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Abstract: The subject of this paper is the control possibility of the multiphase cage in-
duction motors having number of phases greater than 3. These motors have additional
properties for speed control that distinguish them from the standard 3 phase motors: ope-
ration at various sequences of supplying voltages due to the inverter control and possible
operation with few open-circuited phases. For each supply sequence different no load
speeds at the same frequency can be obtained. This feature extends the motor application
for miscellaneous drive demands including vector or scalar control. This depends mainly
on the type of the stator winding for a given number of phases, since the principle of
motor operation is based on co-operation of higher harmonics of magnetic field. Exam-
ples of operation are presented for a 9-phase motor, though general approach has been
discussed. This motor was fed by a voltage source inverter at field oriented control with
forced currents. The mathematical model of the motor was reduced to the form incor-
porating all most important physical features and appropriate for the control law for-
mulation. The operation was illustrated for various supply sequences for “healthy” motor
and for the motor operating at one phase broken. The obtained results have shown that
parasitic influence of harmonic fields interaction has negligible influence on motor ope-
ration with respect to the useful coupling for properly designed stator winding.

Key words: multiphase cage induction motor, supply sequence, speed control, multi-
phase voltage source inverter, field oriented control

1. Introduction

The multiphase cage induction motors, with number of stator phases M > 3, have features
distinguishing them from the standard 3-phase motors and allowing for specific control
methods. The stator M-phase winding shown in Figure 1a has the number of pole pairs p = 1
and is composed of short- or full-pitched groups of coils. This multiphase winding must be
supplied by a multiphase voltage- or current source. Theoretically this can be the M phase sy-
stem of sinusoidal voltages or currents. In practice the supplying device is a power electronics
converter — the practically useful device is a voltage source inverter (VSI) — Figure 1b. It can
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Fig. 1. Connection of an M-phase winding to an M-phase supply system, a) symbolic M-phase winding
distribution and the supply system, b) voltage source inverter supplying the M-phase stator winding of

the motor

operate at both modes as a voltage or a current source. The current source inverter has not
been considered, though it offers other control possibilities for shaping the output voltages and
currents.

Number of phases greater than 3 gives the possibility for supply with different sequences

of voltages at a variable or a constant frequency. This can be explained using sinusoidal vol-
tages (1) supplying M stator phase windings of the motor. The supply sequence is determined
in (1) by numbers m =0, 1,2, 3,... M —1.
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Each m causes the other mutual phase shift of the voltages as a multiple of 2z/M. So, the
motor can be supplied with M different M-phase sets of symmetrical voltages having the same
frequency and amplitude. The k-th voltage source e, = E;sin[$, —(k—1)m-2x/M] is con-
nected to the k-th winding (k= 1, 2, ..., M).

For example the 3-phase motor (M = 3) can be supplied with 3 sequences m =0, 1, 2. For
m = 0 all voltages e, e, e; are in phase assuming the same value. This is so called “zero”
sequence. For m = 1 we obtain so called “positive” or “forward” 3-phase sequence and for
m =2 the “negative” or “backward” sequence. Thus, we have 3 sets of 3-phase symmetrical
systems that can supply a 3-phase winding, from which the last two sequences are only useful.
They allow for both directions of the motor speed. For m > 3 there are more sequences.

To illustrate the effect of phase shift between the phase voltages the star diagram of pha-
sors representing voltages (1) in the reference frame (x - y) rotating at the speed @, =d 9, /dt
is shown in Figure 2 for three numbers of phases. For every number m the phasors e, e, ..., ey
are shifted successively by the angle m-27z/M with respect to the preceding one. The real
axis x coincides with the phasor e;. In this figure the phasors for so called forward sequences
m=mguy =1, 2, ..., my and the so called backward sequences m =m_ =M —my=M—1, M -2,
..., M — my, have been depicted. The number m,, of forward or backward sequences is given below.

for odd M

my =

@

for even M

my =

The stars of phasors, shown in Figure 2, are symmetrical and the number of representing
arrows is equal to M. At a given m the assignment of voltages ey, e, ..., ey to the respective
phasor has been shown between the dashed circles. So, it means that the angle shift between
voltages supplying subsequent stator phase windings is a multiplication m of 27z/M. For
example when M = 5 the operation at the sequence m = 4 is opposite to the operation at m = 1.
The operation at m = 3 is opposite to that with m = 2. The zero sequence phasor is only for
m =0 and 5. The same rule can be observed for the next phase numbers M = 6 and for M = 9.



N www journals.pan.pl

www.czasopisma.pan.pl P

514 P. Drozdowski Arch. Elect. Eng.

For example at M = 6 the sequence m = 3 appears as two “zero sequences” supplying both the
3-phase windings constituting the 6-phase system, whereas for M = 9 the sequence m = 3
means that the motor operates as the 3-phase one with phase windings (1, 4, 7), (2, 5, 8) and
(3, 6, 9) connected in parallel.
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) M=9 y (Im)

Fig. 2. The phasor stars of multiphase voltages for numbers of supply sequences m
and number of phases: a) M=5,b) M=6,c) M=9

As it was defined in [8] the multiphase stator windings can be divided into two types. Both
of the types differs each other with spatial harmonic orders of resultant magneto motive force
(MMF):

v=1,(2-5)2,3, (2-9)4, 5,... 3)

The number S assumes two values: S = 1 indicates the winding of the first type, and S =2
is relevant to the second type winding. The winding of the first type produces MMF con-
taining odd and even harmonics, whereas the winding of the second type only odd harmonics.
This depends on the structure of the winding and is valid for every coil shape. For the first
type winding the harmonic numbers are v=1, 2, 3, 4, 5,..., whereas for the second type v=1,
3,5,7,9,.... The first M —1 harmonics are the most important.

Supplying the stator winding at the sequence m and the frequency f; the main rotating field
with the number of poles 2mp is created [8], where p is the number of pole pairs specific for
the winding design. Thus, different no load speeds of the motor can be obtained. The number
of these speeds for one direction is given by m1,, (2). The forward sequences m = m4, give the
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following no load speeds:

2rf

Qo =25 )
Py
The backward sequences m = m_, give the opposite no load speeds:

2rf

Qo(_) = —f. (5)
p(mey = M)

Usually the multiphase winding should have p =1 to obtain the slot number per pole and
phase not lower than 2.

When M is divisible by 3, then at the sequence number m = M /3 the multiphase motor
operates as the 3-phase one where the phase coils are connected in parallel (Fig. 2 for M = 6
and M =9). E.g., the 6-phase motor can be considered as the 3-phase one with switched stator
winding giving two numbers of poles for m =1 and m = 2.

Mechanical characteristics of the motor depend on the stator winding design. So, for the
two types of them two different families of the characteristics can be obtained (Fig. 3). Every
supply sequence, denoted by m, is responsible for the respective curve. All the characteristics
in Figure 3a are given for the same frequency f;, the same amplitude of supplying voltage and
differing m. The characteristics in Figure 3b are also for the same frequency but for the vol-
tage diminished proportionally to m. So, the characteristics from Figure 3a are suitable for the
loading torque 7 assuring approximately constant mechanical power, whereas the charac-
teristics from Figure 3b are better for the fan type loading. The points between the curves are
available due to the control of supplying voltage and frequency.

When the multiphase motor has sinusoidal distribution of phase windings, it can operate
only at m=1 and m =M — 1. Such a winding does not produce higher harmonics of the
magnetic field and number of poles is always 2p independently of the supply sequence. The
no load speed is then:

QO = i_zﬂﬁ .

p

The work at different sequences and regulated frequency gives new possibilities for vector,
scalar or direct torque control. Lower speeds for the motor with the stator winding of the first
type (S = 1) can be obtained by increasing m at constant frequency f; and voltage U,. For
example the 9-phase motor (S = 1) has the greatest no load speed Qg for m = 1. For m = 4
the no load speed is four times lower Qo4 = Qq)1/4. Similarly, the 9-phase motor with the
second type winding (S = 2) can reach even a lower speed Qq); = Qqy1/7 for m = 7 and the
same frequency as for m = 1. However, the amplitude of voltage must be regulated for this
kind of winding. The voltage must be diminished practically seven times to set the magnetis-
ing current on the adequately low level. For the first type winding this current is proportional
to m** and for the second type it is proportional to m* [10]. This explains the shapes of the
mechanical characteristics in Figure 3. The curve for m = 7 has not been shown in Figure 3b as
practically usefulness.
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Fig. 3. Typical mechanical characteristics of multiphase motors for two types of stator winding:
a)S=1,b)S=2

The described practical applications of the multiphase induction motors e.g. [1, 2, 18, 19,
22, 24, 28, 30] were limited in most to the motors with 5 and 7 stator phases having only the
stator winding of the second type (S = 2) and operating only at m = 1. There were considered
sinusoidally distributed winding or concentrated windings with symmetrical poles. Here must
be noticed that the short-pitched concentrated windings with asymmetrical poles belong to the
mentioned above the first type windings (S = 1). However, this case has not been analysed in
the cited papers. The mathematical models of the multiphase machines take into account only
the first few higher harmonics of MMF [14, 18, 22] for the machines with concentrated
windings and a concrete number of rotor cage bars [22]. So, some phenomena connected with
parasitic interaction of space harmonics and the supply harmonics cannot be considered. The
generalised approach, taking into account the mutual influence of number of phases M, MMF
harmonics, the stator winding- and the rotor design, was presented in [10].

As it was mentioned above the multiphase windings of the second type (S = 2) are dis-
advantageous for control with variable supply sequence, since regulation of supplying voltage
with respect to the sequence number m is necessary. However for operation with one chosen
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sequence the winding can be designed optimally to obtain, e. g. the greatest torque at the
lowest energy consumption. This case is met by the sinusoidal windings designed to operate at
the first supply sequence [1, 2, 18, 19, 24]. The design experience of the 3-phase induction
machines can be applied then to the M-phase motors.

Historically, the influence of supply with two voltage sequences was analysed in early
paper [23] for the 5-phase motor. This change of sequence was realised there by winding
switching. The 3-phase induction motor with switchable Dahlander’s winding can be con-
sidered as the 6-phase motor with switched supply sequence (Fig. 2b). The so called dual
3-phase induction motor, with two sets of three phase stator windings spatially shifted by
30°(el.) [19], cannot be regarded as a 6-phase motor and it can operate only at the sequence
m = 1. The first approach to the switching between mechanical characteristics due to change
of voltage supply sequence of the 7-phase motor was published in [26]. The motor had there
the stator winding of the first type (S = 1).

Comparing the multiphase motor to the 3-phase one the difference appears in possible
work of the multiphase motor with a few open-circuited phases. The 3-phase motors con-
nected to the three-phase source can operate only at m = 1 and m = 2 for both speed directions.
The break in a phase after motor starting causes switching off the motor. The multiphase
motor with such a damage has a starting torque and can operate under frequency control. Such
damages can be caused by breaks in the supply system (e.g. a damage of inverter) or by open-
circuited motor phases [1, 6, 7, 10, 11, 15, 30].

In this paper the principle of vector control specified for the multiphase motors operating
in variable speed drives is presented. It was initially presented in [13]. The formula describing
the electromagnetic torque was simplified to the case of sinusoidal winding with the funda-
mental MMF harmonic v = m for a given supply sequence m. Thus, the control system
structure was based on this simplified model. However, this control was applied to the drive
model where the multiphase motor was represented by the mathematical model pretending the
real machine with interaction of higher harmonics of magnetic fields.

The multiphase motors have found application in locomotive traction [11, 12, 20, 27],
electric ship propulsion [16, 29] and the aircraft equipment [3]. However, the motors can be
more attractive for traction drives and electrical cars since the switched supply sequence gives
a similar effect as the switched mechanical gear-box for the loading torque. However, the sup-
ply sequence does not change the moment of inertia reduced to the motor shaft as it occurs
with the real gear-box.

2. Reduced mathematical model and principle of control

The set of equations describing the multiphase motor in natural variables has a typical
form for the circuit composed of resistances and inductances representing this machine:

le Rxl Isl d L.vl Mxrl I.Yl
= + T . (6)
0 er Irl dt M.vrl Lrl Irl
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These equations must be supplemented with the simplest mechanical equation at least:

Jd_w:Te—TL_ (7
d¢

Electromagnetic torque takes the form as for all electrical machines:

Te = Ifl aiMsrl Ir1~ (8)
2

Vectors of stator phase voltages Uy, and the phase currents I have the same dimension M.
Vector of rotor currents I,; has dimension N equal to number of rotor cage meshes treated as
shorted rotor phases. The matrices of stator resistances R,; and leakage inductances L, are
usually diagonal (when neglecting mutual coupling between phases due to leakage fluxes).
The matrix of rotor resistances R,; and the matrix L, of rotor leakage inductances incor-
porate self and mutual elements among adjacent cage meshes. The matrices of leakage induc-
tances are included into main stator and rotor inductances L, and L,;. The most important is
matrix My, of mutual inductances between stator and rotor circuits, since main features of the
motor are coded in this matrix depending on the rotor rotation angle ¢. Every self and mutual
inductance in My, is a sum of harmonic inductances depending on number of field harmonics
taken for account. Parameters of such a model were developed and published in [10].

The transformation to symmetrical components, separately for the stator and the rotor vec-
tors, gives two profits: the natural variables become space vectors represented by appropriate
symmetrical components and the set of equations takes a useful structure allowing for the
control law. This transformation acts as a kind of mathematical filter separating equivalent
circuits for groups of harmonics and allowing for transformation to rotating reference frames.

The transformation matrix for the stator and rotor variables takes the following form:

1 1 1 1
1 2 X-1
1 a 4 a
CX:W 1 & 4 25 ©)

X-1  2(x-1 X-1)%
la g

X = M for the stator and X = N for the rotor.
After this transformation the vector of stator voltages takes the form:
[ - _ nlir
UxZ = CMle = [u.gm - Mun ,EE«I)’HEvQ)B- . -BEEW)" . "EEM W)s' . '722/\/’ 2)92§M ]):I . (10)

)

s

u are conjugate, whereas u, is the neutral voltage between the star point of the supply
and the point of the stator winding (Fig. 1). If the supplying voltages are sinusoidal (1), then

Similarly is for the vector of stator currents I,. The symmetrical components u_ ~ and

(M —w)
s
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M C: J8s _ 0 ei/'é’s , 11

- 0 - L 0 -
" =1forW =m

. (12)
"M =0for W £m

After the transformation to symmetrical components the motor equations have the fol-
lowing form:

Us2 Rs2 I.\'Z LsZ d I.v2 d O Mer IsZ
= + Bl e P . (13)
0 R,; || L2 L., |d¢t[ L) de|Mg, 0O L,

The matrices Ry, R,», Ly, L, are diagonal. The dimension of matrix M, is M x N and
this matrix is generally fulfilled. Its parameters are dependent on the rotor rotation angle ¢.
Each element of this matrix lying in row # and column K depends on the set of field harmonic
orders Hyy relevant to this strictly determined place. Because of Euler’s identity the set Hyk
contains positive and negative numbers v. Thus, for all harmonics appreciating the MMF the
same amount of positive and negative harmonics must be considered. So, the mutual induc-
tance is described by the formula:

M = ZM;’e/VW; W=0,1,..,M—-1; K=0,1,...,N—1. (14)

veHpg

The coefficient M depends on the stator inside diameter d,, magnetic core length /., air-
gap length 6, number of stator phase turns N,, and winding factors: for the stator

k" and for the rotor k"l The skew factor £"! is also taken into account.

sk

wod. 1, KK
M) =\MN N, . 15
78 (vp)* (>

To formulate matrix My, a table of relevant harmonic orders is sufficient. For the 9-phase
motor this table has been shown below as an example. For simplicity only the lowest har-
monic orders belonging to Hyx are presented there. They are the most important. In spite of
that the matrix has 251 non-zero elements. Main features of the multiphase motor depend on
dominant harmonics depicted in dark patches of the table.

When the motor is supplied with sinusoidal voltages at a sequence m, the voltage vector
(11) of symmetrical components has only two non-zero elements in rows W=m and M — W =
M—-m(12).
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Table 1. Table of harmonics for M =9, N=28,S=1,p=1

WKl 0 1| 2| 3| 4| 5| 6| 7| 8| 9] 10 11| 12| 13| 14
0 | — | -27| -54| -81|-108 117 90 | 63 | 36| 9 | -18| -45| -72 -99| -
1| 28| 1 | -26| -53| -80| -107| 118| 91 | 64 | 37 | 10 | -17 -44| -71| -98
2| 56| 29| 2| -25 -52) -79|-106| 119| 92| 65| 38 | 11 | -16| -43| -70
3| 8 | 57| 30| 3| -24| -51| -78| -105 120 93 | 66 & 39| 12| -15 -42
4 | 112| 85| 58| 31| 4 | 23 -50| -77|-104 121| 94 | 67| 40| 13| -14
5 | -112] 113| 86| 59| 32| 5 | -22 -49| -76| -103 122| 95| 68 41| 14
6 | 84| -111] 114| 87| 60 | 33| 6 | -21| 48| -75 -102| 123| 96 | 69| 42
7 | -56| -83|-110 115 88 | 61 | 34| 7 | -20| -47| -74|-101 124 97| 70
8 | -28| -55| -82|-109 116| 89 | 62| 35| 8 | -19| -46 -73 ’(1)0 125 98

W\K| 15 16 | 17| 18| 19| 20 | 21 22 23 24 25 26 27
9 | 72| 45| 18| -9 | -36| -63| -90 | -117| 108 | 81 54 27
-125) 100 73 | 46 | 19| -8 | -35| -62 | -89 | -116| 109 | 82 55
-97| -124| 101| 74 | 47 | 20 | -7 | -34| -61| -88 | -115 110 | 83
-69| -96|-123] 102| 75 | 48 | 21 -6 | -33] -60| -87| -114| 111
-41| -68| -95| -122| 103 | 76 | 49 22 -5 -32| -59| -86 |-113
-13| -40| -67| -94| -121| 104 | 77 50 23 -4 | -31| -58 | -85
15 | -12| -39| -66| -93| -120| 105 78 51 24 -3 | -30 | -57
43 16 | -11| -38| -65| -92| -119| 106 | 79 52 25 -2 | -29
71 | 44 | 17 | -10| -37| -64| -91 | -118| 107 | 80 53 26 -1

XN N || WD~ ]|O

This means that only two stator equations, mutually conjugated, are forced with non-zero
voltages. The remaining are supplied with a zero voltage together with the rotor equations. It
means these equivalent circuits are shorted and they are supplied due to magnetic coupling.
Analysing the example presented in Table 1 it is visible that non-zero supplying voltages for
all sequence numbers m are inrows W=m=1, 2, 3,4, 5, 6, 7, 8 for which the space harmonics
v=(1,10,-8),=1, 2, 11, -7)p=2, (3, 12, -6),,=3, (4, 13, -5),,=4, (5, =13, -4),, =5, (6, =12, -3),, =6,
(7, -11, -2),,- 7, (8, =10, -1),, - g are the dominant. This analysis leads to the conclusion that
the most important harmonics for a given supply sequence m are for v =+tm, +(m - S- M),
+(m + S- M). They have the lowest numbers and cause the strongest magnetic coupling M’
(15) producing the greatest electromagnetic torque components. Among them are fundamental
harmonics v = +m decisive for the no load speeds (4), (5) of the motor. Harmonic orders
v=x(m - S- M), £(m + S- M) are responsible for main parasitic rotating fields and additio-
nally for the parasitic torque components. For specifically designed stator winding their
influence can be significantly suppressed [8]. Going on there are also motors that can not start
in rush at some sequence m and at any frequency f; because of interaction of higher field
harmonics producing asynchronous torques. Such a real case was presented in [10].
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The voltage vector (11) empowers to simplify the mathematical model by selection two
stator equations for non-zero g(YW) and gﬁMﬁW} (W = m) and omitting those for zero voltage.
However, only equation for gEW) is sufficient, since both the equations are conjugated and
they carry the same information. Hence, the reduced mathematical model for sinusoidal multi-
phase supply assumes the same form as for the mono harmonic 3-phase cage motor described
in the stationary reference frame (a.-f3):

(m) R .(m) d !//(Wl) l//(m)

u s l .

LA S e — = = impw| | 16
[0} [ Ri'”)Mzi"”} Tl i I T 1o

—r —r

Flux vectors and inductances of the model:

(m)
o | T { () 7o) L-?m) > a7
v, L L7 |,
LM =L+ L5 LM =L0+L"
. [ K (18)
(m) _ 7 . _ s
L =Mycn; Gn= N N, k\rm\ klzz\ ’

The formula describing the electromagnetic torque depends on space vectors of stator and
rotor currents:

T =2mpLy Im{i™ ™" | (19)

For the above simplified model: m = m, =1, 2, ..., my; or m = m_+M = —m,. So, m = m,
gives the forward speeds and m = —my,, gives the backward speeds.

The spectrum of spatial harmonics (2) can be limited to the maximum number v = m,,.
The equations have now the same structure as equations describing the monoharmonic induc-
tion motor with the number of pairs of magnetic poles equal to mp instead of p.

All known control methods can be applied here for operation at a given sequence number
m. However, it must be noticed that some model parameters (main inductance and rotor para-
meters) change their values with respect to m and the actual motor is influenced with harmonic
fields interaction.

Transformation of the variables to the reference frame (d™ — ¢'™), attached to the rotor
flux vector Z(r'”) , means that for every m individual transformation must be performed
(Fig. 4). For this reference frame the electromagnetic torque takes the following form:

(m)

L(m) . .
T=2mp—Im{i/"y™ }=2p

(m) +(m)
i, (20)
Lg";) + LZ") - ' "

(m) | (m)
L) + L,
This expression indicates the control law of the multiphase motor. It means that for each m

the rotor flux vector and the position 3" of the (d — ¢") reference frame must be determi-
ned separately. Parameters of flux controller must be adapted to m. Keeping the product
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wm z§,;" ) constant independently of m it allows for operation with a greater torque 7, at a lo-

wer speed o for increasing m. The motor can work with a constant power at wide range of
speed (Fig. 3a).

A B
()
() q
Us
f (m)
Is
g
K ree (84
i m) |
Ly |
P 1
.7 Tro
|\ _ - ST ! (m)
) d
_ // ﬁ(m)
qymy

Fig. 4. Vectors in the stationary reference frame (ci-B) and in the individual reference frame (@™ — )
for a given supply sequence number m

In practice the multiphase motor is not supplied sinusoidally, e.g. from the VSI. The vol-
tage vector takes the form:

0 0
0 0
/ UM 0 )
U, =2—A/,[ E; . CK. e/ | e L 1)
] keH : :
0 "
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In the above: k — harmonic order of the supplying voltage belonging to the set H,= {+ (2n - 1);
n=1,2,..}, E;« — voltage amplitude for harmonic order x, $ — phase argument as for (1). e
time harmonics result from a “nature” of supplying unit or can be injected specifically to
influence the machine.

" =1 for W=(xm)modM =0,1,2,..,M — 1}
. (22)

¢ =0 otherwise

Expression (21) indicates that all symmetrical components of non-sinusoidal supplying
voltages are non-zero. The fundamental harmonic for x = 1 is dominant. In contradiction to
sinusoidal supply the remaining symmetrical components for W # m excite additional current
components. For example, applying additional harmonic x = 3 for a 5-phase motor (M = 5) at
the supply sequence m = 1 causes a strong magnetic field component of sequence xm = 3
rotating in opposite direction with a half of the no load speed as for m = 1 — see Equations (4)
and (5). This third harmonic is profitable for the 3-phase motor fed by a VSI, whereas for the
5-phase one is injurious. However, injection of the opposite third harmonic x = -3 gives the
similar strong field component of sequence M + x - m = 2 rotating in the same direction as the
field component for m = 1. So, it supports the fundamental field enlarging the electromagnetic
torque of the motor. The motor operates then as supplied with the first- and the second se-
quence together. The injection of harmonic current components can be considered similarly
for the motors with other number of phases. The harmonics of order x =k-M/m , k=1, 2,...
cause zero sequence symmetrical components of supplying voltages. It must be noticed here
that the interaction between the time and space harmonics is determined by magnetic coupling
between circuits for all stator and rotor symmetrical components expressed by the stator-rotor
matrix M;,,. The higher harmonics of supplying voltages cause electrical coupling between
equations for all symmetrical components. The motor should be designed to assure the stron-
gest magnetic coupling for space harmonics v = m(,. Hence, the sinusoidal PWM for the
sequence number m = my, justifies the simplified model for the drive control law.

3. Control system and drive operation

3.1. Description of the control system

Similarly as for the 3-phase motors, the field oriented control of the multiphase motor can
be performed using current or voltage control. The structure of the control system in the rotor
flux oriented reference frame (d"-¢) results from Equations (16) — (20). The difference
between the 3-phase motor and the M-phase one appears only in adaptation to the sequence
control and the operation at open-circuited phases. For the control with forced phase currents
the structural scheme is presented in Figure 5. There are two main reference signals: o™ —
speed and ™ — rotor flux. The control parameter is number m of the supply sequence. The
system has two main controllers: R® — speed controller (usually PI or P type with saturation),

Ry — flux controller (usually PI type). The output signals: i{"*" — command current control-

ling the torque, """ — command current controlling the flux, are transformed in blocs T1
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Fig. 5. Control scheme for the multiphase induction motor drive operating with forced currents under
field oriented control with respect to rotor flux vector

and T2 to the reference signals of phase currents i _,, . These signals are compared with the
phase current signals in on-off controllers Ri of all half bridges of the M-phase voltage source
inverter F (Fig. 1b). In the outputs the signals O, 0,,..., Os,..., Q) of values +1 or —1 are pro-
duced. The signal O, =1 turns on the switch Sy of a half-bridge and turns off Syy. For O, = -1
is vice versa. Block W is the flux estimator and block 9 determines position 9 of the rotor
flux vector for the sequence number m. Block S selects m-th symmetrical component of vol-
tages and currents eliminating the remaining, even if they are not equal to zero. Stator phase
voltages u are calculated in block U to avoid errors caused by voltage sensors during measu-
rements of alternating signals (e.g. a dc component due to the voltage drift):

=20, LS 3)
sk — B k M 1 )
[k=1,2,...M

1=1

where E,. is the measured dc-link voltage.
Block T1 realises the following operation:

i Teos @™ —sing™ ][ i 24)
i | sing™ cos@™ i |
Blocks T2 and T3 realise mutually reverse operations. This is the transformation from

phase quantities to o-f components or vice versa. Additionally, selection of the components
appropriate for the sequence m is superimposed on this transformation. The remaining com-
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ponents are eliminated since they are not useful for control even if they are not equal to zero.
This selection is performed in block S.

The transformation of phase currents and phase voltages to the a-B components in T3 is
described by the following formula:

(1 .2 2) .(H)|T_ T
[xsasxsa)5-"’xi‘g):'-'sxi;)a---’xsﬂ sxsﬂ] _Kgf[xslsxSZs---yst] . (25)

The variables x;,x,,,..., Xy, mean phase currents or voltages where instead of x the letters
i or u exist for currents and voltages respectively.

The transformation matrix Kg‘f is a product of two matrices: Js — decomposition matrix
and Cy - 1)« — matrix of transformation to symmetrical components (9) without the row for
zero component. Thus, this matrix is described by the expression:

1 1
1 1 1 2 M-1
_—— a a a
K% =J.C _# : - 1 92 94 .- Qz(M_U (26)
ph IS I T S R
e i ) i
. - lgM 1 g2(M 1) g(M 1)2
=J J
|—J J
The inverse transformation takes the form:
T
K% =2K% . @27
Block S contains the coefficients
1 for n=m
S, = (28)
0 for n#m
selecting voltage and current components according to the following formula (block T3):
- A
xsa),ﬂ
2
xia),/f
(n
xsa?ﬂ
(m) x(m%)
m sa,
xsa,ﬂ :[SMSZ’"':SI‘H“"SmM ,S(Mme)a"'3S(M7n)9"',S(M72)9S(M*l)] (M-myp) |* (29)
xsa,ﬂ
X"
M-=2
xia,ﬂ !
M-1
L g
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In the above the following is valid

(30)

(M —n)
=X .

(n) _
sp

(M-n) .
sa 5

xip) = x

Hence, we obtain the signals of current command values
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Fig. 6. Waveforms illustrating work of the drive for various m at varying loading torque of reactive type:
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a) form =1, b) for m
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Fig. 6. Continuation for: c)m=3,d)m =4

3.2. Examples of operation

For the studies the multiphase motor with the parameters M =9, N=28,S=1, p =1 was
taken. The motor had a two-layer stator winding placed in 36 slots and divided into 9 four-coil
phase windings of the first type. Stator phase winding resistance and its leakage inductance
had values R, = 1.2 Q and L, = 11.3 mH respectively. The magnetic core and the cage rotor
were taken from the 4-pole, 3-phase motor Sf112M-4 (4.0 kW, 380 V, 50 Hz). The deter-
mined rated power of the 9-phase motor was Py = 3.2 kW for sinusoidal supply at m = 2 and
the voltage Ugy = 95 V r.m.s (the same number of poles at m = 2). Thus, the designed motor
had a lower power with respect to the 3-phase one [10].

Operation of the 9-phase motor drive has been illustrated for starting, arise of loading and
the speed reverse in Figures 6 and 7. The desired reference speed & = 120/m rad/s was
settled as dependent on the sequence number m = 1, 2, 3, 4. The reference value for the rotor
flux was constant ™' = 0.45 Wb for each m. The speed controller Ro was of Py, type (pro-
portional with saturation). At the saturation it was forcing a maximum value zé(,;"n)qf)f =120 A
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during speed transients for every m. This current component, together with the flux controlling
component

forces the greatest amplitude

I(m)ref — ig;n)ref)Z + (l-(m)ref)Z ~15A

2
s max W \/( s sq max

of phase current command signal for each sequence number m = 1, 2, 3, 4.
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Fig. 7. Currents iy, iy, ig of the first three phases of the 9-phase motor for time interval of the motor
reverse: a) form =1,b) form=2,c) form=3,d) form=4

3.3. Comment

In Figure 6 the following waveforms are shown: @ — motor angular speed, 7, — electro-

magnetic torque, i) — current of phase 1, u,; — voltage induced in phase winding 1, y/f’”) — mo-
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(m)est (m)est

dulus of rotor flux vector, ,"*" — modulus of estimated rotor flux vector. The signal v,
of estimated flux was determined in a simplified voltage model using signals after selection in
T3 (Fig. 5) according to (29). This signal was used for closed loop flux control in Ry.

In Figure 7 the waveforms of the first three phase currents for a given m are shown. These
waveforms supplement the waveforms from Figure 6, however they are presented only for the
time interval where the motor reverse becomes. Before the reverse the phase shift between the
currents iy and i) is sz” and after the reverse this phase shift is (9—m)zT” for each
m =1, 2,3, 4. This shows the mutual change of supply sequence number from m for positive
speed direction to M—m for inverse speed direction.

w w®
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Fig. 8. Vector controlled 9-phase motor starting at a broken phase 2 for m = 2. The runs correspond
to control conditions as for waveforms in Figure 6b
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For a given m > 1 the reference speed signals were m times lower than for m = 1, whereas
the reference flux was the same. At dynamic states the produced electromagnetic torque was m
times greater for the same current and flux than for m = 1. At dynamic states of starting,
braking and reverse the torque was constant. So, the motor had the same power P, = &t
Tomax = @ 2pm ™" il = 2160 W for each m. In means that the change of m appears as
a change of mechanical gear-box ratio from the point of view of transferred torque. However,
the moment of inertia can not be reduced to the motor shaft as the mechanical gear-box does.

The controller Ry forces the rotor flux to the desired value y™ = 0.45 Wb the faster the
greater is m, though some oscillations of the flux for m = 1 appear influencing the electro-

magnetic torque. The drive operates stable for every m. Command signal i increases for

increasing m, since the inductance L) is decreasing, whereas the flux reference signal s
constant. This inductance depends directly on v = m and additionally on the winding factors
—see (15). Increasing i/"™" appears significantly for m = 4.

The speed control reacts similarly as for other drives. Quality of control depends mainly on
type and parameters of Rw. The runs are typical for the P, controller where the stable control
error at steady states is visible.

To illustrate the possibility of vector control at broken phase currents the waveforms for
the motor starting at m = 2 and iy, = 0 have been shown in Figure 8. Operation of the motor is
worse than those depicted in Figure 6b, though the drive realises the demands. The voltage u,,
induced in the faulty phase has a different shape than the voltages of “healthy” phases. The
results have been shown only for breaks caused by the inverter, whereas the open-circuited

stator windings have a slightly different effect.

4. Conclusions

The drives with multiphase cage induction motors offer the following properties compar-
ing to the 3-phase motor drives.

e Low speeds can be obtained at relatively high frequency and voltage for the supply se-
quence m > 1. A wide range of speed control can be realised at a voltage depth of modula-
tion not lower than 0.45 for the motors with the first type of multiphase winding.

e The change of supply sequence gives the similar effect as the switched mechanical gear.
However, this concerns only the torque and the supply sequence does not change the me-
chanical inertia according to the transmission ratio. The inverter can be designed for lower
currents, since the greater torque (19) at lower speeds can be obtained due to greater m at
the same current. This can find application in locomotive traction drives and ship pro-
pulsion where high dynamic torques are not demanded [6, 11, 12, 20, 24]. For electric cars
the variable supply sequence brings profits due to the mentioned increase of electromag-
netic torque.

¢ The motor can work with no more than (M — 3) open-circuited phases [4, 8, 10, 19]. This is
important for fault-tolerant drives (high power industry drives, electric vehicle drives, ship
propulsion).
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e The control system forcing voltages would be more complicated than this presented in
Figure 5, though it can be more universal having the possibility of switching to open loop
control during so called “scalar control”.

e The control law presented in this paper has been based on the simplified two-phase motor
model for all supply sequences m described by equations (16-20). So, for each m the motor
is controlled in the same way. Similarly as for the 3-phase motors all sensor-less control
methods can be trained as the applications for the multiphase motors. For example the
MRAS speed estimator could be implemented in its standard form [16] or the improved
one presented in [21]. The successful application of DTC was presented in [24], though
considering a greater number of phases the optimal switching would be more difficult to
define [19].

¢ The influence of supply sequence on the speed is possible due to interaction of space har-
monics of magnetic field. So, the multiphase motor is an example where higher harmonics
are useful. However, a strong parasitic interaction of higher harmonics can occur at the
motor operation. To decrease this effect the stator winding of multiphase motors must be
properly designed regarding the rotor cage [8, 10]. The motor with a sinusoidal winding
has no such properties and the supply sequence does not influence the motor speed.

¢ Designing the multiphase motor with perfectly sinusoidal stator winding we obtain in
practice the near-sinusoidal winding requiring more than one slot per pole per phase. This
problem becomes more difficult when the number of phases increases. So, the power
transferred from the stator to the motor shaft can usually be not greater than for the 3-phase
motor of the same dimensions.
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