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Abstract— This paper deals with a cross saturation model for ~ The classical flux models taking into account of the cross
Interior Permanent Magnet Synchronous Machine (IPMSM) in  saturation are based on the linear model. New flux representing

starter-generator applications. After having shown the impor- the cross coupling of the other axes are added:
tance of the phenomenon of cross saturation for the constraining ’

applications of the IPMSM, the authors propose a model based
on the use of an off-line calculation by the finite element

method whose results are integrated in dynamic simulation. A Vg = Laliq,iq)ta + VYa + VYaq(ia, iq) (1)
relatively reduced number (25) of off line FE simulations leads L (i i Vi . 2
to a good precision in the taking into account of the dynamic e = Lqliayiq)iq + Pgalia; i) @)

phenomenon of cross saturation. The dynamic model suggested
is then validated in steady operation and transient state within

the framework of a starter-generator applications. All flux are modeled by a constant [17] or a variable in-
ductance [12]. The inductances can be used directly and
. INTRODUCTION modeled by an unlinear function [18]-[23], or expressed as the

roduct of an unsaturated inductanég (,,s) and a saturation

The Interior Permanent Magnet Synchronous Machin@ e o depending on currents [13];(i4, i) = Laiq With

(IPMSM) is a challenger to the induction machine for starte o = [ (i, iq) OF La — Ly wnsSa(ia, i) (and the same for the

enerator applications [1]-[6]. Its main advantage is a higfi, . _ e e @ .

gfﬁcienc bggause of i[ts] IE)v]v-Iosses rotor Star?er- enera ?Xe)' We can find lots of applications based on this approach
y - 9 h1-[27].

applications requires a precise model in very constrained ) ]
conditions. Flux weakening is needed and for cost reduction,1h€ previous models are used to predict steady-state be-

the machine is highly saturated in the starter mode. The mo#aiour and performances. Other models were developed in
needs a precise taking into account of the magnetic saturatf§er to evaluate the dynamic response of these machines.
[7], [8]. The starter generator is supplied by the mean ofAS gives a complete synthesis of dynamic approaches [28].
a PWM power converter: its influence has to be taken infelassically, these models are expressed as equivalent electric
account (pulsating torques due to the converter for examplgYCuit taking into account of each inductance derivative (see
From a simulation point of view, the electric machine is 9] [30] as examples). The references concerning this kind
component of a global system, so, the proposed model ha®fgnodel dealt with constant speed WRSM and studied pertur-

be sufficiently fast to be integrated in the global structure a@tions on the network. Recent studies about dynamic models
avoiding prohibitive calculus times. are less common but we can find some complete studies [31],

To this general constraints due to the application ang?l:

common to all electric machines, IPMSM requires a preciselt was shown that the cross saturation phenomenon was
modelisation of the cross saturation phenomenon. The plstadied on WRSM. The models and the identification pro-
nomenon of cross saturation was studied for a certain numigedures were especially developed for this kind of machine.
of years, but most of studies deal with the wound rotor sy®n the contrary, only a few studies and models dedicated to
chronous machines. Since 197MJcHs, clearly highlighted the IPMSM can be found. Classical experimental testing are
the limitations of the model d, q in the case of high powarot appropriate to constant field, due to permanent magnet,
wound rotor synchronous machine (WRSM - turboalternatorsynchronous machines. Thus the study of the cross saturation
[9]. The same kind of study was realised on smooth [18ith this type of machine with dynamic performances becomes
and salient pole WRSM [11], [12]. The authors showed thaf the greatest importance. The presented modelisation pro-
limitation of classical linear uncoupled model compared tposes a fast dynamic model using off line Finite Elements
experimental results. Moreover, some studies are integralijE) calculus. This model fulfils with presented constraints
dedicated to the experimental validation of the saturation aadd simulations will be compared to experimental results for
the cross coupling [12]-[16]. flux weakening (high speed generator mode).



Il. M ODEL DESCRIPTION any input voltages. Currents and flux are the inputs for the
A. Linear model calculation of electromagnetic flux. This result is only true for

Although linear hypothesis are inadequate in our applicg—IInear behaviour.

tion, a reminder may be useful to precise our modellin
Generally, dynamic analysis of electric machine are made
in the d,q frame (Park transform). In this formulation, no As seen on figure 1, the unique source of non linearity is
hypothesis has to be made on the voltage supply waveforri®e link between the flux and the currents. Of course, the
Sinusoidal waveforms are a particular case of the supply dtion of constant inductances is impossible to apply with
are not required by the modelisation. Only the MMF waveformeaturated machines. Beyond that, IPMSM has a high coupling
have to be considered sinusoidal [33], [34]. level between the two axis, so the determinatioggfequires

On the other hand, the Park transform is a purely geometticompute the contribution af; but also ofi,. The coupling
transformation and so, is not linked to linear hypothesibetween d and g axes is unavoidable. Nevertheless, projection
Equations 3, 4, and 5 stay true whatever magnetic saturatminspace vectors on a d-g frame linked to the rotor remain
and voltage waveforms are. possible (purely geometric transformation) [16].

In such hypothesis, the equations of the IPMSM are reducedThe proposed solution may be exposed in two parts:

Taking into account of the magnetic saturation

to: ] « Determination ofyy and, as a function ofi; and i,
- \oltage equations by an off line FE method (FLUX 2D)
d
vi = Ryig+ 4y, 3) _ .
dt b, b,
d v Yo
Vg = Rsiq + & + wswd (4) i 4“1’ i I
dt 1, 1
« Torque equation
Tom = p(ﬂ’diq - 7/)qid) (5) Fig. 2. Flux models
Flux are also deduced:
_ « inversion of the proposed model. As previously exposed
Ya = /(Ud—Rsld+ws1/1q) (6) on figure 1, dynamic model needs the knowledge of
g and ¢, and therefore an inversion of the previous
Yy = /(vq — Ryiqg — ws¥a) (7) flux model. Like we will see later, the determination of

the flux models (figure 2) needs different computations
corresponding to different couple of, i,. In our case,
we choose five values @f; andi, (25 FE computations)
so, the numeric inversion needs an interpolation.

In the linear case, currents are quickly deduced from flux:

i = Y Z;/}M ®)

_ Y

tg = L, © C. Determination of)y4, v, as a function ofig4, i,

The voltage equations may be expressed by structural diaWe can find the detail of this section in [7]. For different
grams as on figure 1: operating points(iq,is), and in presence of the permanent
magnets, the 3 phase flux,, s, ?.) are evaluated and so,
direct and quadrature flux are deduced:
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Fig. 1. Structural diagram of a linear IPMSM

. . . . L Fig. 3. Currents (area and vector) in a machine pole
This structural diagram, directly used in dynamic simula- g ( ) P

tions like Matlab-Simulink [35], give instantaneous current for which give after resolution:



Fig. 4. Flux density and equiflux in a machine pole
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To evaluate the 3 phase fluk),, s, v.), we use the

classical method (see figure 5) [36]:

Fig. 5. \Vector potential trajectory

Stockes theorem is applied to vector potential A.

fﬁﬁ://?ft(ﬁ)ds
C S

A is null outside the machine, so equation 10 became:

LZ(A+—A,)=//S§dszq>

(10)

(11)

Or, it is easy to evaluate the average potential in a yoke thanks
to finite element software. This method is used for the three

phases.
Figures 6 and 7 showy, and ¢, in function of i; and
iq. Figure 7 shows a classic saturation curve f@y as
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Fig. 7. fluxtg function of currentsy, iq

a function of4,. It is important to notice a relatively low
coupling betweert; and,. Nevertheless, figure 6 shows a
high coupling betweeny; andi,, especially for negative high
values ofiy. The taking into account of the cross saturation
phenomenon is therefore fundamental for the modelling of
high performance IPMSM.

D. Inversion of the flux model

1) Cross saturation neglectedif cross saturation is ne-
glected i, is only linked toiy (noi, influence). As previously
developed, with the use of FE methods, determination of
under saturation hypothesis is easy as longiasand the
machine geometry are known. As shown on figure 8, our
model needs; = f(v4) dynamic transfert function, thus,
an inversion of the flux model.

Algebc Constraint
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Fig. 8. Algebraic constraint bloc

The inversion of the flux model is based on a numerical tool
(algebraic constraint) which computes its output to cancel its
input. We can apply this function to inverse our flux model.
As shown on figure 9, previous FE results have been tabulated.
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Fig. 9. Fluxy, computation



The algebraic constrainfunction computes, to cancel its 309648 rend 1
input constituted by the difference betweéf) and ¢4. So,
our flux model has been inverted.

2) Taking into account of the cross saturatiothe same
technique can be used for taking into account of the coupling ©
between d and q axis:; andy, computing are based on a 2D _
table instead of a 1D table when cross saturation is neglectegil
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Fig. 10. Flux inversion (saturation and coupling included)
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Ill. STEADY STATE MODEL VALIDATION
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The detail of optimal control laws calculation can be found N (tmin
in [7]. Experience, and also simulation, are realised in the
following conditions:

(b) Generator mode: efficiencies

Pelec (W)

« for optimal control laws calculation, temperature is close
to the ambient temperaturg' & 25°C), stator resistance
is therefore equal toR, = 6.1 m$;

o current is limited by inverteri;;,, = 200 A;

« in motor mode, voltage is limited by the DC supply
(40 V). In generator mode, the DC voltage is regulated
by an active load to 42 V. 3

Figure 11(a) shows efficiencies measured in the torque vs.
speed plan. Theoretical results are shown in comparison. It e-
can be seen that the operating range is rather respected. Inside
this operating range, measurements are very closed to the®,
simulations. Globally, the efficiencies are low at low speed
or low torque. They tend t6.85 when power increases.
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Figures 11(b) and 11(c) show efficiencies and electric power
measured in the torque vs. speed plan. Theoretical results are (¢) Generator mode: electric power
shown in comparison. As in motor mode, we show that theig. 11.  Steady-state results (isolines: simulation, points : measurements)
operating range is the same in the simulation and in the real
experimentation. Efficiencies reach @91 and the electric
power to6300 W.



Torques

IV. DYNAMIC MODEL VALIDATION 0 ‘ ;

— - Reference

—— Simu
— Measurements

The simulation takes into account all real components: r

« Machine: saturation and losses; 10
« Inverter: SPWM;
« DC load: active load (Ral-Lal-Cal + PWM) and DC bus -1s-
(Lp-Cd); .
o Speed is constant; g -
« Control: the machine is controlled by the optimal control
laws, torque reference consists in a step from -5 Nm to -
-20 Nm (generator).

25

s
The detail of each part can be found in [7].

Figures 12, 13 and 14 show the evolution of torques, d and |
g currents (reference, simulation and measurements).
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Observations:

« at 3000 rpm, the main current is the d-axis current in
order to obtain the optimal flux-weakening;

« current regulators are efficient, d and q currents follow
strictly and quickly the current reference from the optimal
control tables. The inverter saturates a little when the step
occurs, but currents control is never lost;

« we can detect a little overshoot in measured currents. The
decoupling is not as efficient as in simulation but stay
quite good. The dynamic model is therefore validated:;

« the torque step response takes 100 ms. During this time,
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-250

-390 0 002 004 006 008 01 electric power rises from 1000 W to 6000 W. It means
‘e that the machine is able to deliver its maximum electric
Fig. 12. Direct current in torque step test power in about 100 ms.

V. TEST BENCH DESCRIPTION

All the test are realised on a specific test bench (LEC)
especially adapted to ISG (and SG).
0 ‘ - Figure 15 shows the detail of the inverter. It is developed

~qemy|| by the LEC, and is at present limited to 200 A for a 10 kHz
e chopping frequency. A 600 A version is under tests.
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Fig. 13. Quadrature current in torque step test

Fig. 15. Inverter (LEC)



Figure 16 gives a machine zoom. The integrated topologip] C. PLASSE, M. CHEMIN, G. LACAMOIRE, and E.VON WESTERHOLT,

is immediately pointed out.

Fig. 16.

ISG (Valeo-LEC)
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. . - 13

All the controls (including PWM) and acquisitions (rot0|I ]

position, phases currents, temperature, ad.) are done by a nomenon in saturated synchronous machiné8FE Trans. Energy
DSpace card (DS1103). All internal and external variables can_ €onv. vol- 3, no. 4, pp. 815-823, Dec. 1988.

be displayed and recorded.

V1. CONCLUSION

[14]

[15]

After having shown the importance of the cross saturatid#f]
phenomenon for the constraining applications of the IPMSM,

the authors proposed a model based on the use of an off-line

calculation by the finite element method which results wef#7]
integrated in dynamic simulation. A relatively reduced number

(25) of off line FE simulations lead to a good precision "f'ls]
the taking into account of the dynamic phenomenon of cross

saturation. The dynamic model suggested was then validated

in steady operation and transient state within the framew:
of a starter-generator application.

A special design of the permanent magnet synchronold€l
machine allows high flux weakening operation associated to
high efficiencies (80 % in the flux weakening zone and yp;
to 90 % at the limit of the constant torque zone). Dynamic
performances are of excellent quality (less than 100 ms for a

5 kW step power requirement).

[22]

The proposed study has shown that IPMSM is a good
challenger to the induction machine for high performance I1SG

or even for parallel hybrid vehicles applications.
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