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Multi-phase Vectorial Control of Synchronous Motors
with Currents and Voltages Saturations

Marco Fei and Roberto Zanasi

Abstract— This paper deals with the torque control of m,-
phase synchronous machines where the first odd harmonics
below m, are injected. A new vectorial approach to describe
the voltage and current limits is proposed. Starting from the
transformed dynamic equations and using the voltage and
current constraints, the optimal current references is obtained.
It holds for an arbitrary number of star connected phases and
an arbitrary shape of the rotor flux. Some simulation results
for a 7-phase motor validate the proposed control law.

I. INTRODUCTION

Multi-phase machines offer some advantages and greater
number of degrees of freedom compared to three-phase
machines, see [2] and [3]. One of these advantages is the
higher torque-to-volume ratio due to the injection of higher
order current harmonics for the machines with concentrated
winding and nearly rectangular back-emf, see [1], [4], [5].
In [6] and [7] the effects of the voltage and current limits on
the third harmonic injection are considered. Almost all the
abovementioned papers consider specific motors with 5 or 7
phases where only the first and the third current harmonics
are injected. Moreover although the amplitude of the injected
harmonics is tied to the harmonic spectrum of the back-emf,
it is not clear how the current references are obtained.

This paper, which is an extension of [8] , uses a new vectorial
approach to obtain the optimal current references considering
the voltage and current limits. The approach is as general as
possible and it is suitable for machines with an arbitrary odd
number of star-connected phases and an arbitrary shape of
the rotor flux.

The paper is organized as follows. Sec. II shows the details of
the dynamic model of the multi-phase synchronous motors.
In Sec. III the current and voltage constraints are presented
and their effects onto the torque producing capability are
shown in Sec. IV and Sec. V. The proposed torque control
is given in Sec. VI. Some simulation results are presented in
Sec. VII and conclusions are given in Sec. VIIIL.

A. Notations

The full and diagonal matrices will be denoted as follows:

Ry Ri2

. . Rim Ry
? J Ray Ro2

Rom P Ra

Rni Rp2 Rnm Rn

The symbols \Z[ R; ] and [ R; }T will denote the column and row
1:n 1:n

b

n=a:d

matrices. The symbol > Cn=ca+catatcatzat... Will be
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Fig. 1. Basic structure of a star-connected multi-phase synchronous motor.

used to represent the sum of a succession of numbers c,
where the index n ranges from a to b with increment d.

II. ELECTRICAL MOTORS MODELING

The basic structure of a permanent magnet synchronous
motor with an odd number m, of concentrated winding in
star connection is shown in Fig. 1 and its parameters are
shown in Fig. 2. A complex and reduced model in the rotat-
ing frame %, can be obtained using the following reduced

=

and complex transformation matrix T,y € C™s* "3

_ 2 R i
Tux=fZ Jemoenf
mg O:mg—1 1:2:mgs—2

Using this transformation, and the POG modeling technique,
see [9] and [10] one obtains the dynamic model reported in
Fig. 3. The transformed system S, expressed in the complex
reduced rotating frame X, has the following form:

YL 07|“L,| [ “Zs [“Kuw][“L] [V,
Fhlar R -

The original ms-dimension model is transformed and re-
duced to a (ms—1)/2-dimension complex model S, in the
rotating frame .. In this frame the m,-phase motor can be
seen as a set of (ms;—1)/2 independent electrical machines,
rotating at different velocity kw,,, each one working within
a complex subspace Y, with k& € {1 : 2 : m, — 2}. The
complex matrix “Z, = “R,+“L,“J, in (2) is defined as:

k
[ w7 }
1

2img—

k

Wzs = = (3)

|:Rs +jpkwm, Lsk:|

1:22mgs—2

where Ly, = Ls+ My (%aMk — 1). Note that, according
to [4], in (3) the first mg — 2 odd components aprr Mo
of the mutual inductance (see Fig. 2) are considered. The
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ms |number of motor phases
p |number of polar expansions
, | electric and rotor angular positions: 6 = p 6.,
w, wm |electric and rotor angular velocities: w = pwy,
R, |i-th stator phase resistance
L |i-th stator phase self induction coefficient
maximum value of the stator mutual inductance
mutual 1nduct10n coefﬁment between the phases h and ¢

My = Mso g ann cos(n
n=1:2
Jm | rotor moment of inertia

b, | rotor linear friction coefficient

Tm | electromotive torque acting on the rotor

Te |external load torque acting on the rotor

~s |basic angular displacement (s = 27 /m.s)
¢.(0) | total rotor flux chained with stator phase 1

e | maximum value of function ¢.(6)

(h—1i)7s)

normalized total rotor flux:

45(9) (;3(9) Z a; cos(n 0)

n=1:2

Fig. 2. Variables and parameters of the multi-phase synchronous motor.
transformed torque vector “K n is function of the electric
angle 0 and the coefficients a,, of the flux Fourier series
shown in Fig. 2. It can be shown, see [11], that when the
normalized rotor flux is characterized by the first odd mg—2
harmonics the transformed torque vector “K.. is constant:

k k

“K K de"'.]qu = Jp¥e kay, 4
w=[[®n]| =] || =veev ![ |
1:2:

1:2:mg— mg—

mg—2

and each component K., is defined by the coefficient a,
of the same order k. According to the magnetic co-energy
method, the motor torque 7,, and the back-electromotive
force “E are:

= Re (wK:N wL) . “E=“K,ywm. ()
In [1] and [4] it is shown that it is possible to increase
the motor torque of a multi phase motor by injecting odd
harmonics with order below mg. Let us now consider the
case of balanced voltage and current stator vectors 'V and
‘T, composed by the first (m, — 1)/2 harmonics:

ms—2 h
"V, —I[ Van] = [Vink cos(kO-k (B~ (h=1)75)] (6)
limg k=1:2 limg
ms—2 h
L= (1a]=Y Uk cos(kb—k(Ba — (=11, ()
1:img k=1.2 lims

where V,,, and I, are the amplitude of the balanced
harmonics components of order k and 6,, 6;; are proper
initial phase shifts. The transformed current and voltage
vectors “I, = T, \ 'I, and “V, = tT:NtVS are:

k

1 2:mg—2

V=[] <[

1:22ms—2 1:2

‘Energy Conversion | Mechanical |

|
Electrical part @
® ® pat @

| Complex
(@ Transformation

Fig. 3. POG scheme of a multi-phase electrical motor in the reduced

complex rotating frame X,.
k
V2 {I’"k ejkem}

1:2:ms—2

k k

= [T ] = 1t -
1:2:mgs—2

(©))

where Iy, Ik, Vi and Vi, are, respectively, the direct and
quadrature components of the current and voltage vectors
I, and V. Expressions (8) and (9) show that the har-
monics of order k and amplitude V,,; and I,,; in (6) and
(7) are transformed into vectors V4, and I, with modulus
Ve = \/T Vink and Ipp = /5% Ly, which move in
the complex subspace %,5,. In other words each harmonic of
order k is related to the fictitious electrical machine rotating
at the same frequency kw,, and characterized by the k-th
coefficient of the rotor flux. Substituting (4) and (9) in (5)
the motor torque can be rewritten as:

meg—2
fmg
m = DPec 7 Z k:aquk.
k=1:2

This equation shows the dependence of torque 7, on the
quadrature components I, of the current vectors /. From
(10) it is clear that the torque production capability of
the machine increases injecting the odd harmonics with
order below to ms. Moreover the amplitude of the injected
harmonics is tied to the harmonic spectrum of the rotor
flux (it is uselfull to apply high I, in subspaces with high
components kag).

(10)

III. MULTI HARMONICS CONSTRAINTS

The amplitudes of components V;j, and I, of the voltage
and current vectors "V, and I, in (6) and (7) are bounded,
respectively, by the maximum voltage V,,,, of the inverter
DC link and the maximum rated current I,,,,,, therefore the
following constraints hold:

mg—2 mg—2
Z mG < Vmaa;y Z Imk < Imaa;- (11)
k=1:2 k=1:2
Defining the vectors V;, In; and K, € R™% " as:
k k k
VMZHWSIC@ ; IMZHVSH} ; KTZHKTH”
2:mg— 1:2:ms— 2:ms—2

the voltage and current constraints (11), multiplied by con-
stant /%5, can be rewritten as a l-norm constraint on
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Geometrical analysis of the control vectors
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Fig. 4. Maximum current circles CVy and CZj, in complex subspace 3.

vectors V), and Iy,:

mes—2
m
I Var =Y Virk <4/ 5" Vinaa =V, (12)
k=1:2
mg—2 m
I Tar =D~ Tark < 4/ 5" Tmaa = I, (13)
k=1:2

where Vi = /5= Vi and Inge = /T35 Iy are the
moduli of vectors Vg, and I, respectively.

In the design of the control law there are some degrees of
freedom that will be used to decide how to distribute the
maximum voltage V7 and current I3; into the components
Vi and Ipgp to satisfy the constraints (12) and (13). In
the next sections it will be shown how this defines in each
subspace X5 a specific operative zone that modifies the
torque producing capability of the subspace.

IV. VECTORIAL CONTROL

In steady-state condition, the dynamic equation of the
electrical part is WV, = —¥Z.“I, — “K, w,, which is
equivalent to the following (ms — 1)/2 equations of the
complex subspaces X, :

Vsk = _Zskjsk_qukwm ) Zsk = Rs+,7 kpmesk:- (14)

The voltage constraint |/ V2 + ngk. < Vasg in the subspace
Y% can be rewritten as follows:

Lok — Xok)® + (Iyx — Yor)* < R, (15)
— V
where ROk(Wm) - |R0k"vsk|=VMk - ﬁ (16)
— — K kpw? Ly
Xok(wm) = Re(Cor,) = % (17)
sk
- - mes
Yor(wm) = Im(Coy,) = %ﬂiP (18)
sk

Relation (15) is the mathematical expression of the maximum
voltage circle CV; corresponding to the value Vi that

satisfies the voltage constraint (12). The terms Cox(wy,) =
Xor+J Yor and Roy, (wyy,) represent the center and the radius
of the maximum voltage circle CVy. These terms are function
of the parameter w,,,. When velocity w,, increases the radius
Ry, of circle CVy, decreases and its center Cy, moves in the
(2 k f ztk ’ O)
and radius ﬁiqzk The current vector I satisfies the
voltage constraint only if its modulus is inside the maximum
voltage circle CVy. The current vector T4, must stay inside
the maximum circle CZ;, having center in the origin and
radius Iy and satisfying the current constraint (13):

complex plane ¥ on a circle with center in

15 + 12, < I3y (19)

A graphical representation of the voltage and current circles
CV) and CT; in the complex plane ¥ for a particular
value of w,, is shown in blue and violet in Fig. 4. The
intersection zone Cj, between the two circles, shown in grey
in Fig. 4, represents the area in which both the voltage and
current constraints are satisfied. Subtracting equation (19)

from equation (15) one obtains the following relation:
—2XoLax — 2Yor gk + Xoy + Yo — Roy, + I3, = 0.

Using this relation together with (19), one obtains the inter-
section points I and I;; of circle CVy with circle CZy:

- Y Xor P
Tran— Yor | KXok B ()k) P
|COk’ |Cok| 0k
|Cox|*—R2,+1 (20)
where P, = 22 "0k T M2 The coordinates of the other

. . . 2Y0k
points shown in Fig. 4 are:

Tvi(wm) = Xok(wm) + Yok (Wm) + jRok (W) 2D

Ton(wm) = PYor(wm) + ) Ry (wm) = X3 (@m)  (22)
Tow = jlan (23)
Ter = —jInrs 24)
Topwm) = Yok (wm) = jy/ By (wm) — X3ylwm)  25)
Top(wim) = §Yok(Wim) — jRok(wWm) (26)

Note that the coordinates of all points shown in Fig. 4 are
function of the components Vs and Ips;. The torque 7%
generated in the subspace Y, can be provided using only
the current I, € Ci. Two main control laws can be used:

1) field oriented control where the direct component of
the current vector is zero Iy, =maxz {Ick, Iz} € Cy;
2) flux weakening control where also the direct component
14 1s used: Tsk = max {Tvk-7jjk} € Cy.
In Fig. 4 the points Ter and I,j cannot be used in the
control because they do not satisfy the constraints (I and
I ¢ Cy). Using the field oriented control the operation
point is I, = Iz, while using the flux weakening control
the operation point is I, = I .
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Fig. 5. Minimum dissipation constraints, ms = 5: a) current, b) voltage.
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Fig. 6. Maximum torque constraints, ms = 5: a) current, b) voltage.

V. CONSTRAINTS DISTRIBUTION

The torque can be provided using only the current vectors
I}, inside the intersection zone Cj, of the maximum voltage
and current circles CVy and CZy, therefore the voltage and
current limits determine the torque producing capability
of the subspace X,x. For a given w,,, it is possible to
modulate the components Vi and Ips; in each subspace
Y.k in order to increase or decrease the maximum voltage
and current circles CVj, and CZj, satisfying the constraints
(12) and (13). For a 5-phase motor, the current and voltage
I-norm constraints can be represented as planes in R2
as shown in Fig. 5 and Fig. 6. From (5) it is clear that
the torque 7, is tied to the scalar product of K, and
I,; and for this reason the vector K, has been reported
in the current 1-norm constraint of Fig. 5.a and Fig. 6.a.
The torque control law described in the next section is a
generalization, for a mg-phase machine, of the following
two cases of constraints distribution for a 5-phase machine:

Case 1) The optimal distribution of the current constraint
minimizing the power dissipation is reported in Fig. 5.a. The
vector Ipsq does not satisfy the current constraint, therefore
this distribution cannot be used. The scalar product of the
three vectors 1,74, Insp and I, with the vector K. is the
same but the vectors I,;, and I,;, do not minimize the
power dissipation because their moduli are greater than the
modulus of I,;.. Therefore the current constraint vector
which minimizes the power dissipation is the vector I,
with the minimum modulus parallel to K. The voltage
vector V7, related to the current vector Ig;, is reported in
Fig. 5.b.

Case 2) The optimal distribution of the current constraint
maximizing the torque 7, is reported in Fig. 6.a. The
vectors Ipze, Inrp and Iprg do not maximize the torque
because their projections onto K, are smaller than the
projection of vector I,s.. The vector Ip; = I/ that

Fig. 7. Maximum current circles CV}, and CZy in subspace X, obtained
modulating the components Vs and Iprp .

maximizes the scalar product K I, is obtained giving the
maximum value I3; to the component I3 related to the
maximum component K3 of vector K. The voltage vector
V7. related to the current vector I5;, is reported in Fig. 6.b.

Generalizing these two cases, four different constraints

distribution into the subspaces Y. will be considered, see
Fig. 7. The dashed lines are the voltage and current circles
CV} and CZ showed in Fig. 4, while the solid lines are
the new circles CV), and CZ) obtained modulating the
components Vs and Ipsp.
In Fig. 7.a the operation point is I, = Iz = Icr = Ik,
so the torque can be generated using only the quadrature
component I,. Given the current constraint /sy and using
equations (22) and (23), one obtains the component Vjy:

Virk = [Zatl [ X3+ (T — Yor)2. @D)

In Fig. 7.b the operation point is the origin I, = 0 because
Inri, = 0, so the torque generated by subspace X is zero.
The component V) has the following structure:

Viak = 1 Zsk| |Cok| = Kgk Wi (28)

In Fig. 7.c the operation point is I, = Coy because Vi, =
0, so the torque generated by subspace X is negative. The
component [ has the following structure:

Ik = |Cok| = Kq wm /| Z sk (29)

In Fig. 7.d the operation point is I = I = L. Also in
this case the torque generated by subspace X, is negative.
Given the current constraint I, from (20) one obtains
Rog + Ini = |Cox| and the component Vi, is:

Viak = [ Zsk| (ICok| — Inik) = Kgpwm — | Z s In- (30)
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Fig. 8. Limit torques for a multi-phase synchronous motors.
These four cases show that when the operation point is
defined, the components Vi, and I are bounded by the
equations (19) and (15).

VI. TORQUE CONTROL

Torque 7,, can be controlled by current vectors “I; in
frame Y., not exceeding the constraints on the maximum in-
put voltage and current. When “I; is constant, the condition
“I, = “I, can be achieved using the following control law:

“V=YZ;“To+ K, wy— K (“Ts—“1y) 3D
where K. >0 is a control diagonal matrix and “I; is:
wi]\,{ if Td Z TM (wm)
“Iy=1< “I.. if Taa(wm) <78 <tm(wm)  (32)
“Ina if 0 <74 < Tara(wm)

where 74 is the desired torque. Tasq(wp,) is the maximum
torque with minimum dissipation while 7/(w,,) is the
maximum torque. These two limit torques are function of the
motor parameters, the voltage and current constraints and the
control law. In Fig. 8 the two curves Tasq4(wy) and 7oz (wyy,)
define three zones in the (7,,,w,,) torque plane: the green
zone represents the region where the desired torque 74 can be
provided using the minimum dissipation torque control; the
red zone represents the region where the torque 74 is obtained
using the convex combination torque control; the white zone
is not allowed because 74 cannot exceed the maximum torque
Taz, in this area the maximum torque control is used.

This control law, used together with relation (31), provides
the desired torque 7, satisfying the constraints (12), (13) and
minimizing, when possible, the current dissipation.

A. Minimum dissipation torque control

The current constraint vector I; which minimizes the
power dissipation is the vector with the minimum modulus
parallel to vector K, (see Fig. 5.a):

IM:|I%|K |II{<T ﬁ”m”

1:2:mg—2

-2
K [ms 'S
gk _
| K ‘2 = / Z k}azk
are the distribution coefficients of the current constralnt I3

into the subspaces Y. Only the quadrature components I,
of the current vectors [4; are used to generate torque (see

(33)

where K, k=

Fig. 7.a), therefore the current vector «T,,, which minimizes
the power dissipation is:

K‘rN

— (34)
|wK N|2

tos= ]| -
1:2:mgs—2

Note that the current vector “I,,q is parallel to the torque
vector “K... Substituting (33) in (27) and using the voltage
constraint (12), one obtains the following equation:

ms—2

Z | Z |\ X3, + (Ta Ky, — Yor)2 = Va7
k=1:2

(35)

Virk

At low velocity the current constraint limits the torque. Using
(33) and the current constraint (13) the maximum torque with
minimum dissipation at low velocity is:

mes—2

SR

k=1:2

TMd(O) = Iﬁ

Substituting 73,4(0) in (35) one obtains the rated velocity
wrpmd- When wy, > wrprq, the limit torque decreases and
it is limited by the voltage constraint. Given w,, > Wrprd,
equation (35) can be numerically solved with respect to 7,4
in order to obtain the maximum torque 7asq(wy,) satisfying
minimum dissipation and the voltage and current constraints.
The desired torque 74 can be obtained with minimum current
vector “I,,4 only if 74 < Tazq(wm). In Fig. 8 the curve
Tmd(wm) defines the green zone representing the region
where the desired torque 74 can be provided minimizing the
power dissipation.

B. Maximum torque control

The maximum torques 77 (wy,) can be obtained maximiz-
ing the projection of the vector I, onto the torque vector
K., see Fig. 6.a. To reach this goal it is necessary to sort the
components K, of the vector K, and apply the following
current and voltage constraints distribution:

Dae=In, Viw=[Zea /X3 +(In—Yoa)? it k=G

Ik =|Cokl, Vark =0 if keN,
Intk=1Ing, Var=Kgpwm — |Zsg| Ing ifk=g
Ir=0, VMkZqu Wi, ifk‘EOg
_ (36)
where Ip; = Iy — ZkeNg |Cok| — Inrg and:

-G is the index of the maximum component of K,
- g is the index of the considered subspace univocally
defined from the motor velocity w,, (the reason
will be explained later),
4 is the set of the subspaces already considered,
- Og is the set of the subspaces not jet considered.
The subspace Y, related to the maximum component K g,
of the torque vector is shown in Fig. 4, the subspace ¥,
is shown in Fig. 7.d and the subspaces not yet considered
and already considered are shown, respectively, in Fig. 7.b
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and Fig. 7.c. Substituting the components Vi of (36) in the
voltage constraint (12) one obtains the following equation:

ZqumeZGl\/X3G+(IM—Y()G)Q—\ZguMg:vﬁ
ke(g,04]

(37)
Given w,,, equation (37) can be rewritten as:
2 Vﬁ*Zqu Wm
_ k€lg,09] z
2.+ Iﬁfz [Cokl—Img—Yoa | = — 1Zsg] Ing
1Zsal 1Zsa |
kEN, : ‘

This relation can be solved with respect to I, obtaining the
voltage V4 of the considered subspaces. The components
I, of the maximum current vector “I; are univocally
defined from the constraints distribution (see Sec. IV):

max{jvk, leaTZk} € Cpif k=G

k
_ _ _ Xok + 7Yox if keN,
WI]\/[:H:Isk:| s Ls=q _ . !
1:2:ms—2 Ilk if k:g
0 if keo,
(38)

Note that ¥, is the only subspace that generates torque
because the current components in the other subspaces are
negative or equal to zero.

When w,, < w;ps the current constraint limits the torque
and the maximum value I7; is given only by the subspace
Yk related to the maximum component Ky, of vector K,
(see Case 2 of Sec.V), therefore g = 0, N, = @ and in this
case the equation (36) can be rewritten as:

Ine=1Isz, Vare=|Zsc v/ Xog+ (I —Yoc)? if k=G
if k€O,

Iy =0, Vire=Kgwm

and the maximum torque at low velocity is:

[ms
7 (0) = pee. TGQGIM~

When the velocity w,, increases the components Vjsi in-
crease and there is a velocity w,); for which the voltage
constraint is exactly satisfied. The rated velocity w,;; can
be obtained substituting the components Vs in (12). When
wm > wrpr the voltage constraint limits the torque then it is
necessary to redistribute the current constraint I3; into the
other subspaces to reduce the components Vs, see (30).
Since this operation causes a reduction of the torque (see
vector 17y in Fig. 6.a), the current constraint I is redis-
tributed only into the subspaces %, with k € [Ng, g] thus
minimizing the torque reduction. The current and voltage
constraints distribution (36) must be applied starting from
the subspace X related to the minimum component K
up to the subspace ¥,;. The index g is univocally defined
by motor velocity wy,: it is the first subspace X, where
Vg > 0. At the end, when g = G and O, = (), the equation
(36) can be rewritten as:

Ink=Tgr =y [Coxl, Varr=Viz
k£G
Inik=1Cokl;

if k=G

Ve =0 if ke N,

Motor velocity wm,

100} 4
z
5 eor -
<
=, 601 -
£ aof 4
3
201 ]
OO 5 10 15 20 25 30 35 40
Motor torque 7,, and desired torque 74
ool , , . , . . .
E sol T, TM D B
Z. a0l e S 2
S sor 4 !
o 201 gl s
& 1ol ! B
o
o s 7o 20 25 30 35 20
Time [s]
Fig. 9. Time behaviors of motor velocity w;,, motor torque 7, (brown),

desired torque 74 (red), external torque 7. (magenta) and maximum torques
Ty and T (black).

The maximum torque control is obtained choosing “I; =
“Ip; when 74 > 7ar(wy,). In Fig. 8 the curve 7y, defines
the white region that represents the zone not allowed because
T4 cannot exceed the maximum torque.

C. Convex combination torque control

In Fig. 8 the curves 774 and 7j; define a red zone that
represents the region where the two previous control laws
cannot be used. In this region the optimal control law which
satisfies the constraints (12), (13) and minimizes the current
dissipation is quite complex and difficult to be found. In
this case we propose the following suboptimal control law
obtained as a convex combination of the maximum current
vector “I,s, see (38), and the maximum current vector with
minimum dissipation “Ip;q = WMK% Tmd, see (34). When
Tavd < Ta < Tar the torque 74 is obtained using the following
current vector:

“Tee=“Tprata (“In— “Insa)
T4 — TN (Wm)
™ (W’rn) — TN (W'm) ’

VII. SIMULATION RESULTS

The simulation results described in this section have been
obtained in Matlab/Simulink environment considering a mo-
tor with the following electrical and mechanical parameters:
ms =7 p=1 Ry =2Q, Ly = 0.03 H, My = 0.025
H, apy = 1, aprs — 1/9, aprs — 1/25, Pr = 0.02 Wb,
Jm = 1.6 kg m?, by, = 0.15 Nms/rad, V,,,. = 100V,
Iae = 35A a1 = 0.40, a3 = 0.3, a5 = 0.25. The external
torque 7. is zero until ¢ = 10 s then 7, = 45 Nm (see the
black dashed line in Fig. 9). The time behaviors of motor
velocity w,,,, motor torque T,,, desired torque 7,4, external
torque 7. and maximum torques 7j; and 7n are shown in
Fig. 9 and the corresponding trajectories on the torque plane
(Tm» W) are reported in Fig. 10. The letters A, B, C, D
and FE refer to the critical points for the control: A when
Ta = Tmd, B and D when 74 = 757, C when the external
torque 7. is applied and E the final steady-state condition.
Note that for 74 < Ty, i.e. from point O to point B and
from point D to point E, the control law (31) and (32)
guarantees 7, = 74. The constraints (12) and (13) are always
satisfied as it is shown in Fig. 11. Fig. 12 shows the phase

where o =
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Current in the subspace X1

Current in the subspace Y3

Current in the subspace X5

Iq [A]
Iqs [A]

D

Iqs [A]

-20

Fig. 13.

Motor torque 7,,

T [Nm]

100
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w [rad/s]

Fig. 10. Motor torque 7,, (brown), desired torque 74 (red) and maximum
torques 7ps and Ty (black) as a function of motor velocity wy, .

Multi harmonics current constraint Multi harmonics voltage constraint

W Var mffv
> =
By — Iavir+1Invs+ 1
=. Vart 4 Vars+ Vs =" m1+Invs+1Ins
S . S
> -
“Time [s]” “Time [s]”
Fig. 11.  Sum of the components Vi and Iy of vectors Vpr and Ipy.

current and voltage waveforms in the steady-state condition
and their corresponding spectrum. It is clear that the phase
voltage and phase current are obtained injecting the 1-st, the
3-rd and the 5-th harmonics. Moreover the obtained current
and voltage waveforms satisfy (11). The current vectors I,

in the complex subspaces X1, X3 and X5 are shown
in Fig. 13. The desired torque 74 is provided only by the
quadrature components I, of the current vectors I until
it is 74 7y in point A. Note that from A to B, where
the convex combination control “I.. is used and the current
vectors I, remain within the intersection zones Cj. From
point B to point D the maximum torque control “I; is
used, the desired torque 7, is generated only by the current
component Iy53;. From D to E the desired torque 74 is
provided by the convex combination torque control.

VIII. CONCLUSIONS

In this paper a new vectorial approach to obtain the op-
timal current references considering the voltage and current
constraints has been proposed. Since the number of phases,
the impedance matrix and the rotor flux have been considered
as design variables, the current references are as general
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Fig. 12. Phase current and voltage waveform with their corresponding

harmonic spectrum in steady-state condition.

as possible. The optimality of the proposed control law is
guaranteed when the minimum dissipation torque control or
the maximum torque control are applied. Simulation results
obtained in Simulink for a 7-phase motors validated the
effectiveness of the presented control law.
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