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Abstract — The interior permanent magnet synchronous
machines (IPMSM) have several desirable features for
automotive application, when are expected to operate at
every load point inside the envelope as defined the
maximum torque-speed curve. The paper presents a
control structure of an interior permanent-magnet
synchronous machine in the motoring regime over a
wide speed-range. Experimental test results are shown

and analyzed.
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1. INTRODUCTION

The continuous cost reduction of magnetic materials
with high energy density and coercitivity led to
consider the permanent magnet (PM) synchronous
machines as high attractive candidates both in
automotive, tools machines and residential drive
applications.

The interior (or buried) permanent magnet (IPM)

motors due to their saliency develop supplementary
reluctance torque and thus present a higher torque
capability than the surface-mounted permanent magnet
(SPM) motors. This is why the IPM synchronous
machine (IPMSM) is an attractive solution for an
integrated  starter-generator (ISG). The main
requirements of the ISG control are to ensure the
necessary high torque as starter and the constant output
voltage and frequency, irrespective of the input speed
and load, as generator.
In the paper, the IPMSM was considered playing the
role of an automotive starter. The used control
algorithm is a combination of some techniques found
in the literature and is based on the maximum torque-
per-ampere strategy (minimum copper loss). A
prototype system was tested in order to confirm the
control algorithms and dSPACE based experimental
results are presented and discussed.

2. MATHEMATICAL MODEL

In the d-g axis synchronous frame, the dynamic
equations of the IPMSM can be expressed as:
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Symbols u and i denote voltage and current, v, the
flux linkage of the permanent magnets in the d-axis
rotor, L, is the d-axis self-inductance, L, is the g-axis
self-inductance, ®, 1is the electrical speed,
respectively, and index s denotes parameters and
variables associated with stator.
The developed electromagnetic torque . in terms of
stator currents is expressed as:

t, = p[Wmisq _(Lq -L; )isdiqu (2)

where p denotes the number of pole pairs. This has
two components: the alignment torque produced by
the flux linkage and the reluctance torque produced
by the saliency. It is desirable that the reluctance
torque should be properly utilized in order to increase
the whole efficiency of the IPMSM drives.

At the low speed, the back-electromotive force is
small and so there is enough voltage to control the
current to generate the torque. As the rotor speed
increases, the marginal voltage to control the current
is decreased and the torque becomes highly distorted
so the flux weakening method should be applied [1].
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The extension range of the speed is solely limited by
the structure and the parameters of the motors under
the given condition of voltage and current limitation.

The maximum voltage U ,.. that the inverter can
supply the machine is limited by DC link voltage and
PWM strategy. When the voltage space vector

strategy is used, Uj,..=Upc /3. Also  the

maximum current /; ., is determined by the inverter
current rating and machine thermal rating.
So, the imposed limits for the motor’s voltage and
current are:
ufd +u32q < Uszmwc
22 2 ©)
Lsa +lsq SIsmwc
Neglecting the stator resistance (when speed
increases the term ®, becomes more important), from
(1) the steady-state voltage limit equation yields:
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From (3) and (4) it can be seen that the current limit
equation determines a circle with a radius of I .,
while the voltage limit equation determines a series
of nested ellipses (for the IPMSM, L,>L,). Fig.2
shows the current-limit circle and the voltage-limit
ellipses in the i4-i,, plane.

The voltage-limit ellipse decreases as the speed
increases. At a so-called base speed g, the
maximum torque point 4 is on the cross point of
maximum torque-per-current trajectory and current-
limit circle. When the IPMSM is operated from the
start up to the base speed in the constant torque
region, the voltage-limit ellipse exceeds the
maximum current boundary and no voltage limitation
needs to be considered in this situation.

But beyond the base speed, the IPMSM cannot be
operated without flux-weakening control and so, to
extend the speed range, a proper demagnetizing
current has to be applied depending on the operating
speed. The current vector trajectory will move along
the boundary of the current-limit circle (from A to B
in Fig.2) as rotor speed increases.
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Fig.2 Current-limit circle and voltage-limit ellipses in
the i;4-is, plane

Without a proper flux weakening at higher speed, the
current regulators would be saturated and lose their
controllability. Since the onset of current regulator
saturation varies according to the load conditions and
the machine parameters, the beginning point of the
flux weakening should be varied. The late starting of
the flux weakening may result in undesired output
torque drop, but the early starting deteriorates the
acceleration performance [2].

3. CONTROL STRUCTURE

As opposed to SPMSM, the id=0 control method is
not suitable for the IPM synchronous machines
because the reluctance torque is not produced even if
this kind of machine have a saliency.

At low speeds, because the absence of voltage
limitation, the current vector might be controlled to
fully use reluctance torque in order to maximize the
machine efficiency. Typically, it is chosen to
maximize the torque per amper ratio by controlling
the current vector in order to have an optimum
inclination versus q-axis. In order to get the
maximum torque control, the inclination angle y of
the current vector (Fig.3) depends on the load
conditions, taking values between 0 and 45° [3].
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Fig.3 Current phasor diagram in the d-q frame

The maximum torque-per-ampere strategy seeks
to get a certain torque with the smallest possible
stator current amplitude (so with minimum copper
loss). Because iy, =—i siny andiy, =i cosy, where

l.,:

p , (2) becomes:

li

. 1 2 .
t, ZI{\les cosy-i—E(Lq—Ld)Sz sm2y} 5)
and imposing the condition :
dt,/dy=0 (6)

the relation between isd and isq for the maxim torque
per amper control is derived as

(7N

This relation is shown as the maximum torque-per-
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ampere trajectory in Fig.2.

This relation is shown as the maximum torque-per-
ampere trajectory in Fig.2.

Above the base speed, the normal operation is
possible only applying the flux weakening and the
maximum torque is obtained when the drive operates
in the voltage and current limits. The flux weakening
control of PM synchronous machines is conducted by
injecting the d-axis current i,; negatively, which is
different from induction machine where the flux is
weakened by decreasing the d-axis current.

The proposed control scheme in Fig4 is
combination of the previous discussed techniques.
Two PI controllers, implemented in the synchronous
reference frame, are used for the current control,
followed by a decoupling circuit. In the constant
power operation, a closed-loop voltage control is
used to ensure an automatically onset of the accurate
flux-weakening operation, depending on the load
condition and machine parameters. Flux weakening
mode is entered when the error

a

2 —
smax

eE=u (uszd +ufq)<0 (8)
becomes negative. This error, passing through a low-
pass filter (LPF) and regulated by an I controller, lead
to the d-axis current increases toward the negative
direction to prevent saturation of the current
regulators. The I controller output is limited (to avoid
irreversible demagnetization) so that the d-axis
current to be between 0 and the minimal allowable
isd = _Isdmax .

The magnitude of the injected stator current i; can be

expressed as

iy =i% +i2, )

and taking into account (2), the d-¢g axis components
of the current vector that ensures the maximum
torque-per-ampere yields

iy, = signliy )il =iy (10)
where
v A, "
lyg =
4(Lq_Ld)
The last equation is equivalent with (7) but

expressing the d-axis current as a function of i, taking
into account (9).

Thus, when the d-axis current is increased with respect
to the voltage limit, the g-axis current is depressed in
order to ensure the current limit condition. More, a
saturation block with adaptive limits take into account

. K
the flux weakening command Ai,;and forces ones

more the operating point to not exceed the current-
limit circle. In this way the current regulators regain
the ability of regulating the d-axis and g-axis currents
and the maximum torque-per-ampere is produced at
the crossing point between the current limit circle and
voltage limit ellipse, in the constant power region.

Because this scheme utilizes for flux weakening the
output voltage of the PI current regulators and the
outer voltage-regulating loop instead of the IPM
synchronous machine model, it becomes robust and
insensitive to load conditions and load parameters.
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3. EXPERIMENTAL RESULTS

In this paper a commercial IPMSM, operating at low
voltage and high currents, was used (rated parameters
in Table 1). This is mechanical coupled to an internal
combustion engine simulator that consists in a
SPMSM (1.9 kW, 330V, 4.4A and 4000rpm). The
speed of the engine simulator can be varied in closed
loop by means of its own inverter. Though the
obtained speed characteristics may be different from
a real engine, this experimental setup allows testing
the wvalidity of the proposed control algorithms
successfully [12].
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Table 1: IPM synchronous machine characteristics
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Rated power [kW] 4
Peak current constraint [A] 160
Number of phases 3
Number of poles 12
R, [mQ] 21
Ly [mH] 0.076
L, [mH] 0.12
Ym [Wh] 0.009
Rated speed [rpm] 2000
Rated phase voltage [V] 11
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Fig.5 Experimental results bellow (left side) and above (right side) the base speed
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To control the whole system, a dSPACE 1104 board
and ControlDesk software is being used. The external
lead-acid battery pack is the supply source for the
IPMSM in the motoring regime. A capacitive filter is
connected to the DC line.

The following figures present the experimental
results for a time interval of two seconds when the
IPMSM operates as motor bellow and above the base
speed.

A special attention was paid to handle the non-
sinusoidal currents produced by the IPMSM due to
its specific geometry and construction, as seen in
Fig.6. The current and voltage space phasor loci in
the stationary reference frame presented in Fig.7
confirm the presence of the fifth harmonic in the
phase current of the IPMSM [13]. These currents are
acquired and used to generate the reference voltage
commands and consequently these present many
oscillations, as we can see in Fig.9.

The tested system presents good dynamic
performances and responds well also in more
complex situations.

4. CONCLUSIONS

This paper proposes a control solution for an IPMSM
applying the vector control in the motoring regime.
The experimental results confirm a very good
behavior both in constant torque region and the
constant power region.
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