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Abstract—This paper deals with the vectorial control of multi-  x; L pgedx, X Xa
phase permanent magnet synchronous machines. The dynamic !

model of the motor is obtained using the Power-Oriented Graps } }

technique which clearly shows the power flows within the sysm G(s)] 1
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and allows to write the dynamic equations of the system in a
proper rotating reference frame. Moreover the obtained moctl
can be directly implemented in Simulink. Starting from the model Y‘ﬁ—"—’ry Y1 ‘ ‘y2
of the motor, a torque control law with saturated input voltages

is proposed based on a new “current” approach. The obtained a)e. b. b) c. b. c¢) Across and through variables
control is very effective and with a simple structure. Simuétion
results are provided.

Figure 1. POG basic blocks and variableselaporation blockb) connection
block c) across and through variables

I. INTRODUCTION

The dynamic model of multi-phase synchronous motors
known in the literature is obtained using classical matttem&apacities, inductances, resistances, etc.)ctimaection block
ical methods [1],[2]. In this paper the dynamic model of thi§c.b.) redistributes the power within the system withouwir-st
type of motors is obtained using a Lagrangian approach iifg nor dissipating energy (i.e. any type of gear reduction,
the frame of the Power-Oriented Graphs (POG) techniqd@nSfOI’merS, etc.). The c.b. transforms the power vagabl
see [3],[4],[5]. This graphical modeling technique shows t With the constraintxiy,; = xjy2. The e.b. and the c.b. are
power flows within the system, allows to write the state spaé#itable for representing both scalar and vectorial systém
equations of the system in a very compact form and provide§¥ vectorial caseG(s) andK are matricesG(s) is always
model which can be directly implemented in Simulink. ApplysquareK can also be rectangular. The circle presentin the e.b.
ing a proper state space transformation the system dynanifc@ summation element and the black spot represents a minus
is expressed in a rotating frame assuming a very simple fofign that multiplies the entering variable. The main featoi
(other approaches have been proposed in [7],[8]).On this bd§€e Power-Oriented Graphs is to keep a direct corresporedenc
of the obtained compact model, a vectorial torque contrdi wibetween the dashed sections of the graphs and real power
saturated input voltages is proposed using a new “curregections of the modeled systems: the scalar producof the
approach. The proposed control law is simple and seefi#$ power vectorsx andy involved in each dashed line of a
to be more clear than the classical vectorial control whidppwer-oriented graph, see Fig. 1, has the physical meariing o
uses a “voltage” approach. The paper is organized as fallokge power flowing through that particular sectiomhe main
Sec. Il introduces the main features of POG technique, Sec.@nergetic domains encountered in modeling physical system
shows the details of POG dynamic model of the multi-phagée the electrical, the mechanical (translational andiostal)
synchronous motors and in Sec. IV the new vectorial torq@@d the hydraulic, see Fig. 1.c. Each energetic domain is
control is presented. In Sec. V some simulation results atgaracterized by twgower variables an across-variablev,

finally reported. defined between two points (i.e. the voltdge and athrough-
variablev; defined in each point of the space (i.e. the current
Il. POWER-ORIENTED GRAPHS BASIC PRINCIPLES I). Another important aspect of the POG technique is the

The Power-Oriented Graphs technique, see [6], is an enerdirect correspondence between the POG representations and
based technique suitable for modeling physical systems. Tihe corresponding state space descriptions. For exantyde, t
POG are block diagrams combined with a particular modulBOG scheme shown in Fig. 2 can be represented by the state
structure essentially based on the use of the two blockgace equations given in (1) where taeergy matrixL is
shown in Fig. 1.a and Fig. 1.b: thelaboration block(e.b.) symmetric and positive definitdi = L™ > 0. For such a
stores and/or dissipates energy (i.e. springs, masseqeisam system, the stored energy, and the dissipating poweP;
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Figure 2. POG block scheme of a generic dynamic system. ) ) )
Figure 3. Basic structure of a multi-phase synchronous moto

17 T ms number of motor phases;
can be exp_ressed as followg; = $x'Lx, Py = x"Ax. _ > AUMDET of POlar expansions:
The dynamic model (1) can be transformed and reduced into 9, 0,, | electric and rotor angular position8:= p b,
system (2) using a “congruent” transformatior- Tz (matrix w, wm_|_electric and rotor angular velocities: = p wm;
T can be rectanguler and ime-varying) whdfie= T'LT. i —
~ 7 T = _ s 2- ,
A =T'AT - T'LTz andB = T'B. Mo maximum value of mutual inductance betweg¢n
A. Notati stator phases;
- Notations ¢.(0) | total rotor flux chained with stator phase 1;
Row matrices will be denoted as follows: pc__| maximum value of functionp.(6);
) JIm rotor moment of inertia;
i . ot —
[R:] = [ Ri Ry ... Rn ] , bm rotor I|near friction coefflplent, .
lin Tm electromotive torque actlng on the rotor;
. . . Te external load torque acting on the rotor;
column and diagonal matrices as: o basic angular displacementa(= 2 /mz)
Ry Ry Table |
7 R i R PARAMETERS OF THE MULTIFPHASE SYNCHRONOUS MOTOR
[Ri] = . ;o R ] =
Irm : 1:n ..
Ry, Rn
and full mairices as: where I, ¥V, are the current and voltage stator vectors and
, g; gg o g;m g, 'V are the state and input vectors of the global system.
TR 1= " Using a “Lagrangian” approach, see [5], one can obtain the
! %{‘l : : . : . . . .
o : : : : following dynamic equations of the electric motor:
Rnl Rn2 e an

. ‘Le| 0] [*I, ‘R, 'K (0 i, tv,
The Symb0| ‘ZZ:a:d Cp = Cq + Ca+d + Ca+2d +.. il be [T’T] |:w—:| = |: — tKT (9) I b ( ) :| |:w :| + |:?:|
used to represent the sum of a succession of nunehewhere . ml Lem T m mlo el

the indexn ranges fronu to b with incrementd, that is, using L, 4 R+ tW tq ty
the Matlab symbologyp = [a : d : D). (4)
The symbold(n)|;* will be used to represent the followingwhere the energy matriXL, is defined as follows:
function:

J
sy = [ 1o € ek, ik 2m, ek dm, "Ly = Lo T, + Myg [ cos(i — 1)) ]
0 otherwise Lim, Timg
wheren, k£ andm are integer parameters. with L,y = L, — M,o. Matrices 'R and *W are defined as:

Il. ELECTRICAL MOTORS MODELLING ‘R ‘R, | 0 — 0 |'K-(0)

The basic structure of a multi-phase synchronous motor 0 [bm]|’ —"KI(0)] 0
is shown in Fig. 3. In this paper we will refer to a perma- . -
nent magnet synchronous motor with add numberm, of Where 'R = R, L, and the torque vectofK. (0) is:

star-connected phases [3]-[4] characterized by the pdeame
shown in Tab. I. Let us introduce the following vectors:

3
YK(0) =poe.|| — n a, sinfn(0—h s . (5
I Vi (0) =pe l n;2 [n(0—h~s)]
Iso Vi t, tV, O:ms—1
tIs: . ) tVs: . ) tél: l s V= l (3) . - ..
: : Wm —Te The parameters,, in (5) are the coefficients of the periodic

normalized rotor flux functiong(d) expressed in Fourier

I smg V;'m s



_ “Vy “E Wm
series:p(0) = >°° |, a, cos(nf). Let us now consider the ‘V T o . K e ¥ >t
following transformation matrix: } } } } } n } ! }

1
k h ] ez |
" 7 |[ cos(k (6 —hs)) \ ¥ I[#3.~LavR.| e "
T, =+/— . (6) | N ox 2] ! | oL |
M || sin(k (0 — hs)) | g 2 | S— s l |
1:2:me—2 0mg—1 ! ! ! ! A !
. : ol Y Lol | |
- - - - Lo T > KT \ Te
Matrix “T.(6) is a function of the electrical anglé and | e | Tm ‘
transforms the system variables from the original refegenc | =, —x.| Electrical part | comeron | Mechanical part |
frame X; to a transformed rotating fram&,. Applying @ @ ® @ ®
transformation’q = “T}“q to system (4), one obtains the
following transformed system: Figure 4. POG scheme of a multi-phase electrical motor irtrdnesformed
. spaceX,.
“Lo| 0 ][ “L]_ [“Rat“Li 3K ()] [“L] [“V.
0 |Jm W, N _le'_(@) | bm Wm —Te
—— —— —— N——

he 7 YR W - oy the Electrical part of the system, while the blocks present
q + qa 7) between section® and® represent thdlechanical partof
where “I, — *TT 'L, “L, — 7 (L,'T, “R, — the system. The connect_ion blocks present between se_@ions
Tt t w1 C ot W Yt e - wnr . and® and between sectio® and® represent, respectively,
Ty R To, “Js =TT, To, “Kr = T, 'K, e °V, = the stat transf tith,, bet f f
tTT 'V, Matrices”L, and “J have the following structure: € state space transtormalioll, between relerence frames
3 and X, and the energy and power conversion (without

Lse 0 0 --- 0 accumulation nor dissipation) between the electrical ard m
0 Lee 0 -+~ 0 k chanical parts of the motor.
wL — 0 0 LS() 0 , wJSH: 0 _kw ‘,
kw 1(')2'm , A Balanced voltages

0 0 0 - Ly Let us now consider the case of balanced input voltages
tV, with the following structure:

where Ly, = Lyo+ %= Mo andw =0 is the time-derivative of

the electric anglé. Vectors“I; and“V, in (7) are now the h h
following: Vi =[Ven ] =[ Vi cos(kr((h—=1)7 —61))]  (10)
1limg 1limg
k k k k
o [ w | Lax oy —|[ w _ || Va whereV,, is the maximum value of the input voltage ahd
s — L || = ) s — Vi ||= . .
il Ik ] Vak f; denote the following parameters:
1:2:mgs—2 1:2:7m—2 1:2:ms—2 1:2:ms—2
where Iy, I, Var andV,, are, respectively, thdirect and ki€ {1:2:ms—2}, 01 =0+ 0;

guadraturecomponents of the current and voltage vectdis . - .

and“V,. Note that using transformatiohy — “T7 ¢, the \Lvherees,t |sTatproper initial phas_e shift. The tr-ansformed vector
original state spacE&; has been transformed infon; — 1)/2 Vs = "TL, "V, has the following structure:

two-dimensional orthogonal subspaces narfgg with k£ € K

{1:2:m, —2}. A detailed discussion of the properties of ms—1

the components of vectstK , () can be found in [4]. It can Z Vin cos(ki1hvys—k101) cos(k hys—k )

be shown, see [5], that when the rotor flux functiof®) has oy, = | 2

the following structure: ms—1

> Vin cos(kyhys—ki161) sin(k by, —k 6)

ms—2
N — . ; h=0
0) = Z a; cos(i ) (8) Lo
1=1:2
the torque vector K. (6) is constant (i.e. it is not function of Using simple mathematical elaborations it can be shown that
the electric angl®) with the following expression: the vector“V, gets the following simplified structure:

(11)

K= ('9°p\/m7:k[kak}_H“’Krk”—HK‘““]

2:mgs—2 2:mgs—2

K
©) wy M O(k1—k)|¢" cos(k Bs)
) 2 " S(ki—k)[ge sin(k6,) ||

1:2:mgs—2

The POG scheme of the synchronous motor in the transformed
spaceX,, see eq. (7), is shown in Fig. 4. The elaboratioNote that in vector’V; the only components that are different
blocks present between the power sect{@nand represent from zero are the two components for whieh= k;. Using the



following bijective correspondence between two-dimenalo o VedorVk
vectors and complex numbers:

oy

the expression (11) can be rewritten as follows:

/ _ . X \\
V=5 e st g e ]| a2 RSN s |

1:2:ms—2 \ Idk‘

Roly kwLopdg

.. _ k0, | 1] ﬂk‘R\quk )
} —  cos(kfy)+jsin(kb,) =e bolulu / =

quwm

Expression (12) shows that all the balanced input vectdfs

with bounded amplitudéd/,,,, see (10), are transformed into
vectors “V, which belong to a circle with radiudy; =
/%= V,, in the two-dimensional subspagg,, - L e S I ,

IV. VECTORIAL CONTROL o

Let “I; denote the constant desired current. The condition
“Is = “I; can be achieved using the following control law:

YV, =(“Re+“Ly “J,) “Li+ “K, wn— K (“I,—“1,) (13)

Figure 5. Graphical representation of vecidr, on planeX,.

_ _ ) ) Using the following bijective correspondences between-two
whereK. > 0 is a diagonal matrix used for the tuning ofgimensional vectors and complex numbers:

the control. Putting relation (13) in (7) one obtains the two

following decoupled dynamic equations: “Lp < T = Lap + j Lok, “Ver = Ve = Var +j Var,
{ “Ls wj:s = 7KC(MIS - wId> (14) YKrp < ka = Kai +.quk7 “Jsk “Ligk < JkpwmLgy
IO = VKL = b wm — Te and “R,; <« R, eq. (17) can be rewritten as follows:
Let “’i_s = (“I; — °_JId) denqte the current error vector. Si_nce Von = (Rs + 5 kpwmLsi) sk + Kris wm (18)
“Ls “I4 = 0, the first equation of system (14) can be rewritten
as follows: ) where is the imaginary unit number. When vectoiK; is
YL I = — K. “I; . (15) constant, see (9), theii., = j K, and from (18) one obtains

. . . . , . the following “voltage” relation:
With a proper choice of matriX. it is possible to define

arbitrarily the time constant; of the controlled system: Vst =7(RsIgk+Kgpwm)—kwLsi Iy + (Rs+j kwLek)lak
i i which is graphically represented in Fig. 5 on the complerela
“ L “Lg; V3 i H H
K, — [KQ ” _ H _Usi ] & o= (16) .k when vectorV . reaches the maximum circle of radius
1'm. Ti Ke, Va7, see [1]. A different “current” approach to the saturated

1:mg . ) —
m‘_ ~vectorial control can be obtained, wheli., = j Kg,
where“ L,; and K., are thei-th diagonal elements of matricesrewriting relation (18) as follows:

“Ls andK,, respectively. From (15) and (16) it is evident that

after a transient the error vectsil, tends asymptotically to T = Vst = j Kqpwim
zero (i.e.“I, tends to1,) with the desired time constants. Rs+ jkpwm Lsk

. B Vak —J K wm (19)
A. Saturated vectorial control =

- + -
Ry +jkpwm Ly Rs+j kpwpy Ly

When“I, = “I,, the control law (13) is equivalent ton, — — —
1)/2 two-dimensional decoupled control laws: Rok (wm) Cok (wm)

Vs = (“Rsr + “Tsr “Ligk) “Loi + “Krg win (17) When vectorV ;, varies along the bounding circle, relation
(19) provides the corresponding limit values for the stator

where: current vectorl ;.. Fig. 6 shows a graphical representation of
wp | R 0 Wy ey 0 —kpwnLs| relation (19) whenV;, varies along the bounding circle for
Rsk ) Jsk LSk} H a2l

0 R k pwm Lt 0 some values of the angular velocity,. The termCoy (wy,)
for k € {1 :2: m, — 2}, each one acting on subspakg, N (19) can be written as:
and — —K kkpw? Ly, , — K wmRs

Co(wm) = ngzrrg 2 TJ 61222 5~ (20)
Rs +k p mesk Rs +k p mesk

Lsk =

{ L, fork=1
Lo forke{3,57,...,ms} Xok(wm) Yor (wm)



Ste}tor current? sk ‘ ‘ Geometrical analysis of the control
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Figure 6. Limit values of stator curreit,, for some values Ofv,. =30 T akoim 1
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- T~ Figure 8. Modulation and translation on currdn, for a genericw,,. The
4 S main points useful for the control are shown.
/ N
, \
Kok _—Kaqk \
FPlok, L — 0 — on the maximum input voltage. Three operative zones are
W =00 _ .
20,0 /1 Ok wm=0" ldk defined: 1) the zone betweely,,, and I,y represents the
' zone in which the torque can be provided using only the
| quadrature componert,, of the current vectod; 2) the
Cor(wm) - intervals [Igkm, Igen] and [Igen, Igeas] represent the zone
“m=Fplix in which the desired torque can be provided giving also a

proper direct componedt, to vectorl,;; 3) the zone where
Iy > Igenm @and Iy, < Igky is not allowed because it does
not satisfy the constraint on the maximum input voltage. The
coordinates of the main points represented in Fig. 8 are:

Figure 7. PointCy (wn) moving in the planes, ;. varying wi,.

It can be shown that, varying,,, point Cox(w,,) moves in

the complex plane,; on a circle with center |n2p—£kk Tiv(wm) = Xow(wm) + 7[Yor(wm) + Rok(wm)]
radlus%—L see Fig. 7, and parametey;(w,,) defined Tim(wm) = Xox(wm) + j[Yor(wm) — Rok(wm)]
as: s
Rs IkN (Wm) = \/ROk Wm ng(wm) + ka (Wm)]
ag(wm) = arctan —————. (21) -
kpwmLgy Ikn(wm) = YOk Wm \/R()k Wm - ()k (Wm)]
As the voltageV/ ;. varies along the bounding circle, the termrhe control algorithm which, in each instant, provides the
Rok(wm) in (19) has the following expression: current vectorl ;. closest to the desired currefif, corre-
_ Var el ¥ _ 5 sponding to the desired torqug and satisfying the voltage
Row(wm) = T Rop(wm) € (P TP (22)  constraint, is the following:
S m
wherey = [0 : 2nr] and with Ry (w,,) and 3 defined as: Tiar 1 Tgpa 2 Tgkns
VM kpmesk T o Ikv if (quN < qud <I kl\/f) (qum < qud < qun)
Ro(wm)= NIEreN B =arctan 5 RN Iyed i Ly < Topa < Ly
(23) Tkm if qud < qum

Equation (22) puts in evidence thBby (w,, ) is a circle whose

radius Roy, (wy,) depends omw,,. The limit value ofw,, over wherely, = Xo; + \/R2. — (Igka — Yor)? + j Iga
which the circle given in (19) does not intersect akjs = 0
can be determined by imposinBox (wm) = —Xok (W)
Fig. 8 shows a geometric representation of the current vecto The controlled electric motor has been implemented in
T, for somew,, and the pointdyinr, Igun, Igkn and Iy, Simulink according to the POG scheme of Fig. 4. The simula-
which are important for the control. The red circle shown ition results have been obtained using the following eleakri
Fig. 8 refers to a particular value af,,. The projection of all and mechanical parametersi;, = 5, p = 1, R;, = 29,

the points of the red circle on thg, axis gives the range of L, = 0.03 H, My, = 0.025H, . = 0.6 W, J,,, = 1.6 kg me,

the currents which can generate torque satisfying the @inst b, = 0.8 Nms/rad. The external torque is zero untilt = 15

V. SIMULATION



Stator voltage vectoV Zoom of voltage vecto¥

s thent. = 5 Nm (see the black dashed line in Fig. 9) and
the desired torque ig; = 42 Nm until ¢ = 21 s thenry; = 24 P
Nm. The control is executed in the subspadg;. Fig. 9 T e
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Motor velocity w,,
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Figure 11. Stator voltage vectdfs; and zoom.
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Figure 12. Limit velocity of the motow,, in the intersection between the

Figure 9. Motor velocityw., and motor, desired and external torques;,  '0ad torque line and the maximum torque curve.
T4 and 7. torques.

shows the motor velocitw,, and the torques: motor torquethe use of Power-Oriented Graphs technique the dynamic
Tm, desired torque; and applied external torque. In the model of the motor is obtained together with the state space
figures the lettersd, B, C and D remind the critical points: equations of the system. The obtained model has been girect
A when the voltage reaches its maximum valiiewhen the implemented in Simulink. Starting from the model of the
external torque is applied; when the desired torque switchegnotor, a vectorial torque control law has been proposeddase
to 7, = 24 Nm andD is the final steady state condition. Thedn a new “current” approach leading to a very simple and
stator voltages and currents are shown in Fig. 10 fagns effective control. Simulation results are provided andveho
to 22 s. In Fig. 11 the voltage vectdr, is reported: the red the effectiveness of the proposed vectorial control in theec
dashed line is the bounding circle (see Fig. 5). Fig. 12 showga five-phase motor.

the motor torquer,,, as function of velocityw,,,, the curve of

the maximum torque and the two load torque lines (foe= 0 ACKNOWLEDGMENT o _
Nm and7. = 5 Nm). The authors gratefully thank Dr. Stefano Puccini for hedpin

in the implementation of control algorithm and simulations
Stator voltages and currents
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