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Abstract

This paper deals with the optimal control of interior permanent magnet symaas machine (IPM) in
the integrated starter-generator (ISG) application. IPM designed fenfakening operations are able
to realise high performances. Nevertheless, the ISG environment imptsetconstraints which must
be taken into account in an appropriate control. After a presentation dfineadesign, ISG constraints
and control structure, models of the IPM and its environment are detailkdling electromechanical
calculations. An optimal control (total losses minimisation) based on a numericalinear constrained
optimisation routine is described. Efficiencies in torque vs. speed planquditite importance of taking
into account voltage and power limitations against the operating range.résenped simulation results
shows that Interior Permanent Magnet machine (IPM) is a good solutidS8@®applications.

1 Introduction

The study of ISG application leads to make comparisons between differexfitimea structures: in-

duction machine, wound rotor synchronous machine, reluctant and pentnaagnet machine [1-6].
All these machines must respect very strong rules and specificationsidewhigh torque, speed and
efficiency). In this context, IPM structure owns lots of advantages: Sjggtific power, brushless, no
losses in the rotor. IPM particularities, associated to ISG constraints (wedslgange, battery supply
and highly variable temperature) impose a precise control.

After a presentation of machine design, ISG constraints and controtwgiguenodels of the IPM and

its environment will be detailed including electromechanical calculations. , dimisation procedure

will be established.

2 Machine and control structure

2.1 Design

Figure 1 shows a cross-section of a classical IPM adapted to fluxem@akoperation [7, 8].

This structure cumulates the characteristics of permanent-magnet andmehaachines [9]: torque
is a combination of hybrid and reluctant torque; the induce voltage, due farésence of permanent-
magnet excitation, is constant and must be reduced by flux-weakenhighaspeed. Electrical and
mechanical behaviour will be detailed in section 3.
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Figure 1: IPM cross-section [7]

Constraints due to starter-generator application

Starter-generator, as others automotive applications, is very consfraine

low size;
high torque at low speed with minimum power taken on the battely Vm at600 A,,s, 8 kW);
operating points at high speeé-(6000 rpm);

power and voltage limited by battergx1¥, 21 to 36 V in Motor mode (starter or boost) and 42
to 50V in Generator mode (power depending on battery technology);

limited battery energy storage;
current limited by inverter or thermic conditions50) — 600 A,,.s);

high temperature variatior2§°C' — 180°C).

These constraints create specific behaviours (high magnetic saturatidipdations (current, volt-
age, power, energy). Moreover, terminal voltage, equal to the battdigge, varies with the state of
charge and the consumed power [10].

2.3

Control scheme

This machine is used as starter and generator. Its control is unified ky efsimique torque control,
positive torque for motor operations and negative torque for gener&igure 2 shows this control
scheme.
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Figure 2: Optimal torque control



The optimal control laws, including flux-weakening [11, 12], can belarpd thanks to circle di-
agram and the three control modes introduced byrMroTO and all. in [13]. In order to use simple
analytical expression, a lot of hypotheses must be done: no magnetiatgatyconstant terminal volt-
age, no temperature variation.

We show that, in the starter-generator application, these hypotheses cdrbaanaintained. In
these conditions, to realise a precise control including high efficiency, édcbme necessary to take
into account all the non-linearities (machine and application) in a specific ¢ool.

One way is to compute, by numerical calculationspimMOTO's ideal trajectories with precise
models of the machine.

3 Models

3.1 Machine

The IPM is modelled by classical Park’s equations [14] (d-q referémeee) except for flux and iron
power losses.

3.1.1 Saturation

Because of magnetic saturation, flux can not be expressed as furaftinsictances. In each axe, the
inductance saturates with the current (classical saturation) and moesmiecurrent has an action on
the others inductances (cross saturation).

Nevertheless, in the Park’s equation, the relations linking flux with voltaget@que don’t need hy-
potheses on magnetic saturation (Cf. equations 10, 13 and 14). Thagmgestay true in high magnetic
saturation conditions.

Each fluxyy andi), can be a non-linear function of the curreffsinds,.

Yo = falidg,iq) 1)
¢q = fq(idaiq) (2)

fa and f, are calculated by interpolation of measures tables (Cf. figure 3) realigkdhe finite
element (FE) software FLUX2D [15].
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Figure 3: Flux table



For different operating points{, i,), and in presence of the permanent magnets, the 3 phase flux
(va, ¥y, ¥c) are evaluated (internal function) and so, direct and quadraturafudeduced:
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3.1.2 Iron losses

Iron losses evaluation follows the same procedure, FE measurementX2BEl) fbr different speed and
different operating points give tables of data which are interpolated

Piron = f(ida iq»‘ds) (3)

After the prototype construction, iron losses will be measured and thaakaistics will be used
for the optimisation.

3.2 Inverter

Inverter behaviour is considered as ideal. Its global efficiency arbMokliage drop can be added easily.

3.3 Battery

Battery is modelled by a voltage source in series with an internal

resistance as shown on figure 4. Maximum power supply is equal to:

Ub
EbZ —

b 4 Eb

1R, (4) Ib
¢
In generator mode, terminal voltage is regulated at a constant valueFigure 4: Battery electri-

(around). Battery is so modelled by a simple voltage soliige cal model

Pbma:v =




3.4 Electromechanical equations
For a given operating point{, i, andw,), all electrical and mechanical data are performed:

e current (RMS),

i? + ,1:2
Irms = d g S
- ©)
e flux (table),

VYa = Ya(id, iq) (6)
wq = 1/}q (ida iq) (7)

e iron (table) and total losses,
1Diron - P’ir(m(idy Z.q,Ws) (8)
Plosses = 1Diron + 3Rslgms (9)

e electromagnetic, losses and mechanical torque,

Tem = pYdaiq — Yqia (10)

Piron
771'7‘071 = 11
i (1)
Tm = Tem_Ti'ron (12)

e Vvoltage,

Vg = Rsid_ws¢q (13)
Vg = Rsiqg+wsthg (14)

[v2 + v2
‘/rms = d 3 d (15)

e electrical and mechanical power,

P, = Vdlg + Vglg (16)
P, = T,9 @an
o efficiency,
Pm sign(Tm)
_(im 18
0= (%) 18)
¢ battery voltage,
Ey+ /E? — AR, P,
U, = 5 (19)

where P, is the power given by the battery. It is equal to the electrical power dividethe
inverter efficiency. If voltage are considered as sinusoidal, acadtsge supply is equal to:

Uy
2V2

e The maximum injectable current is equal to the maximum inverter current inrstaoe and is
limited by the maximum current density in the IPM in generator mode:

Vaup = (20)

R Iinverter mazx (Starter)
frim = { X Js maz (generator) (21)



4 Optimisation procedure

4.1 Principle

Controlling the IPM is equivalent to injecting the curremjsi, which minimise the total losses with
respect to different constraints (torque, current, voltage and power

V(T*, Q), (ZZ, 7/2) \ gﬂl{} Z Piosses

d’’q
with
T, = T
Vims < Vaisp
Iims < Iiim
Pe < Pynaz

The MATLAB optimisation toolbox [16] provides a non-linear constrained optimisation rautine
minimise anobjective function fand try to maintairconstrained functions grnegative:

z* \  min f(z¥)
1;*
with
gl(x*) < 0, Vi = 1..Nconstraints

4.2 Objective function

The objective function is here the total losses (Cf. equation 9):

J = Plosses (22)

4.3 Constraints functions

The constraints functions are:
e Mechanical torque (Cf. equation 12) is equal to the order torque:
gt = [T — T™| — €|T"| (23)

e is a percentagé(< e < 1) which defines precision.

e Current (Cf. equation 5) is less than the limit (Cf. equation 21):

9i = Irms — luim (24)
e across voltage (Cf. equation 15) is less than the available voltage (CticayQa)

9o = Vims — Vsup (25)
¢ In starter mode, electrical power (Cf. equation 16) is limited by the battery mawipaower

(Cf. equation 4):
9p = Pe - Pbmaaz (26)



4.4 Algorithm

1. The operating range is established. Speed is due to the applicationOftorthe application
maximum speed5000 rpm). Maximum and minimum torques are calculated at standstill by a
first constrained optimisation.

2. For each coupl€l™, ), (i3, iy are calculated by optimisation as seen before.

5 Application

As an application, the currents are calculated and used to evaluate theefRivhpances and operating
range.

5.1 Environmental data

The previous calculation procedure is done with the following data and limits:

e temperature is close to the ambient temperatiire( 25°C'), stator resistance is so equal to:
R, = 6.1 m%;

e in starter mode, current is limited by invertef;,,, = 600 A,.,,s; and voltage by batteryE, =
36V, Ry =40 m;

e in generator mode, current is limited by current density in IPM:< 10 A/mm? = I, <
190 A,.,s; and voltage by the regulatiof,,, = 2"—&%, Vo, =42V,

5.2 Results

We can see on figure 5 efficiencies in the torque vs. speed plan.

Efficiencies=f(W,T*)
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Figure 5: Efficiencies in torque vs. speed plan



Positive torques represent the starter mode, and so negative tdrgugenerator mode. We can see
lots of differences between this two kind of operating mode:

e maximum torque is limited by the highest injectable current and the maximum elegiowak.
In generator, thermic conditions in steady-state limit current density;

e base speed and operating limits are directly affected by the voltage limitatiom itle our
simple model of battery, the influence of the terminal voltage decreasing ysimgortant in
terms of operating range;

e in generator mode, some operating points are not accessible. For love tordow speed, the
mechanical power is not sufficient to compensate the losses (coppeoand

6 Conclusion

This paper has examined the principle of the optimal control of interior pezmamagnet synchronous
machine in the starter-generator application. It has been shown thatdRigarities (permanent mag-
net, reluctant torque) require a precise control. The strong constodihis ISG application, particularly
the magnetic saturation and the voltage supply, have highlighted the necés$aking into account all
these non-linearities in an optimal control. This control was established bgicdh optimal calcula-
tions. The presented simulation results show that Interior Permanent Magokine is a good solution
for ISG applications.
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