2 |1 cos(3) cos(E) |2 (1 —
3130 —sin(y) —sin(f)| 30 -2

|

N‘ ﬁ‘w\l —

0 —sin(%) —sin(z) —sin(y)| 2

[1 cos(z) cos(r) cos(i")}_li[] 0 -1 o}
0-101

~
N —

2 ) 1 cos(zT”) cos(45—”) cos(f’T”) cos(%”) B
510 —sin(%) —sin(3) —sin(%L) —sin(}Y)
5 1 ﬁ,l _«/§+l _«/§+1 ﬁ,]
_2. T < T T
-5 0 1042v5 V10245 10245 0245
4 4 4 4

4_1 cos(3) cos(zT") cos(r) cos(“T") cos(sT") )

0 —sin(%) —sin(Z) —sin(r) —sin(¥) —sin()

6 17 71 1 _ 1 71 _ 1 -
) 2 z z 2

W =

1]1 cos(is") cos(%") cos(%) cos(%") cos(%") |
310 —sin(F) —sin() —sin(@) —sinCr) —sin()
2x3 T 1 NE) _ V3 -

_11 2 2 7 T)O
- FERRE)
3_0_TT_l -5 1

5.1 Examples of the results of simulation. A mathematical
model of an n-phase voltage modulator operating in a current
control loop has been built. The following circuit parameters

have been used (Table 2). Input signals were:
— Pulsation of voltage modulator:

w=314"2

— current vector components:
iy (1) =10-sin(62,8¢),
et (1) ==10-5In(62,8¢).

Module of reference current vector:

|IS| = \) idzref + i:ref =10- ﬁ ) |S1n(62’8 ’ t)|

(28)

(29)
(30)

€2))

Calculations of voltage and current waveforms for the modu-
lator from Fig. 7 were performed for: 3-phase, 4-phase, 5-phase,

6-phase, and dual 3-phase systems (Fig. 9).
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Fig. 9. Simulated current waveforms for the modulator from Fig. 7:

a) reference current signals iy, iger and module of reference current

vector I, b) output current signals iy, igand i,, iz in orthogonal system.

Output phase current for n-phase circuit: ¢) 3-phase, d) 4-phase, ¢)
S-phase, f) 6-phase, and g) dual 3-phase
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6. Conclusions

In this paper, a generalized Clarke transformation and its im-
plementation for an n-phase, inverter-fed AC motor drives have
been performed. The generalized Clarke transformation allows
to transform a space vector and its mathematical symbol in the
n-phase system to the orthogonal system:

e The transformation of vector X, from n-phase stationary
coordinate system into an orthogonal coordinate system a,
B is carried out by matrix T,,s. This transformation concerns
the vectors of current I, or voltage U,.

e The inverse transformation, i.e. conversion from vector X
to vector X,, is conducted by means of matrix Teg,. This
transformation applies the voltage vector U, and gives an
n-number of control signals for n-phase transistor inverter.
Application of generalized Clarke transformation allows to

perform calculations in orthogonal coordinate systems — sta-
tionary @, B or rotating d,q — and implement different control
strategies: ROC — rotor oriented control or FOC — field oriented
control, for multiphase drives.
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