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Abstract

In the paper the Power-Oriented Graphs (POG) technique is used for modellingn-phase per-
manent magnet synchronous motors. The POG technique is a graphical modelling technique
which uses only two basic blocks (the “elaboration” and “connection” blocks) for modelling
physical systems. Its main characteristics are the following: it keeps a direct correspondence
between pairs of system variables and real power flows; the POG blocks represent real parts of
the system; it is suitable for representing physical systems both in scalar and vectorial fashion;
the POG schemes can be easily transformed, both graphicallyand mathematically; the POG
schemes are simple, modular, easy to use and suitable for education. The POG model of the
considered electrical motor shows very well, from a “power”point of view, its internal struc-
ture: the electric part of the motor interacts with the mechanical part by means of a “connection”
block which neither store nor dissipate energy. The dynamicmodel of the motor is as general
as possible and it considers an arbitrary odd number of phases and an arbitrary number of har-
monics of the rotor flux waveform. Generalized orthonormal transformations allow to write the
dynamic equations of the system in a very compact way. The model is finally implemented
with Matlab/Simulink software. The Simulink structure of the motor clearly reflects its POG
representation. Simulation results are then presented to validate the machine model.

Keywords: Modelling, Simulation, multi-phase synchronous motors, arbitrary rotor flux,
Graphical modelling techniques, Power-Oriented Graphs.
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1 Introduction
A well known graphical technique for modelling phys-
ical systems is theBond Graphs technique, see [1], [2]
and the references therein. This modelling technique
uses power interaction between systems as the basic
concept for modelling. It has also a formal graphical
language to represent the basic components that may
appear in a broad range of physical systems. How-
ever this technique has few drawbacks: the graphical
schematic representation needs more than 10 symbols
to represent physical systems and it is not easily read-
able; the “power” variables must be classified in “ef-
fort” and “flow” variables and finally the implemen-
tation of the bond graphs on a general purpose com-
puter simulator may require a non trivial “translation”
(causality problem).

As for Bond Graphs, the basic idea of thePower-
Oriented Graphs (POG) modelling technique is to use
the power interaction between subsystems as basic con-
cept for modelling. Please refer to [3], [4] and [5] for
further details. This approach allows the modelling
of a wide variety of systems involving different ener-
getic domains. Differently from the bond graphs tech-
nique, the POG modelling technique uses only three ba-
sic symbols, it does not need to classify the power vari-
ables and it solves directly the causality problem. By
this way, the POG schemes are easily readable, close to
the computer implementation and allow reliable simu-
lations using every computer simulator. A list of refer-
ences of examples of application of the POG technique
can be found in [6].

The paper is organized in the following way. Section 2
states the basic properties of the POG modelling tech-
nique. Section 3 shows the details of POG modelling
of n-phase permanent magnet synchronous motors. Fi-
nally, in Section 4 some simulations are reported.

1.1 Notations

In the paper the following notations will be used:
- Row matrices:

i

|[ Ri ]|
1:n

= [ R1 R2 . . . Rn ]

- Column and diagonal matrices:

i

|[ Ri ]|
1:n

=







R1

R2

...
Rn







,
i

|[ Ri ]|
1:n

=







R1

R2

. . .
Rn







- Full matrices:

i j

|[ Ri,j ]|
1:n 1:m

=







R11 R12 · · · R1m

R21 R22 · · · R2m

...
...

. . .
...

Rn1 Rn2 · · · Rnm







- The symbol

b∑

n=a:d

cn = ca + ca+d + ca+2d + ca+3d + ...

will be used for representing the sum of a succession
of numberscn where the indexn ranges froma to b
with incrementd that is, using the Matlab symbology,
n = [a : d : b].
- The symbol⌊x⌋ will be used for denoting the integer
part ofx rounded towards below.
- The symbolIm will be used for denoting the identity
matrix of orderm.
- Function mod (θ, 2π) is the remainder of variableθ
after division by coefficient2π.

2 The bases of Power-Oriented Graphs

The “Power-Oriented Graphs” are “signal flow graphs”
combined with a particular “modular” structure essen-
tially based on the two blocks shown in Fig. 1. The ba-
sic characteristic of this modular structure is the direct
correspondence between pairs of system variables and
real power flows: the product of the two variables in-
volved in each dashed line of the graph has the physical
meaning of “power flowing through the section”. The

x1

y

- �

G(s)

?

?

� -

x2

y

x1

y � �K T

- K - x2

y

Fig. 1 Basic blocks: elaboration block (e.b.) and con-
nection block (c.b.).

two basic blocks shown in Fig. 1 are named “elabora-
tion block” (e.b.) and “connection block” (c.b.). The
circle present in the e.b. is a summation element and
the black spot represents a minus sign that multiplies
the entering variable. There is no restriction onx andy
other than the fact that the inner product〈x,y〉 = xTy
must have the physical meaning of a “power”.

The e.b. and the c.b. are suitable for representing both
scalar and vectorial systems. In the vectorial case,G(s)
andK are matrices:G(s) is always square,K can also
be rectangular. While the elaboration block can store
and dissipate energy (i.e. springs, masses and dampers),
the connection block can only “transform” the energy,
that is, transform the system variables from one type of
energy-field to another (i.e. any type of gear reduction).
In the linear vectorial case whenG(s) = [M s + R]-1,
(M is symmetric and positive definite) the energyEs

stored in the e.b. and the powerPd dissipating in the
e.b. can be expressed as:

Es =
1

2
yTMy, Pd = yTRy

There is a direct correspondence between POG repre-
sentations and the corresponding state space descrip-
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tions. For example, the system

{
L ẋ = Ax + Bu

y = BTx
L = LT > 0 (1)

can be represented by the POG scheme shown in Fig. 2.

u

y � �BT

- B - - �

L-1

1
s

?

?

?

x
� -

�

A

6

6

-

Fig. 2 POG block scheme of a generic dynamic system.

When an eigenvalue of matrixL tends to zero (or to
infinity), system (1) degenerates towards a lower di-
mension dynamic system. In this case, the dynamic
model of the “reduced” system can be directly obtained
from (1) by using a simple “congruent” transformation
x = Tz (T is constant):

{
TTLTż=TTATz+TTBu

y =BTTz
⇔

{

Lż = Az+Bu

y = B
T
z

whereL = TTLT, A = TTAT andB = TTB. If
matrix T is time-varying, an additional termTTLṪz
appears in the transformed system. When matrixT is
rectangular, the system is transformed and reduced at
the same time.

3 Electrical motors modelling

In this paper we will refer only to permanent magnet
synchronous electrical motors with anodd number of
phases. In Fig. 3 it is shown the electromechanical
structure of a five-phase motor in the case of single po-
lar expansion (p = 1). The considered multi-phase
electrical motor is characterized by the following pa-
rameters:
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Fig. 3 Structure of a five-phase motor in the case of sin-
gle polar expansion (p = 1)

m : number of motor phases;
p : number of polar expansions;
θr : rotor angular position;
ωr : rotor angular speed;
θ : electric angle:θ = p θr;

Nc : number of coils for each phase;
Ri : i-th phase resistance (p = 1);
Li : i-th phase self induction coefficient (p = 1);

Mij : mutual induction coefficient ofi-th phase
coupled withj-th phase (p = 1);

φ(θ) : rotor permanent magnet flux;
φc(θ) : total rotor flux chained with stator phase 1;
φci(θ) : total rotor flux chained with stator phasei-th;

ϕr : maximum value of functionφ(θ);
ϕc : maximum value of functionφc(θ);
Jr : rotor inertia momentum;
br : rotor linear friction coefficient;
τr : electromotive torque acting on the rotor;
τe : external load torque acting on the rotor;
γ : basic angular displacement;

Fluxesφ(θ) andφc(θ) satisfy relations:

φc(θ) = p Nc φ(θ) = p Nc ϕr φ̄(θ) = ϕc φ̄(θ)

whereϕc = p Nc ϕr andφ̄(θ) is the rotor flux function
normalized respectively to its maximum valueϕr.

Let γ = 2π
m

denote the basic angular phase displace-
ment for electrical motors withm phases. Referring to
the considered multi-phase electrical motor, the follow-
ing hypotheses are assumed:
H1) Functionφ(θ) is periodic with period2π;
H2) Functionφ(θ) is an even function ofθ;
H3) Functionφ(θ + π

2 ) is an odd function ofθ;
H4) Forθ = 0 the rotor fluxφc(θ) chained with phase
1 is maximum;
H5) The electrical motor is homogeneous in its electri-
cal characteristics.
The electrical coupling of a generic couple of phasesi
andj of the motor is shown Fig. 4. The differential
equation describing the dynamic behaviour of thei-th
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Fig. 5 POG scheme of the multi-phase motor dynamic model.
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Fig. 4 Electric coupling of a generic couple of phasesi
andj of the motor.

phase of the motor is the following:

dφ̃ci

dt
= Vi − V0 − p RiIi, i = 1, . . . , m (2)

whereVi − V0 is the voltage applied to thei-th phase
andφ̃ci is the total magnetic flux chained with thei-th
phase:

φ̃ci = p LiIi + p

m∑

j=1, j 6=i

MijIj + φci(θ) . (3)

V0 represents the reference common voltage for all the
phases. If them phases are star-connected it can be
shown thatV0 is the voltage at the star centre and
V0 = 1

m

∑m

i=1 Vi. However, when the system is star-
connected the input voltagesVi are defined with a de-
gree of freedom, so without loss of generality in (2) one
can setV0 = 0. If the m phases are independent,V0

is the ground voltage and in this case too one can set
V0 = 0. Let’s introduce the vectors:

I =







I1

I2

...
Im







, V =







V1

V2

...
Vm







and let’s indicate withΦc(θ) the vector of chained rotor
fluxes. Due to the magnetic symmetry of the electrical

motor (see H5) we have that:

Φc(θ) =







φc1(θ)
φc2(θ)

...
φcm(θ)







=









φc(θ)
φc(θ − γ)
φc(θ − 2γ)

...
φc(θ − (m−1)γ)









. (4)

Let Φ̃c denote the vector of “chained total magnetic
fluxes” defined in (3):

Φ̃c(I, θ) = LI + Φc(θ) (5)

whereL > 0 is the following positive-definite symmet-
ric matrix:

L = p









L1 M12 M13 · · · M1m

M12 L2 M23 · · · M2m

M13 M23 L3 · · · M3m

...
...

. . .
...

M1m M2m M3m · · · Lm









.

The system ofm differential equations (2) can be
rewritten in matrix form as:

dΦ̃c(I, θ)

dt
= V − RI (6)

whereR is the diagonal matrix:

R = p
i

|[ Ri ]|
1:m

.

From Eqs. (4) and (5) we have that:

d(LI)

dt
= V − RI−

E
︷ ︸︸ ︷

p
∂Φc(θ)

∂θ
︸ ︷︷ ︸

Kτ (θ)

ωr (7)
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Fig. 6 POG scheme of a multi-phase electrical motor in the transformed spaceΣω.

where Kτ (θ) = p
∂Φc(θ)

∂θ
is the vector that multi-

plied byωr gives the counter-electromotive forcesE =
Kτ (θ)ω acting on the electrical part of the motor. The
differential equation describing the mechanical part of
the motor is:

d(Jrωr)

dt
= τr − τe − br ωr. (8)

Since the energyE(I, ωr, θr) stored in the electro-
mechanical system is:

E(I, ωr, θr) =
1

2
ITLI +

∫
Φc(pθr)

0

IT dΦc(pθr) +
1

2
Jrω

2
r

the electromotive torque can be calculated as follows:

τr =
∂E(I, ωr, θr)

∂θr

= p
∂ΦT

c(θ)

∂θ
︸ ︷︷ ︸

KT
τ (θ)

I = KT
τ (θ) I.

Relations (7) and (8) can be graphically represented
by the POG scheme shown in Fig. 5. The elaboration
blocks present between the power sections1 and 2

represent theElectrical part of the system, while the
blocks between sections3 and4 represent theMechan-
ical part of the system. The connection block present
between sections2 and 3 represents the conversion
of energy and powers (without accumulation nor dissi-
pation) between the electrical and mechanical domains.
Functionφc(θ) is even and periodic of period2π so it
can be developed in Fourier series of cosines with only
odd harmonics:

φc(θ) = ϕc φ̄(θ) = ϕc

∞∑

n=1:2

an cos(nθ). (9)

From (4) and (9) it follows that vectorΦc(θ) can be
rewritten in a compact form as:

Φc(θ) = ϕc

h∣
∣
∣
∣
∣

[ ∞∑

n=1:2

an cos[n(θ − h γ)]

]∣
∣
∣
∣
∣

0:m−1

. (10)

From (7) and (10) one obtains vectorKτ (θ):

Kτ (θ) = p ϕc

h∣
∣
∣
∣
∣

[

−
∞∑

n=1:2

n an sin[n(θ−h γ)]

]∣
∣
∣
∣
∣

0:m−1

. (11)

Let us now consider the two following orthonormal
transformations:

tTb =

√

2

m




h k

|[ cos(hkγ), − sin(hkγ) ]|
0:m−1 1:2:m−2

,

h∣
∣
∣

[
1√
2

]∣
∣
∣

0:m−1





bTω =







k∣
∣
∣
∣

[
cos(kθ) sin(kθ)
− sin(kθ) cos(kθ)

]∣
∣
∣
∣

1:2:m−2

, 0

0 , 1







.

Matrix tTb is similar to the generalized Concordia
transformation but with a permutation on columns. This
matrix transforms the system variables from the orig-
inal reference frameΣt to an intermediate reference
frameΣb. Matrix bTω represents a multiple rotation
in the state space as function of the electrical motor
angleθ. This matrix transforms the system from the
intermediate reference frameΣb to final rotating ref-
erence frameΣω. The product of these two matrices
tTω = tTb

bTω is still an orthonormal transformation,
from Σt to Σω, with the following structure:

tTT
ω = ωTt =

√

2

m












k h∣
∣
∣
∣
∣

[
cos(k (θ − h γ))

sin(k (θ − h γ))

]∣
∣
∣
∣
∣

1:2:m−2 0:m−1

h∣
∣
∣

[
1√
2

]∣
∣
∣

0:m−1












.

Since the multi-phase motor is homogeneous in its elec-
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trical characteristics, see hypothesis H5, we can set






Mi j = M0 cos((i − j)γ)

Li = ∆0 + M0

Ri = R

i, j ∈ {1, 2, ..., m}

where∆0 andM0 are proper parameters characterizing
the self and mutual induction coefficients of the motor
phases. Applying transformationtTω to matricesL, R
andKτ (θ) one obtains the following transformed ma-
tricesωL = ωTt L

tTω , ωR andωKτ (θ):

ωL= p











∆0+ m M0

2 0 0 0 · · · 0
0 ∆0+ m M0

2 0 0 · · · 0
0 0 ∆0 0 · · · 0
0 0 0 ∆0 · · · 0
...

...
...

...
. . .

...
0 0 0 0 · · · ∆0











,

ωR = ωTt R
tTω = R = p R Im,

ωKτ (θ) = ωTt Kτ (θ) = −p ϕc

√
m

2
·

·



















k∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣











∞∑

n=0:2m

[(n+k) an+k+(n−k) an−k] sin(nθ)

∞∑

n=0:2m

[(n+k) an+k−(n−k) an−k] cos(nθ)











∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

1:2:m−2

−
√

2
∞∑

n=m:2m

nan sin (nθ)



















. (12)

Note that vectorωKτ (θ) is composed only by harmon-
ics sin(nθ) andcos(nθ) wheren is an integer number
multiple of 2m. Moreover, vectorωKτ (θ) can be eas-
ily computed knowing the coefficientsan of the Fourier
series of the rotor flux, see Eq. (9).

In the transformed spaceΣω, the dynamic equations of
the multi-phase electrical motor (both mechanical and
electrical parts) can be represented in compact form as:

[ ωL 0

0 Jr

][
ω İ

ω̇r

]

=−
[ ωR+Jω

ωL ωKτ

− ωKT
τ br

][ ωI

ωr

]

+

[ ωV

−τe

]

(13)
whereωI = ωTt I, ωV = ωTt V and matrixJω is:

Jω =








k∣
∣
∣
∣
∣

[

0 −kωe

kωe 0

]∣
∣
∣
∣
∣

1:2:m−2

0

0 1








.

If the m phases of the rotor are star-connected then
∑m

i=1 Ii = 0 and soωIm = 0. In this case them-th
equation of system (13) is a static relation that can be
eliminated letting the system reduce to orderm − 1.

The POG scheme describing the considered multi-
phase electrical motor in the transformed spaceΣω is

shown in Fig. 6. Note that the POG scheme is easy to
read, it clearly shows the sections where powers flow
(the thin dashed lines) and it has a direct correspon-
dence with the state space description (13). Moreover,
this POG scheme can be directly introduced (more or
less “as it is”) and simulated in Simulink.

3.1 Fourier series of the rotor flux

The Fourier series of some periodic rotor fluxes of prac-
tical interest are listed below.
- Trapezoidal waveform, see Fig. 8:

1
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Fig. 8 Trapezoidal waveform̄φ(θ) with 0 ≤ α ≤ π
2 .

φ̄(θ) =
4

π

∞∑

n=1:2

sin
(

n
π

2

) sin (nα)

α n2
cos(nθ). (14)

The Fourier series of theSquare andTriangular wave-
forms can be easily obtained from (14) by setting, re-
spectively,α = 0 andα = π

2 .
- Cosinusoidal interpolatated waveform. The signal
φ(θ) shown in Fig.9 is defined as follows:

aa p/2p/2-

a
p

a
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p
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ø

ö
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æ

22
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2

a
p
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2

- pp- aa p/2p/2p/2-p/2p/2-
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a
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22
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2

a
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� �
Fig. 9 Cosinusoidal interpolatated waveformφ(θ).

φ(θ) =







2α

π
cos

(
πθ

2α

)

+
π

2
− α, θ ∈ [0, α]

−θ, θ ∈
[
α, π

2

]

Its Fourier series is:

φ(θ) =

∞∑

n=1:2

4π cos(nα)

n2(π2 − 4n2α2)
cos(nθ).

The normalized function is:

φ̄(θ) =
φ(θ)

(2α
π

+ π
2 − α)

. (15)

- Odd polynomial interpolation. Let us consider the
family of periodic signals̄φ(r, θ) shown in Fig.10
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bn(r) =

4

r−1

2∏

j=1

(1 + 2j)

αr π nr+1












⌊ r

4⌋∑

i=0

(−1)i

(
r−1
2 −i

i

)

(αn)2i

r−3

2
−i

∏

j=i

(1 + 2j)




 sin(αn)+

+






⌊ r

4⌋∑

i=0

(−1)i+1

(
r−1
2 −i−1

i

)

(αn)2i+1

r−3

2
−i

∏

j=i+1

(1 + 2j)




 cos(αn)







Fig. 7 General formula for computing coefficientsbn(r) of Fourier series of signals̄φ(r, θ).

q
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r1
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pp-
q
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r1
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ppp-

φ̄(r, θ)φ̄(r, θ)

Fig. 10 Periodic signals̄φ(r, θ) for r = 3, 5, 7.

φ̄(r, θ) =

{
φ̃(r, θ), θ ∈ [0, α]

1, θ ∈
[
α, π

2

]

whereφ̃(r, θ) is a polynomial (r is odd) with the fol-
lowing structure:

φ̃(r, θ) = d1(r)θ + d3(r)θ
3 + ... + dr(r)θ

r .

The polynomial coefficientsdi(r) can be computed, for
i ∈ {1, 3, . . . , r}, considering the following continuity
conditions: 





φ̃(r, α) = 1

φ̃′(r, α) = 0

...

φ̃( r+1

2
)(r, α) = 0

The Fourier series of signals̄φ(r, θ) is

φ̄(r, θ) =

∞∑

n=1:2

bn(r) sin(nθ) (16)

where coefficientsbn(r) can be calculated using the
general formula reported in Fig. 7.

- Even polynomial interpolation. Let us consider the
family of periodic signalsφ(q, θ) shown in Fig.11:

φ(q, θ) =







φ̃(q, θ), θ ∈ [0, α]
π

2
− θ, θ ∈

[
α, π

2

]

q
aa p/2-p/2-

q

pp-

a
p

-
2

q
aa p/2p/2-p/2p/2-

q

ppp-

a
p

-
2

φ(q, θ)φ(q, θ)

Fig. 11 Periodic signalsφ(q, θ) for q = 2, 4, 6.

whereφ̃(q, θ) is a polynomial (q is even) with the fol-
lowing structure:

φ̃(q, θ) = c0(q) + c2(q)θ
2 + c4(q)θ

4 + ... + cq(q)θ
q .

The polynomial coefficientsci(q) can be computed, for
i ∈ {0, 2, . . . , q}, considering the following continuity
conditions:







φ̃(q, α) = π
2 −α

φ̃′(q, α) = −1

φ̃(j)(q, α) = 0 for j = 2, . . . , q
2

The Fourier series of signalsφ(q, θ) is:

φ(q, θ) =

∞∑

n=1:2

an(q) cos(nθ) (17)

where the series coefficientsan(q) can be obtained
from the coefficientsbn(r) reported in Fig. 7 as follows:

an(q) =
bn(r)

n

∣
∣
∣
∣
r=q−1

.

The normalized signals

φ̄(q, θ) =
1

c0(q)
φ(q, θ) (18)

can be obtained from signalsφ(q, θ) dividing by coef-
ficient c0(q):

c0(q) =
π

2
− α

q−2

2∏

i=⌊ q+2

4 ⌋
(2i + 1)

⌊q

4

⌋

! 2⌊
3q

4 ⌋
.

Proc. EUROSIM 2007 (B. Zupančič, R. Karba, S. Blažič) 9-13 Sept. 2007, Ljubljana, Slovenia

ISBN 978-3-901608-32-2 7 Copyright © 2007 EUROSIM / SLOSIM



Note that the derivative∂φ(2,θ)
∂θ

of signalφ(q, θ) when
q = 2 has a trapezoidal shape and so for this type of ro-
tor flux the counter-electromotive forcesE = Kτ (θ)ω
have a trapezoidal shape proportional to the motor ve-
locity ω, see eq. (7).

4 Simulations
The POG scheme shown in Fig. 6 has been imple-
mented in Simulink. Simulations described in this Sec-
tion have been obtained using the following electrical
and mechanical parameters:m = 5, p = 4, R = 3 Ω,
L0 = 0.1 H, M0 = 0.08 H, Nc = 100, Na = 200,
ϕr = 0.02 W, Jm = 1.6 kg m2, bm = 0.8 Nm s/rad.
ParameterNa is the number of harmonics considered
in Fourier series expansion of the rotor flux function.
The simulations have been obtained with star connected
phases and using for the rotor flux the cosinusoidal in-
terpolated waveform̄φ(θ) with α = π

5 , see (15). Sym-
metric input voltages have been considered, it is to say:

Vi = VM cos(2π t + iγ), i ∈ {0, 1, . . . , m}
with VM = 80 V. At time t = 2 s the load torqueτe

switches from0 to 100 Nm. Figs. 12, 13 and 14 show
the simulation results obtained for the following vari-
ables: phase currentsI andωI in theΣt andΣω refer-
ence frames; motor angular velocityωr; electromotive
torqueτr; symmetricm-phases input voltagesV and
counter-electromotive voltagesωE in the transformed
Σω reference frame.
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Time [s]

Fig. 12 Phase currentsI andωI in the originalΣt and
in the transformedΣω reference frame respectively.

Let us now consider the control lawVi = VM Si, for
i ∈ {0, 1, . . . , m}, where:

Si =







1 θ̄i ∈ [π + α, 2π − α]

−1 θ̄i ∈ [α, π − α]

0 otherwise

θ̄i = mod (θ + (i − 1)γ, 2π)

(19)

This control law can be applied to the POG schemes
shown in Figs. 5 and 6 by connecting at the power sec-
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Fig. 13 Angular velocityωr of the motor and electro-
motive torqueτr generated by the motor currentsωI.
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Fig. 14 Symmetricm-phases input voltagesV and
counter-electromotive voltagesωE in the transformed
Σω reference frame.

tion 1 of these schemes the connection block shown in
Fig. 15.

The simulation results shown in Figs. 16 and 17 refer to
the same system parameters used in the previous sim-
ulation except for: number of polar expansionp = 1;
the load torque is applied at timet = 1.5; for the ro-
tor flux it has been chosen the normalized even poly-
nomial interpolation function̄φ(q, θ) with q = 2 and
α = π

5 , see (18). In this case the shape of the counter-
electromotive voltagesEi is trapezoidal as it is evident
in the upper part of Fig. 17. This type of control gen-
erates high torquesτr when the angular velocityωr is
small, see the upper part of Fig. 16 and the lower part
of Fig. 17. The behaviour of the controlled system is
stable with compared to the variations of the external
torqueτe, in fact the motor torqueτr increases to face
the increased external torqueτe, see Fig. 17.
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Fig. 15 POG connection block that can be used to ap-
ply the control law (19) to the POG schemes shown in
Figs. 5 and 6.
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Fig. 16 Angular velocityωr and phase currentsI of the
motor.
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Fig. 17 Counter-electromotive voltagesE and motor
torqueτr.

5 Conclusions
In this paper an-phase permanent magnet synchronous
motor has been modelled using the Power-Oriented
Graphs (POG) technique. This approach exhibits some
advantages in comparison with other graphical tech-
niques and allows to realize a very compact model
scheme. Moreover it can be easily translated into a
Simulink model. Some simulations are carried out in
order to show the effectiveness of the realized model
in the case of a five-phase motor with star connection
configuration. A brief list of Fourier series of the ro-
tor flux signals has been presented and then used in the
Simulink model.
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