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Abstract: The subject of this publication is a method of controlling the DC voltage of a PWM rectifier
supplied by a multiphase cage induction generator with the number of stator phases greater than
three operating in a wide range of driving speeds. Voltage regulation is performed by changing the
frequency and amplitude of the stator voltages with simultaneous switching of the phase sequence
of these voltages. The step change of the voltage sequence is made in the designated ranges of the
generator speed, which enables the stabilization of the output voltage in a wide range from the
minimum speed of about 25% of the rated speed. Such sequence switching changes the number of
pole pairs produced by the winding for each supply sequence. The difference compared to multi-
speed induction machines is that, in the presented solution, there is only one winding, not a few,
which enables good use of the machine’s magnetic core in the same dimensions as for the three-phase
machine of a similar power. Steady-state characteristics and dynamic operation were obtained
using laboratory measurements of a standalone nine-phase induction generator. The automatic
control system maintained the output voltage at the set level, regardless of the generator load and
driving power.

Keywords: multiphase cage induction generator; multiphase VSC control; stator supply sequence
switching; DC voltage automatic control; wind turbine mechanical characteristics

1. Introduction

A multiphase induction machine (MIM) with number of phases M > 3 can operate as
a motor or a generator. The idea of MIM operation as a stator converter-controlled multi-
phase generator [1] was created on the basis of automatic speed control of the multiphase
squirrel-cage induction motor presented in [2—4]. The motivation for the use of MIM as an
induction generator stemmed from the properties of the machine during motor operation
and regenerative braking presented in [2—4]. These were mainly the ability to work with
broken stator phases and to work with a constant frequency and voltage at several differ-
ent characteristic speeds. To achieve this, the supply sequence of the multiphase stator
winding must be adapted at each of these speeds. Switching the supply sequence changes
the number of pole pairs of the magnetic field. In the ranges between these speeds, MIM
control is performed by scalar frequency and voltage control or by vector control. This is
the basis for stabilizing the generator voltage when changing its speed over a wide range.
The machine has one multiphase winding controlled by a multiphase converter. Details
are explained below.

During motor operation, the MIM in Figure 1 is loaded with a mechanical system
MECH and directly powered by a PWM-controlled voltage source converter (VSC) during
inverter operation, fed from DCSYS.
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Figure 1. Connection of the M-phase MIM with the VSC and the mechanical system MECH.

In order to generate electricity, the drive must be controlled only for generator opera-
tion. Then, the MIM is powered from the rotor side by MECH with turbine torque Tr and
speed wr, (e.g., wind or water energy). This allows building an automatic regulation system
that stabilizes the voltage between A and B terminals regulating VSC as a PWM rectifier
(machine side converter). This time, DCSYS is a loading system, e.g., PWM inverter (grid
side converter), operating upon three-phase power system or a resistive load supplied by
the auxiliary converter [1,5-9].

Using three-phase or multiphase induction machines as a generator, the minimum
speed when the voltage can obtain the nominal (required) value should not be lower than
about two-thirds of the nominal speed Qy [5,6,10] taken for the rated frequency fn = fo.
For example, from [5,11], it follows that a doubly fed induction generator can work at a
speed varying in the range of (0.7, ..., 1.3) Q. The method proposed in this paper allows a
significant extension of the speed range for a given value of the output voltage, employing
the possibility of a stepper change of the phase current sequence. This speed range is
from 0.25 Q) to 1.5 Q. For the M phase system in Figure 1, the multiphase currents can
supply M stator windings at M — 1 sequences that change the phase shift between adjacent
currents as an m multiple of %’T [12]. This illustrates the monoharmonic vector of currents,

where §s = 27 f fs(t

I is the amphtude of all iy currents,and m =0,1,2,...,

iq COS(l95)

i cos(0s —m=f

iy cos(9s — %T

iy cos(¥s — 3m )

iy cos[ds — (k — 1)m2Z]
BsYe | cos[¥s — (M —1)m3%F] |

(M-1)

T)dT + 95(0) is the phase angle for the varying angular frequency ws(t),

is the sequence number.

For an m = 0 vector, Equation (1) has a so-called zero sequence, where all currents have

the same value. For

Wl:m(+) = 1,2,...,mM, (2)
we have so-called forward sequences, whereas, for
m:m(_):M—m(+):M—l,M—Z,...,M—mM, (3)
we have so-called backward sequences, opposite to the forward ones, where
M — Mmod2

For odd sequences, M is mp; =
For example, in a three-phase system, one forward and one backward sequence can be

%, whereas, for even sequences, M is my; = % —1.
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created apart from the zero sequence. For six phases, m; = 2. Thus, the forward sequences
are form = myy = 1,2, backward sequences are for m = me_y = 5,4, and zero sequences
are form =0, 3.

The mechanical characteristics of a multiphase induction machine indicate the area
of work of the multiphase induction generator. Figure 2 shows two typical families of
mechanical characteristics of multiphase induction motors using the example of a nine-
phase motor from [12]. These families are characteristic of two types of stator windings.
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Figure 2. Typical mechanical characteristics of multiphase induction motors at given supply se-
quences m: (a) motors with the first type of stator winding; (b) motors with the second type of
stator winding.

The mechanical characteristics from Figure 2a are typical for MIMs with the winding
called here the first type of multiphase winding, whereas the characteristics from Figure 2b
are typical for MIMs with the second type of winding. All the characteristics in Figure 2
for a given m were determined for the same current frequency fs;; = fo and the RMS
phase voltages shown in the figures. For the first type of winding, the voltage is constant
Usim = Up, whereas, for the second type of winding, the voltage must be diminished almost
proportionally to m (Usy, = %), assuring the same level of machine core magnetization.
The shape and course of these characteristics for the generator mode show that, at different
speeds, only the MIM with the first type of winding enables maintaining the same voltage
and frequency by switching the sequence of phase currents. A multiphase machine with
the second type of winding can work, in practice, with the sequence m = 1.

Both types of multiphase windings have a symmetrical structure, and they differ in
the produced MMF harmonic spectrum. The structures of these winding are schematically
shown in Figure 3a,b.

For simplicity, these phase windings are represented by single coils. In Figure 3c,d,
the MMF distributions F,;1 produced by the first phase of these windings are shown.
In fact, the single coils are replaced by groups of coils placed in stator slots producing
a step-shaped MME. The first type and the second type of winding are signed with the
coefficient S = 1 and S = 2, respectively.
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Figure 3. Illustration of two types of multiphase windings composed of single coils: (a) structure of
the first winding type (S = 1) where phases are single coils; (b) structure of the second winding type
(§ = 2) composed of single coils; (c) Fp,1—magnetomotive force (MMF) distribution of the first phase
corresponding to the first winding type, (d) F,;1—MMEF distribution of the first phase corresponding
to the second winding type (x—machine angle along the air-gap).

The MMF distribution of k-th phase winding can be described by the following
Fourier series:

k(V)

.2
thk(x) = Z Pk(l/) = lsk;Nsk Z if COSV(X — Xk), ®)
veH, veH,

where k = 1,2,3,.., M, iy is the current of the k-th phase winding, v represents the
harmonic orders belonging to the set Hy, x is the machine angle along the air-gap, x; is
(v)

the position of the winding magnetic axis, and k.’ is the winding factor for a given v.
For the 2p pole phase windings mutually displaced by the angle 2 g 24, having the same

turn numbers Ng = N; and the same winding factors kgk) = kg " forv =1/ p, the MMF
distribution can be described as

/ Nk(V/) 2
thk _zsk— Z W cosv x—x,’(); Ws(v)z °s ;x,’cz(k—l)z\;[ (6)

Py €H,

The MMF of the first type of winding (S = 1, Figure 3c) has the harmonic orders v
being odd and even multiples v of the number of pole pairs p. The MMF of the second
type of winding (S = 2, Figure 3d) contains only harmonics orders v being odd multiples v’
of p. Thus, the set of harmonic orders takes the form

Hy={Sh-1)+1,n=1273,..} (7)

The MMF of the first type of winding has asymmetry with respect to the x-axis,
whereas MMF of the second type of winding is symmetrical. Thus, the windings for
S =1 can sometimes be called asymmetrical windings, and the windings for S = 2 can be
called symmetrical.

2. Application Suggestions

A multiphase induction generator can be driven by various engines producing a
driving torque T causing the rotating speed wg. For laboratory purposes, it can be a
DC separately excited motor, and, in practical applications, it can be a wind or hydro
turbine. An important feature of wind turbines is the high variability of speed caused by
the load and wind speed. Water turbines have a lower variation in speed. The generator-
type family of MIM mechanical characteristics QP = (T} u)‘m:1,2,3,4 corresponding to
the regenerative operation and the characteristics of the driving DC motor are shown
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in Figure 4a. Steady operation points occur at the intersection of the MIM mechanical
characteristics for m = 1, 2, 3, 4 with the characteristics of the DC motor Q?{, ng, Qg,
Q’éz = f(—TgP"). These points correspond to the power Py recognized as nominal for the
generator (MIM). At all operating points of the mechanical characteristics, for each value of
m, the generator produces almost the same voltage and frequency. For the generator driven
by the wind turbine (example), the mechanical characteristics are shown in Figure 4b.
The wind turbine family of characteristics QZ“ = f( —Tgu) v is given for various values
VP = 1,0.8;0.6;0.4 of the wind velocity [1,7,11,13-17]. The black points indicate the
maximum power Pg of the turbine for a given wind velocity.
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Figure 4. An example of the mechanical characteristics of a multiphase induction generator: (a) driven by a DC motor;

(b) driven by a wind turbine (black thick lines: stable parts of wind turbine mechanical characteristics).

The operation of the generator at points between the MIM characteristics correspond-
ing to given supply sequences m is possible with the frequency and voltage regulation.
The largest range of speed occurs between the characteristics for sequences m = 1 and
m = 2. In this range, the appropriate generator speed should be selected, at which point
the supply sequence should be switched from m = 2 to m = 1 with increasing speed or
switching from m =1 to m = 2 with decreasing speed. Such switching causes a step change
in the mechanical characteristics of the generator. For example, when m = 2 and speed
Qf " = 0.51, the generator works at frequency ff “—m- Qf” ~ 1, whereas, at Qg” ~ 0.7,
the frequency should be increased to ff* = m - Q’zm ~ 1.4 at a constant voltage, making
the machine overload at point P (magenta curve in Figure 4b). Above this speed, there
is a switch to the sequence m = 1, and the generator works with the frequency ff* ~ 0.7.
This frequency increases to 1.0 with speed increasing to Qg " = 1.0. The switching of m can
practically be performed by introducing a certain hysteresis range. For the speed ranges
between the characteristics for the remaining pairs of the supply sequence m = 2, 3 and
m = 3, 4, the switching takes place on a similar principle. To properly set the ranges of
operation, some methods can be applied, e.g., maximum power point tracking [7,13,14,16]
or appropriate speed choice [5].

For each sequence m, there must be voltage regulation on terminals A-B (Figure 1).
A method of field-oriented control of this DC voltage was proposed in [1,7,13], whereas,
in [1,6,9,18-20], a standalone generation system together with the grid connection was
recognized. According to Figure 1, the VSC between the MIM and the DCSYS is the
voltage source inverter. Such a converter system was analyzed among others in [1,5,7,8]
for multiphase induction machines. However, three nonconventional solutions for voltage
control of variable-speed induction generators were proposed in [16,20,21]. The multiphase
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induction and synchronous generators can produce the output voltage at broken phase
connections tolerating the machine or converter damages [17,22,23].

The control system proposed in this paper is based on direct regulation of the ma-
chine frequency dependent on the electromagnetic torque and the actual speed. The DC
voltage is regulated in the output of the PWM rectifier (VSC in Figure 1) and is similar
to the method presented in [6]. The proposed method of voltage control is relatively
simple as it emphasizes the advantages of voltage control with the use of phase current
sequence switching.

Recently, multiphase induction machines were considered as six-phase solutions (ap-
plications) [9,17,18,20,24-26] with so called symmetrical and asymmetrical stator windings.
The modeling and the control of six-phase generators with a symmetrical stator winding
were presented in [17,26], whereas results for those with an asymmetrical stator winding
were presented in [9,20,24]. The symmetrical winding has the phases displaced mutually
with 60 electrical degrees, while the asymmetrical one has a 30 degree displacement. Ac-
cording to the rules of symmetry, both are symmetrical. Asymmetry can appear, e.g., due
to different resistances or inductances of the windings. A better nomenclature is “double
stator winding” and the other names proposed in [18].

The MMEF of the winding of the first type (Figure 3a,c) has the features of axial asymme-
try, while the distribution of the MMF of the winding of the second type is symmetrical in
this respect (Figure 3b,d). The properties of the multiphase induction generators, resulting
from the magnetic field distribution, are presented in the next sections. They are proven
by means of appropriate measurements, for which the guidelines were obtained on the
basis of simulations using the computer model presented in [3]. Simulation results were
not necessary to be presented in this paper.

3. Properties of MIMs and the Induced Generator Voltage
3.1. MMF Distribution and Main Properties
The influence of both winding types on a multiphase induction machine can be

determined by analyzing the traveling total MMF caused by supplying monoharmonic
currents (Equation (1)). The total MMF is the sum of phase MMFs for all phase windings.

2N, M k) 27 , 27
FE(x)=L=—Y ) cos |0 — (k—1)m==| cosv' |px — (k—1)=—|. (8)
TP Sven, V M M
This expression can be written as a sum of two MMF components,
Fs(x) = Fa(x) + Fa(x), ©)
where
1 2 W) / 2 _
Fa(x) =3 X Y W Lycos[ds+ (k—1)(v' —m)F; —v'px] =
k=1v'€H,,
= Y F(r) cos(8s — v'px) / (10)
"=vyi=m-1)M+mecH,
n=1,23,
1 M 2 i) / 21 4
Fo(x) = jkzl ZH 7 Ws Iy cos[ds — (k—1)(v' +m) 57 +v'px] =
=1v'eH,
— y Fyry cos(9s +v/'px) : (11)
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These MMF components have nonzero values for the harmonic orders v’ marked
under the summation sign. The amplitudes of the MMF harmonics for orders v’ have
the values
_ My 1. (12)

p

Both MMF waveforms Fy; (x) and Fp(x) travel with specific rotating speeds. These
speeds can be determined for the steady state when ws = constant and 9s; = wst. Equating
the arguments of F;;(x) and Fy(x) to zero, we obtain angular speeds () = % for each
harmonic field of Fq (x) and Fy(x), respectively: O, = ;‘f—;} and O, = —V“’,—;. Hence,

1 2

F

v'=v{v})

for each v/, the harmonic components of F (x) and Fy(x) travel in mutually opposite
directions. For each n = 1,2, ..., the only value that changes the harmonic orders is the
sequence number of the supply currents m = 0,1,2,3, ..., (M — 1), where m = 0 has to be
omitted as not useful. Let us analyze F;; (x) for harmonic orders v{ = (n —1)M + m and
Fy(x) for vy = (n —1)M + M — m. The greatest and the most important harmonics are
for the orders when n = 1. Thus, the steady-state MMF monoharmonic waveforms in
Equations (13) and (14) for forward sequence numbers in Equation (2) and the winding of
the first type S = 1 assume the following forms:

forvy =m=m) € Hy

Fa(x) = Fin, ) cos(wst —my)px), (13)
_ M )
F(m<+>) - ?pws s (14)

forvy=M-—m=M—m €Hy

Fo(x) = F(M_m(ﬂ) cos[wst + (M —m ) px], (15)
M o (M=my))
Fov—m,y) = prs L. (16)

Waveform F (x) rotates with the speed Q= m—p = m‘(‘f) 5, which is faster than Fy>(x)

rotating with the speed Qvé = - ( S g e m( oIk For the numbers of backward
supply sequence m = m( )= ) (E quatlon (3)), we get the reversed situation for

=M-m)e€Hy, 1/2 = M M + myy = m,y € Hy. Now, the speeds assume the
followmg values: Qs = m Q= (M_M“me)W = —m?f)p.

ForS=2 (second type of winding) the set of harmonic orders H,, = {2(n —1) +1;
n=123,..} ={1,3,57,9,11,13,....} (Equation (7)) having only odd numbers is different
than for S = 1. This means that, for subsequent sequence numbers mey = 1,2,...,,my, the

1) - 1.

harmonic orders must assume values v} = 2(m () — 1) +1and vy = 2M — 2(m

i — Ws —
The angular speeds corresponding to these orders are Q, = ECEEsT and Q, =
B M—Z(m(:) =1 For the numbers of backward supply sequence m = m_y = M —m),

we get the reversed situation using the same principle as before for S = 1.
One of the magnetomotive forces Fj (x) or Fy»(x) should be dominant at the sequence

number m = m ) or m = m_), causing the unambiguous resultant speed of the rotating
/!

")
field. This depends on the amplitudes of F;; (x) and F;(x) dependent on the ratio kj/ —. For
vy = S(m(;y —1) +1and vy = SM — S(m(;) — 1) — 1, the multiphase winding must be

_ )
designed assuring =, >

]. In such a way, the dominant force is Fs1(x), whereas

Fs»(x), playing a parasitic role at this time, rotates oppositely with alower speed and a lower
amplitude. This means that, simultaneously, Fs (x) creates p(,) = [S(m(y) — 1) + 1]p pole
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Qo) =~

Ws

pairs, and F(x) creates p(_y = {SM —[S(myy —1) +1] }p pole pairs. Thus, by setting
the sequence number of currents in Equation (1) to the value

for each m); (Equation (4)), resultant speeds of a positive direction are obtained.

Ws Ws
) == = . 18
) = p = [S(msy — 1)+ 1p 18)

The respectively opposite speed to Equation (18) appears when Fs(x) dominates.

This becomes the case for m = M — (S(m ;) — 1) +1). Then,
Ws Ws

- S = Q1. (19)

(M=—me)p M= [M=S(m) -1 +1}p SO =D +1p

As an example, we have the induction machine with the number of stator phases
M = 7 and the number of pole pairs p = 1. According to Equation (4), the maximum
number of forward sequences is m); = 3. The machine with the first type of winding (S = 1)
has three positive no-load speeds for the supply sequence numbers m = 1, 2, and 3:

Q) = ws, Q) = G, and Qo4 = 5 Opposmg speeds for this w1nd1ng type
occur for sequence nurnbersm 6,5 and 4: Qp_) = — 7% = —ws, Qg_) = —755 = =5,
and Qy_) = —7%4 = —%. For the second winding type S = 2 and the same number
of phases, we have no- load positive speeds for m = 1,3, and 5: Qy(;) = ws, Q1) = 5,
and Qy(;) = %, whereas, for m = 6 4, and 2, we have the corresponding negative speeds:
Qo) = —7% = —ws, Qo) = —7%5 = — 5, and Oy = —7% = —%".

The nine-phase induction machine (M = 9, p = 1) has the maximum number of
forward sequences my; = 4. For the first type of winding S = 1, m =1, 2, 3, and 4,

Oyyy) = ws, Qyy = 5, Qoyy = 5, and Qy;) = P. Opposing speeds occur for
sequence numbers m = 8, 7, 6, and 5, respectively. For the winding of the second type
S§=2m=1,357and7 Q) = ws, Qy4) = 5, Qo) = 5, and Q) = 5. The

corresponding opposing speeds occur for sequence numbers m = 8, 6,4, and 2.

To illustrate the above considerations, the distributions of the magnetomotive force
generated by the first (S = 1) and second type (S = 2) of nine-phase windings (M = 9) were
determined. The schemes of the windings are presented in Figures 5 and 6, respectively,
whereas the MMF distributions are shown in Figures 7 and 8 [27].

e
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Figure 5. Arrangement of the first type of nine-phase winding (S=1, M =9, c; =2, « = 360/Z;
=360/36 ~ 10°, = 60t = 60°); beginnings of the phase windings: 1,2, 3 ... ; endings of the phase
windings: 1/,2/,3/, ...
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Figure 6. Arrangement of the second type of nine-phase winding (S =2, M =9, cg =2, o = 360/ Zs
=360/36 ~ 10°, B = 180 = 180°); beginnings of the phase windings: 1,2, 3 ... ; endings of the phase
windings: 1/,2, 3/, ...
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Figure 7. Distributions of MMF for nine-phase winding (M = 9) of the first type (S=1)att=0,I, =1,
and sequence numbers m =1, 2, 3, and 4.

The angles a and f are indicated in Figures 5 and 6, and c, is the number of coils in
the group creating the phase winding (here, cg= 2). For a typical three phase winding,
it is the number of slots per pole per phase, usually denoted as q. For the first type of
winding (Figure 5) S =1, v] = S(m(+) -1)+1 = mgy =m=1,2,3, and 4, while
vy = SM —S(m(y—1) —1=8,7,6,and 5. For the second type winding (Figure 6) S =2,
v = S(myy—1)+1=m=1,3,5 and 7, while vh =SM— S(m(+) —-1)—-1=17,15,13,

)

and 11. To show that F;; dominates over Fsp, the values of ratio ksv — are presented in Table 1.
1
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(v3)
They are greater than ks 2 Additionally, this explains the change in MMF amplitudes seen

—.
vy

in Figures 7 and 8.
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Figure 8. Distributions of MMF for nine-phase winding (M = 9) of the second type (S =2) atf =0,
I =1, and sequence numbers m = 1,3, 5, and 7.

The winding factor for harmonics v’ was calculated according to

' ! sincov' Y
K = siny B S0 2 0 — o = pp. 0)
CgSIIIl/ >

Table 1. Coefficients of the MMF amplitudes and the amplitude of induced phase voltages for the
nine-phase windings.

Parameters First Type Wm_dmg (Figure 5) Second Type Wl_ndmg (Figure 6)
vi=m 1 2 3 4 1 3 5 7
vh=SM—m 8 7 6 5 17 15 13 11
k() 04980  0.8528 09659  0.8137 09961 —0.9659 0.9063 —0.8191
k) —0.6634  —0.4095 0 04531 0.0871 —0.2588 0.4226 —0.5735
ﬁ 0.498 0.426 0.322 0203 0996 —0322 0.181 —0.117
R%
g
K }) —0.083  0.058 0 0.090  0.005 —0.017 0.032 0.052
Va
7 2
<k£‘1> ) 0.248 0.182 0.103 0.041 0992 0.103 0.033 0.013
v

This table shows that the dominant component of MMF is F;, since, for all m,

kf;”é)

)
,1 > = The values in Table 1 explain the smaller variation of the MMF amplitude for

ks
v 2
the first type of winding (S = 1) than for the winding of the second type (S = 2) with a
()]
variable supply sequence. For the first winding, the ratios ki/ ~ are on a similar level for
1
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m=1,2,3, and 4, whereas, for the second winding, this ratio is several times greater for

2
()
m =1 than for the remaining m = 3, 5, and 7. Additionally, the presented kj/ ; values
1

explain why the mechanical characteristics of a multiphase machine with the winding of
the first type (Figure 2a) were determined for the same voltage, while the characteristics
for the machine with the winding of the second type (Figure 2b) had to be determined for
different voltages.

3.2. Induced No-Load Voltage

The resultant magnetomotive force Fs(x) due to the magnetizing current I, is de-
scribed by the relationship in Equation (8) or the form in Equation (9). Thus, the traveling
waveform of the flux density in the air-gap,

Bs(x) = BR (), (21)
excites the voltages in the machine windings, where J is the equivalent width of the air-
gap, and pg = 47 -10~7 H/m. The voltages are time derivatives of the winding flux
linkages. These flux linkages of entire windings should be calculated as the sums of
the fluxes linking each of the turns. Instead, these flux linkages can be calculated using
substitutional sinusoidal windings. Generally, the winding produces the MMF described
by Equations (5) or (6). This means that the MMF determined for a harmonic order p = v'p
can be produced by series connection of elementary sinusoidal windings of the pole pitch
7t/ p and the conductor density.

(o)
() (. 7idl:k 7_% ©) s 1 o
g (x) = o dr —Ws" o' sinp (x" —xp), (22)

/ (")
where o' = p/p, W) = M5 and xf = (k- 1)%.
Flux linkage of the k-th phase winding can be calculated according to the formula
developed in [28].

/1 (j—1)2x 4
/2 X x'4(i-1 pp/+

7
o re

Y=Y lplg‘o/): Yo e / / g,(cpl)(x’) 2 / Bs(x})dx] | | dx pdz, (23)

!
p’'€H,

P'EHy i/ X ! xH(i-1) 2%
where z is the axial coordinate of the machine, /. is the length of the stator core, and . is
the stator core bore radius. The B; term is time-dependent. Thus, the time derivative of

Equation (23) for the harmonic order p’ gives the induced steady-state no-load voltage.

(e) (0)\ 2
) _ W pe) g EE) _ o 2M b0, [ Nk
e T —Ef sin(wst — p'x); E)f ) = ws77rclc T’S L. (24)

The same expression can be obtained from the equivalent circuit of the multiphase
induction machine presented in [29]. In Equation (24), the dependence on coordinate z is
omitted (e.g., omitted influence of the rotor bar skew). Introducing p’ = m, the amplitude
of induced voltage has the following value for ws = mpQy ) (Equation (18)):

(m)\ 2
(m) 2M ug Ngk _
where

2
w 2M Ngk{™)
wim — ﬂ”;rclc<sm> I,. (26)
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For the speed considered nominal Q) = Qy at m =1, the induced voltage is

E;}Z\)[ = En. Now, it is apparent that, even if the speed of the generator decreases by a

factor of m to Qg 4y = %, the voltage amplitude can be increased by switching the supply
sequence to 1, whereby the voltage then returns to the value Ey as at Q) with the same I;,.

For example, we have the magnetic core of a 4 kW induction machine with a nine-
phase winding (Figure 5) placed in 36 stator slots (based on the magnetic core of 5f112M-4).
The cage rotor has 28 aluminum bars and the following parameters: M =9, p = 1,
po = 4m-1077 H/m, r, =0.055 m, I =0.12m, Ny = 110, I, = 2.5 A, and Qpax =
1007t ~ 314.16 rad/s for the speed )y, ) ~ 209.4 rad/s, not exceeding the maximum
one (fs = 50/3 ~ 33.34 Hz, ny(;) = 2000 rev/min). The amplitude of the phase voltage

(Equation (25)) at m = 11is E{") = 147.6 V. The flux is ¥}) = EX — 0.7 Wb, and the RMS
N

voltage is Us = E{) /2 = 1043 V.
LN\ 2

(v1)

Observing values of the coefficient <kbv ,1 ) in Table 1, it is clear that only the induction
1

generator with the first type of winding can have its voltage changed by the supply
sequence switching. This coefficient appears in Equation (25) for v; = m and its value
changes from 0.248 for m = 1, through 0.182 for m = 2 and 0.103 for m = 3, to 0.041 for m = 4.
This means that, to obtain the same voltage at m = 2 as at m = 1, the magnetizing current
has to be increased about 1.36-fold. At m = 3, the current has to be increased 2.4-fold. This
results from the simplified expression in Equation (25) which takes into account only one
harmonic of the magnetic field of the order v = m. In fact, such a large increase in the
magnetizing current does not occur [25], even at m = 4. Equation (25) simply shows the
basics of the voltage step change with the parameter m.

Multiphase induction machines with the second type of winding can practically work
at the supply sequence number m = 1. Such a machine can be designed with almost sinu-
soidally distributed windings, having all the advantages of fault tolerance of multiphase
induction machines [4,17,22,23,25,26].

4. The Control System

As mentioned in Section 1, the control idea is derived from the speed control method
presented in [2,4]. Instead of a speed controller, a DC voltage controller is applied. The idea
of the control system is presented in Figure 9. It is a kind of development of the system
shown in Figure 1.

The induction generator is a multiphase MIM induction machine with a stator winding
ST connected to a VSC, while the rotor of a squirrel-cage motor RO is driven by a GE engine
at an angular speed w, directly or by a gear box GB. The output voltage of the capacitance
uy in the DC circuit of the VSC converter is controlled by the CTRL.

The task of the CTRL is to develop impulses controlling the valves of the VSC voltage
source converter working as a pulse rectifier for the DC circuit, while the voltage on the
capacitance C; supplies the LOAD. This load can be any two-terminal system or a static
converter that produces a standard voltage at the output, e.g., voltages of a three-phase
system with a specific amplitude and frequency connected to the power grid (so-called
grid converter). Parallel to the capacitance, the circuit UDCO is connected to maintain the
minimum voltage Uy of this capacitor. The controlled output voltage, expressed in relative
units ugu (in relation to the base reference voltage U°), should satisfy the dependence
U% < ugu*, where uzu* is the desired signal for usu.

The control system CTRL is schematically presented in Figure 10.
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MosFeT | "7 oy Iy fuf
ST i, u, th, Uy
GB <w .
E [TED E TN @
s MIM

Figure 9. Circuit diagram of a VSC connected with an MIM, operating as a multiphase induction
generator: GE—generator engine (e.g., a wind or water turbine), UDCO—system assuring a minimum
voltage of C;, Dp—blocking diode, LOAD—single resistance load (the simplest) power grid supplied
with the grid side converter, CTRL—control system, T—speed sensor, GB—gear box (optional),
wP*—relative speed of the MIM machine related to the base reference speed ()°.

VsC

Figure 10. Structure of the control system: REF—voltage reference network shaping u;/*" as the ramp
signal, COMP—comparator, INT1—signal ramp integrator, RU—voltage controller, US—generator
of voltage signal Us"* dependent on ws"*, INT2—integrator of stator frequency, GU—generator of
M phase control signals, KM—switch of control signals sequence, PWM—pulse width modulator,
VSC—voltage source converter, LPF—low-pass filter, ABS—absolute value changer, SEL—selector of
supply sequence number m with respect of the MIM speed signal w?*.

At the base angular frequency Q° = 2nf° (m = 1, f°—base frequency in Hz) the
motor speed w, the stator angular frequency ws and the rotor angular frequency w, assume
the following relative values:

w  opu  Ws  opu Wy

ﬁr ws = ﬁ/ wy = ﬁ (27)

wh =p
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P _ ws

According to Equation (18) the p.u. no-load speed of the machine is qu =gy = 53
atw}" = 0. For the machine speed w?* # Q}", wf" # 0. Thus, for the sequence number
m, the stator p.u. frequency is related to the rotor p.u. frequency by the relationship

wl" = m’w”” +wl. (28)
The machine slip for a given m is then
pu
S(m):%_iwzl_ mw. (29)
Ws pws

The p.u. amplitude U" is generated by US according to Equation (25), where U =
(m)
A W} ”‘I’;,m)p " with the base voltage amplitude U° = E,(}) = Ey and the base magnetic

=
0 .. . Y min Y max
flux ¥° = % Defining the average magnetic flux ¥, 4y = % R~ ‘{’;m) for all m

and taking into account Equation (28) we have

urt = wf”‘{’%v = (|mw’7”| +wf u)‘f'%V' (30)

The following values can be used for a nine-phase machine: Yymin = ‘i’;,l), Fyimax = ‘I’f),

or ¥ymax = ‘Ygl ).

The voltage controller RU can be P type with limited output or PI with saturation.
The input signal is the control error Augu = ugu* - ugu*, while the output is the p.u. rotor
frequency signal w}" proportional to the electromagnetic torque. The saturation of RU was

pu (1) (1)

set to wrmax = 0.9s;, ', where s, is the slip in Equation (29) at which maximum torque

occurs when m = 1 and w!" = 1.
In the INT2 block, the phase angle is calculated as

t
m:a#@?ﬁ. 31)
0

Hence, the block GU generates the vector Uy of M phase monoharmonic signals
having the amplitude U!" and phase 9.

[l ] [ sin(9s)
uém sin(¥; — Zm”)
ub" sin(ds — 2%)
Uy=| : | =u : : (32)
up" sin[ds — (k —1)3%]
| uby | sin[ds — (M — 1)21] |

The Uy vector signals have the first sequence (m = 1).

The sequence of signal in the vector Uy, depending on the parameter m, is changed
after passing through the Kj; block. This operation takes place according to the following
signal conversion:

u u u u uy T
Vv = [viJ ,05 ,U§ ,...,v,’f ,...,Uﬁd] = Ky U (33)
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Ks

The conversion matrix Ky has a specific form for a given number of phases M, e.g.,
for M =09,

- -
K ke ks Ky
k1 ko ks ky
ks ki +ky ko
Ko = ks K ke ko | (34)
ky ki ki ks
ks ko k1 +ky
ks ks k, K
ky ks ka  kq

In this case, the parameter m can assume the values m =1, 2, 3, and 4. The coefficients
of the Ky matrix take the value k;, = 1 only for a given m, i.e.,, ki = 1 for m = 1, while
ky = k3 = ky = 0. Similarly, for m = 2, there is kp = 1, while ky = k3 = k4 = 0, etc. The
empty cells in the K9 matrix have the value 0. For a five-phase system (M = 5), there is
m = 1,2, for a seven-phase system (M = 7), there is m =1, 2, 3, and, for M = 12, there is
m=1,2,3,4,5. The relevant K»; matrices are shown below.

e a
1 ki ky ks
ki ko kq ko ks
kq ko |, Ky = ks kq ky |,
ko kq ko ki ks
ko kq ks ko kq
L ks ko kq |
ki ko ks ky ks
kq ko ks ky ks
k1 + ks ko ks
ki +ky ko + ks
ks ks kq ky ko
ki + ks +ks
ko ky kq ks ks
ko + ks ki + k4
ks ko ki +ks
ks ky ks ko kq
ks ky ks ko ki |

The PWM block works as the comparator with one carrier triangle signal and the
modulating signals in Equation (33). The multiphase system at M > 5 seems to be a
better and more accurate solution than the PWM modulator. Its operation is based on
a comparison of all v,f” signals with the triangle V.. For the k-th half-bridge of VSC in

Figure 9, the 0-1 output signals of PWM can be described as g, = w g =1

triggers on the switch Tyg and triggers off Typ and vice versa. In this description, the
function sgn (v, — V) can be treated as an ideal comparator. The algebraic signals g can
be easily changed to logical ones.

The block SEL selects the sequence number m dependent on the actual speed wF* of
the induction generator. Selector work ranges are presented in Table 2. Switching between
the sequence numbers must be done by introducing hysteresis margins. The low-pass filter
LPF protects SEL against unwanted switching of m.



Energies 2021, 14, 7080 16 of 24

Table 2. Selection of m with respect to speed ranges.

Speed Range Sequence Number
0 <|wPt|< L m=my
— mpy
1 u 1 = —
it <|wPH|< =T m=mpy —1
} <o 3
1 1 Pu, P _ 1 2 =
3 <’aﬂ" <0500 =5,-45 m=2
Ay <lwr|<1 m=1

5. Laboratory Tests of the Nine-Phase Induction Generator

The operation of the nine-phase induction generator (M = 9) was tested on a labo-
ratory stand. A machine, previously tested as an electric motor [2,3], was used for this
purpose. The machine was built on the magnetic circuit of a 4 kW Sf112M-4 three-phase
induction motor, using the first type of stator winding shown in Figure 5 and leaving a
squirrel cage rotor with 28 cage bars.

For measurement purposes, the generator power was reduced to P;y = 1000 W at
m =1, Iy = 5.3 A (rated RMS stator current), Uy =150 V (rated mean DC output voltage),
fsn = 33.3 Hz (rated frequency), and Qy = 209 rad/s (rated speed, maximum speed). The
RMS stator phase voltage was Uy = % Uyn = 67.5V and the mean DC rated current was
Iin = Pin/Ugn = 6.67 A. The generator was driven without a gearbox. Thus, Tg = T,
and O = Q. The rated speed was taken as the reference speed ()° = Qy;, and the rated
voltage was the reference voltage U = Uyy for control purposes.

5.1. Measuring System

The scheme of the measuring system is shown in Figure 11, and a photo of the
laboratory stand is shown in Figure 12.

vsc | b,

© @~ 0N =

unu“
v —»| REF |——{ cTRL ]«

LOAD-CTRL

Figure 11. Structure of the test bench: DCV—DC voltage supply, Rp—additional resistance, DCM—
DC motor driving the induction generator IG, TM—torque meter, ENC—encoder, N—star point of
stator phase windings, AS—acquisition and measurement system, LOAD (T, R; =850, L; =15 mH,
Dy), C4 = 4400 pF, DCV—controlled DC voltage supply, Rp—additional resistance shorted by means
of SD.
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Figure 12. Laboratory test bench view: IG - induction generator, DCM—DC motor, TM—torque meter,
ENC—encoder, VSC—IGBT voltage source converter, CTRL—control system, R;—load resistor, AS—
acquisition and measurement equipment.

The main parts of the test bench are listed below.

e Torque meter and encoder (TM, ENC): quadrature encoder 720 imp/rev with the
speed sensor built-in DATAFLEX 32/300 torque meter.

e Control system (CTRL) based on digital signal controller: Texas Instruments
TMS320F28379D.
IGBT modules (VSC): Mitsubishi CM50DY-24H.
Current measurement probes: Chauvin Arnoux E3N; voltage measurement probes:
TESTEC TT-S19001, PINTEK DP-35.
Data acquisition card (AS): National Instruments USB-6211.
DC commutator motor (DCM): 4.5 kW, 220V, 1460 rev/min.
UDCO charges capacitor Cy to initial voltage of Uy = 80 V.

The IG generator was driven by a DC motor. The generator load was the resistance
R4 and the inductance L;, powered by a DC chopper regulated by the width of pulses
controlling the T} transistor. The instantaneous generator output power p; = u4i; supplied
the load, while the generator was driven by mechanical power p;;, = Trw, where T, = T.
The measured mechanical torque T, = T.. The AS system enabled the measurement of
quantities listed on inputs in transient and steady states.

5.2. Experimental Tests

The voltage control system shown in Figure 10 used the simplest method of setting
the magnetic flux by proportional adjustment of the phase voltage to the frequency. This
provided continuous control combined with step control by switching the winding supply
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sequence changing the number of pole pairs. Below are the results of the laboratory tests
that demonstrate controllability with some limitations.

5.2.1. Steady-State Measurements

For the steady state, the generator speed was set in the range OP* = 0.25, ..., 1. The
following values were measured: uy, iy, irg, W, T, 151, is2, Us12, and ug3. A constant
value of the output voltage was controlled by an input signal UZ; " = 1. The m switching

took place for the following speed ranges (Table 2): m = 4 for 0 < ‘w”” < 1,m=3for

<1. The measured

% < ‘w””
steady-state characteristics are presented in Figure 13.

§%,m = 2 for %<’w””

< %, and m = 1 for %<‘w7’”

m=3 m=2 m=1
5 ‘ |
1?% _______ TSNS S S sl
e I S L
2 1 ; " |

o

Figure 13. Steady-state characteristics for various values of speed with a constant output voltage
uy = Uyy =150 V held by the control system: P; = T;,,(QQ—input power, P, = U l;—output power, [s—rms
stator current, [;—mean output current, y—system efficiency, A,B,C,D—distinguished operation cases.

The steady-state characteristics were measured with voltage regulation to a constant
value u; = U;y. Depending on the speed range, the sequence number m was switched.
The generator load was regulated in such a way that the RMS value of the stator current I
was kept between 0.75I; and I;y. This resulted in a load reduction at lower speed. For
m = 4, the results are not presented because, with the assumed load, it was not possible
to generate the desired voltage. With this sequence, the machine produced eight poles,
resulting in a high magnetizing current. This current would have to be greater than the
rated current at rated output voltage.

In the range of relative speed OF" = 0.25... 0.5, the machine worked at m = 2 and 3.
The best efficiency of 77 = 0.74 was obtained with m =2 and OF* = 0.5. With m =3 and
QF" =0.25, the efficiency dropped to 0.52. Operation in the range marked for m = 2 could
be partially performed at m = 3 and a higher frequency than the rated one, and vice versa.

Operation at m = 1 took place in the range Q" = 0.5... 1. This interval was the largest
for operation with one supply sequence. Although a constant voltage was obtained in
the whole range, but at the speed of QF" = 0.5, the efficiency of the system decreased
dramatically to 7 = 0.3. Higher efficiency # = 0.63 was obtained with m = 2 and speed
QOP* = 0.6 (case D in Figure 13), but at the cost of significant current distortion from the
sinusoid. Then, the machine worked with the weakening of the magnetic field.

The actual operation of the generator is illustrated in the cases marked A, B, C, and
D in Figure 13. The waveforms uy, irg, w, T, is1, is2, Us12, and ug3 were recorded in the
steady state, and the results are shown in Figures 14-17.
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Figure 15. Steady-state waveforms corresponding to case B in Figure 13 at OP* = 0.48, m = 2.
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Figure 16. Steady-state waveforms corresponding to case C in Figure 13 at OP* = 0.96, m = 1.
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Figure 17. Steady-state waveforms corresponding to case D in Figure 13 at OF" = 0.6, m = 2.

The work for cases A, B, and C was stable, as the voltage was kept at the set level. The
torque T, showed a slight undulation. For A and B, the phase currents were sinusoidal,
but, for C (Figure 16), the currents were triangular. The greatest disturbances in the phase
and moment currents, as well as the oscillations of the output voltage and current, occurred
in case D (Figure 17). The necessary field weakening in this case was obtained with PWM
overmodulation. The advantage, however, is that the desired voltage level was obtained
with twice the efficiency of m = 1.
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5.2.2. Example of Transient States

Figure 18 shows the excitation course of the generator driven at constant speed to
the desired voltage U;* = 150 V. After excitation, the load was increased to the power
P; ~ 500 W. In the 0 s to 5 s time interval, the voltage ramped up linearly from Uy to U;x*.
The generator was not loaded. The load was increased after 10 s, and the generator was
unloaded again after 22 s. All the time, the generator voltage had a constant set value.

200 ; .

V| Uy
100 p— N
0 1 1
15 T T
A
101 ; 8
i
sk Rd |
0 1 1 1
2000 T T T
revimin| 9 .55w

1000

200 1 1 1 1 t
0 5 10 15 20 s 25

Figure 18. Excitation of the generator at 0" = 0.48, m = 2 and loading to P; ~ 500 W.

6. Conclusions

From the point of view of voltage regulation, a multiphase induction generator can
be driven with any speed, and the voltage can be kept at a desired value. However, when
the driving engine does not have a stiff mechanical characteristic, the voltage control must
be performed with respect to utilization percentage of the system to produce maximum
power. This power can be obtained at a high speed and a low torque, and vice versa. The
only problem is the possibility of delivering proper torque resulting from the stable parts
of mechanical characteristics of the driving engine (turbine).

The characteristics presented in Figure 13 show that, for the tested generator, the best
operation occurred at m = 2 and m = 3. With m = 1, the generator speed range was too
large, from QF* = 0.5 to OF* = 1, in which the voltage had to be regulated to a given value.
This range could be divided into operation at m = 1 and m = 2 assuming a limited speed
(Table 2) Q’fg =2/3. However, worse operation of the generator at m = 2 (Figure 17) should
be taken into account.

When considering the generator’s drive by means of a wind turbine, it is possible
to take into account Figure 4b, where the typical characteristics of the turbine and the
characteristics of a multiphase generator were presented. The figure showed that, at
different wind speeds, the generator characteristics for m = 2 and m = 3 were closest to
the points of maximum power of the turbine. It follows that the generator should have
an optimally designed stator winding with regard to the maximum magnetomotive force
at m = 2, 3, as well as at m = 4. In that case, it would be almost impossible to work
with m =1 [27], and the machine would be quite different from the one that was tested.
For example, much better properties are obtained using a two-layer winding with the
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same pitch as the winding in Figure 5. The design can also use the methodology presented
in [30,31].
Advantages of using multiphase induction generators are formulated below.

e A step change in voltage by switching the sequence of phase currents, causing a
change in the number of poles of the magnetic field, extends the range of voltage
regulation. The most useful is switching between m = 2 and 3, between m = 3 and
4, etc. Switching between m =1 and 2 at the speed OF" = 0.5 causes difficulties in
maintaining a sufficiently high efficiency of the generator.

e A multiphase induction generator has only one winding, allowing it to work with
a varying number of pole pairs 1, 2, 3, 4, ... When using a Dahlander winding in a
three-phase machine, the number of pole pairs can be changed in a ratio of 1 to 2.

e Like a multiphase motor [4,9,17,20,22], the multiphase induction generator tolerates
operation with some stator phases broken, allowing the generation of voltage of the
desired value.

e The dimensions of a multiphase induction machine are similar to a three-phase
machine with the same power. Cage induction machines are cheaper than syn-
chronous generators with permanent magnets, which usually have to work with
a back-boost converter.

e  Multiphase induction generators can be used in wind and hydropower plants at
significantly variable speeds. Even at relatively low speeds, a rated voltage will
be produced.

e  The best efficiency # = 0.74 (Figure 13) was not significantly worse than the rated
efficiency of the motor Sf112M-4 7 = 0.88 (the stator core and the cage rotor were
used for the generator), since the generator was working below its rating.

The applied scalar control system maintains the output voltage well at the set level.
Similar to motors, better results can be obtained by using spatial vector control or direct
voltage regulation and, eventually, sliding mode voltage control [24]. This would be
important for smooth switching of the supply sequence number m. When applying a
vector control of the output voltage in a wide range of the generator speed, switching of
the supply sequence number m must be applied, since the magnetizing current cannot be
increased to obtain appropriate flux and voltage because of saturation of the magnetic core.
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Glossary

Bs flux density in the air-gap

C capacitance

Cq number of coils in the group creating the phase winding
E electromotive force

F magnetomotive force (MMF)

fs stator frequency

H,,H, sets of harmonic orders

isk current of k-th phase winding

Iy amplitude of stator phase current
I length of the stator core

L inductance

M number of phases

m supply sequence number

mpg number of sequences for one direction of rotation
N number of turns

p power

p number of pole pairs

R resistance

Te stator core bore radius

S indicator of machine winding type

Te, Tg, Ty torques

u voltage

Vv wind velocity

Zs number of stator slots

« slot angle

B pitch angle

6 equivalent width of the machine air-gap
s phase angle

Mo vacuum permeability

v, v, 0, p’ harmonic orders of MMF Fourier series
P magnetic flux

w instantaneous rotational speed

Q)] steady-state rotational speed
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