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Abstract—In recent years, Interior Permanent Magnet Syn-
chronous Machines (IPMSMs) have attracted a considerable
attention in the scientific community and industry for Electric
and Hybrid Electric Vehicle (HEV) propulsion systems. Look-
up Table (LUT) based Field Oriented Control (FOC) strategies
are widely used for IPMSM torque control. However, LUTs
strongly depend on machine parameters. Deviations of these
parameters due to machine ageing, temperature or manufac-
turing inaccuracies can lead to control instabilities in the field
weakening region. In this paper, two novel hybrid IPMSM
control strategies combining the usage of LUTs and Voltage
Constraint Tracking (VCT) feedbacks are proposed in order to
overcome the aforementioned controllability issues. Simulation
results that demonstrate the validity of the proposed approaches
are presented.

Index Terms—IPMSM, FOC, LUT, VCT

I. INTRODUCTION

Nowadays, Interior Permanent Magnet Synchronous Ma-
chines (IPMSMs) are receiving a considerable attention in
a number of high performance applications, such as Electric
Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) due to
their high power density and high efficiency over wide speed
and torque ranges [1]-[4].

A variety of torque control methods for IPMSMs can
be found in the scientific literature [1], [5]-[15]. Look-up-
Table (LUT) based Field Oriented Control (FOC) strategies
(figure 1) are one of the most commonly used torque control
techniques [6]-[8]. These techniques are relatively simple to
implement and require low computational cost. However, the
LUT approach has the following drawbacks:

e LUTs can require a relatively high amount of memory,

depending on their size and number of dimensions.

o Machine electric parameters may vary due to manufactur-
ing tolerances, machine ageing or temperature variations.
Thus, the torque control may be affected by irregularities
and unconsciousness during operation, leading to possible
instabilities in the Field Weakening (FW) region.

Taking the latter into account, this paper presents a ro-
bust 2D-LUT based current control, ensuring controllability
under electrical parameter variations and/or resolver offset
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Fig. 1. General diagram of a 4D-LUT based IPMSM field oriented control.

determination errors. In order to achieve this goal, two novel
Voltage-Constraint-Tracking (VCT) based feedback strategies
are proposed to guarantee that the system remains under the
maximum voltage constraint in the field weakening region. As
far as the autors are concerned, hybrid solutions integrating
both LUT-based control and voltage feedback have not been
deeply studied in scientific literature.

II. LUT BASED FOC CONTROL

A. IPMSM control fundamentals

The stator voltages of an IPMSM in the dq synchronous
rotating reference frame can be obtained as [16]:

av
va = Raia + —% — w. ¥y, (1
dv
vy = Rgig + d—tq + weWy, 2)
where the magnetic fluxes are:
\I/d = Ldid + \I/p'rna (3)
U, = Lyig. 4)

being vg, vq, iq and i, the stator voltages and currents; R,
Lq and L, the stator resistance and inductances, ¥, the



magnetic flux of the permanent magnets and w, the electrical
rotor frequency (we = Pwyyecn, being P the IPMSM pole-pair
number). The electromagnetic torque produced by the IPMSM
is obtained as:

3 ‘ .
Tom = ip{\l/pmzq + (Ld - Lq)ldlq}. ®))

In general, IPMSMs for EV and HEV applications are char-
acterized by suffering high magnetic saturation [2], [17]; thus,
Ly = fi1(ig,iq) and Ly = f2(i4,%,). Temperature variations
can also have a relevant influence [18], [19], reducing the flux
produced by permanent magnets and leading to variations in
the torque production. FOC is the most popular technique for
torque control of synchronous machines [20]. Figure 1 shows
the general 4-D LUT based FOC torque control diagram for
an IPMSM. In this approach, the optimal current setpoints are
determined from the operation conditions of the machine and
data stored in two precalculated LUTs.

B. IPMSM torque control operation regions

IPMSM drives have speed and torque constraints, mainly
due to inverter ratings and available DC link voltage lim-
itations [21]. This constraints can be represented with the
following mathematical expressions:

J2 482 < L, (©)

Ly(ia + %")%Liii < (Ymozy ™
€

where I,,,, and V,,,, are the maximum allowable stator
current and voltage, respectively. The current limit curve
(6) produces a circumference of radius I,,,, in the stator
currents dq plane. Similarly, (7) produces ellipses whose
radius decreases when the electrical machine speed increases
(figure 2(a)). The IPMSM machine must be controlled such
as the dq plane current vector lies simultaneously within
the current constraint circumference and voltage constraint
ellipse [21]. According to these constraints and considering an
arbitrary torque inferior to the maximum one, four operation
regions for the IPMSM can be distinguished (figures 2(a) and
2(b)) [51, [21], [22]:

I Maximum Torque Per Ampere (MTPA) region. An
MTPA curve exists in the stator current dq reference
frame which ensures a maximum torque per applied
current modulus (figure 2(b), region I). Minimum ohmic
losses are obtained if this curve is tracked.

II Field weakening region without torque reduction. In
order to extend the speed operation region of an IPMSM,
the control strategy consists of reducing the ¢4 current.
In a given region, this is achieved without loosing torque
capability, as iy can be recalculated to maintain the
reference torque (figure 2(b), region II). This region can
be extended until the speed wy; is reached (figure 2(a)),
where the speed and current limit curves intersect with
each other.
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(b) IPMSM optimum operation regions for an arbitrary
torque Tem < T3*F: MTPA (1), field weakening (I),
field weakening with torque reduction (IIT) and MTPV
Iv).

Fig. 2. IPMSM optimal control trajectories and regions.

IIT Field weakening region with torque reduction. When
current constraint circumference is reached, the torque
capability is reduced in field weakening operation (fig-
ure 2(b), region III). In order to achieve maximum torque
in this region, the current set point vector must be
positioned in the intersection between the voltage and
current constraint curves.

IV Deep field weakening region. In this operation region,
also known as Maximum Torque Per Voltage (MTPV)
region, the torque production capability is maximized for
a constant stator voltage value (figure 2(b), operation
region IV). The MTPV region only exists for a given
IPMSM if ¥,,,/Lq < I, condition is fulfilled, and
can be mathematically determined [5].

C. LUT dimensioning

The dimensions required by current set-point generation
LUTs can depend on the specific electric machine and appli-
cation (for example, whether DC-link voltage varies or not),
and also on the required torque production precision (rotor
temperature dependency). As an example, figure 1 shows a 4D-
LUT approach which requires rotor temperature knowledge.
This temperature can be obtained using telemetry systems,
infrared sensors, etc. [18], [19], avoiding the use of cables,
or can be estimated from back EMF observers [18], [19].
However, at low and zero speeds, such observers tend to fail
due to the lack of back Electro-Motive Force (back-EMF).



Thus, it is complicated to achieve a good rotor temperature
estimation in the whole motor operation range.

Due to the complexity and/or additional cost of the afore-
mentioned solutions, these are not of common practice in
industrial applications [19]. Generally, the deviations produced
by temperature effects are accepted and no compensation
action is performed. On the other hand, the LUT dimension
related to DC-link voltage variations can be eliminated using
the speed normalization concept [13]. From (7), the maximum
stator voltage can be derived as:

Viaw = wey) (Laia + Uy + (Lyig2. (@)

In a two-level three-phase Voltage Source Inverter (VSI) fed
machine, the maximum achievable phase voltage for the linear
modulation region (when Space Vector modulation or PWM
with third harmonic injection is adopted) is:

Vbe
ek
A normalized voltage (V& ™), which can be the minimum

or the nominal DC-link voltage value, can be selected to define
the p normalization coefficient [13]:

Vinaz = ©))

Vbe

(10)

norm ’

DC

Substituting (10) into (9), the following expression is ob-
tained:

Vbe _ pVpe™
Vma:c = T = = T = = szgzrtm’ 11
oy ==y (1

while substituting (11) into (8), the following speed normal-
ization equation is obtained:
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When DC-link voltage increases, w°"" becomes smaller
than the real electrical speed w.. This is equivalent to a dis-
placement of the speed vs torque curve towards the right side
(figure 3), expanding the voltage limit. The opposite occurs
when the DC-link voltage decreases. Thus, the normalized
speed can be calculated and used as an input for a 2-D LUT
calculated for the normalization DC-link voltage (V&™)
operation conditions.

Advantages of this approach become clear, because the
amount of memory resources needed for algorithm implemen-
tation in a microprocessors is highly reduced.

12)

III. PROPOSED VCT FEEDBACK STRATEGIES FOR ROBUST
IPMSM CONTROL UNDER MACHINE PARAMETER
VARIATIONS

A. Introduction

In LUT based control schemes, parameter deviations can
produce instabilities in the field weakening and MTPV regions,
as the current trajectories stored in such LUTs depend on

Torque [Nm]

Mechanical Speed [rpm]

Fig. 3. Torque and Speed curve in DC-link voltage variation.
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Fig. 4. LUT based current reference determination using the speed normal-
ization concept and proposed VCT feedback strategies.
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a given set of electric machine parameters. For that reason,
it is of interest to include an online field weakening control
loop to counteract these parameter uncertainties. If the electric
machine contains an MTPV region, both i4 and i, set-points
should be simultaneously controlled by the online feedback
loop. Traditional field weakening strategies only rely on the
modification of ¢4 [13]. However, both i; and %, can be
simultaneously controlled by regulating the parameter p or the
normalized mechanical speed w7 = wl°™™ /P (figure 4).

The proposed control strategies are composed of two main
blocks (figure 4):

o Speed normalization block, including security margin:
From the normalized speed described in section II-C
an additional security margin is applied multiplying the
measured Vpo/ V3 by a parameter k, (in per unit). k,, is
chosen to ensure that the voltage limit is never reached.
Overmodulation is possible adjusting k, > 1. However,
overmodulation is avoided in this particular application,
forcing k, < 1.

e VCT Field weakening block: The normalized speed
is controlled according to the actual value of the stator
voltage (V) and the DC-link voltage multiplied by the
security margin k. Instead of using a PI controller, whose
gain adjustment is not straightforward, two VCT solutions
have been adopted:

(a) Flowchart based normalized speed control.
(b) Integration based normalized speed control.

The proposed VCT strategies aim to maintain the operating
point close to the voltage limit in both FW and MTPV regions.
To ensure the latter, a parameter defining the VCT voltage



error, Awv, is included in both methods:

13)

where V; is the actual value of the stator voltage, commanded
by the inverter.

The advantage of these methods is that no machine param-
eters are needed in their calculations. In the following, both
proposed VCT alternatives are described in detail.

B. Flowchart based normalized speed control

The proposed strategy follows the flowchart shown in fig-
ure 5. This strategy is based on the solution proposed in [12].
At the beginning, the flowchart checks whether V; is higher
or lower than the voltage limit, i.e., flowchart checks the sign
of Aw. If Av < 0, variable status is set to 0 to indicate that
VCT strategy should be activated. In normal operation region
(status = 1), no VCT strategy is activated; thus the output
speed remains invariable. As for the FW process (status = 0),
the flowchart is divided in two branches, by checking again the
sign of Awv. If the voltage vector is not saturated, ”A” branch
will be selected. Otherwise, ”B” branch will be activated.

When selecting ”A” branch, VCT operation is activated and
the inverter’s output voltage is saturated, reaching the voltage
limit. In ”A”, the normalized speed needs to be increased:

(14)

‘ norm

|wmeeh.ovr (B)| = [wmeeh.ovr (k= 1) + [Av| * a,

where « is a positive parameter. On the other hand, when ”B”
branch is activated, the normalized speed should be reduced:

lwimeen,ovr (B)| = |lwnid ovr (k= 1) = [Av[* 5, (15)
being [ is a positive parameter.

Both « and [ parameters should be manually adjusted for
each particular application. The decision of whether VCT
strategy needs to continue activated or not is processed in ”"B”
branch. If the calculated normalized speed |wy, 7} o7 (K] is
smaller than the reference normalized speed |w]2" (k)|
the flowchart assumes that VCT operation should be stopped.
Therefore, status signal is set to 1 and the flowchart re-starts
its algorithm, analysing the polarity of Awv.

In summary, the proposed algorithm decides whether mod-
ify or keep the commanded normalized speed. When the
field weakening is activated, branch ”A” and ”B” modify the
commanded normalized speed, in order to maintain the voltage
vector in the DC-link voltage limit.

C. Integration based normalized speed control

In figure 6 a diagram of the proposed integration based
VCT feedback is shown. This strategy also aims to correct the
commanded normalized speed, ensuring that inverter output
voltage remains under the voltage limit in both FW and the
MTPV regions.

The integration based voltage closed loop algorithm can be
defined as:
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|wimeeh.ovr (B = |wieeh. 15 (k)] + 0w(k), (16)
where
ow(k) = dw(k — 1) — aAw, (17
being « a positive constant and
0 if dw(k) <0,
dw(k) = ¢ dw(k) if 0<dw(k) < dwmaz, (18)

if dw(k) > dwmaa

OWmag

As expressed in (16), this strategy modifies the normalized
speed to be introduced in the 2D LUT correcting its magnitude
throughout dw(k) term.

When the inverter output voltage is not saturated (Av >
0), the normalized speed corrector term dw(k) tends to be
negative. However, due to the saturation effect defined in (18),
dw(k) is limited only to positive values and thus this corrector
doesn’t modify the magnitude of |wy 2"} 5177 (k)| Therefore,
when no voltage limit is reached, the speed output remains
invariable. If the inverter output voltage exceeds the voltage
limit (Av < 0), the normalized speed needs to be increased in
order to restore the stator voltage inside the voltage limit and
avoid control instability. In this situation, the speed corrector
dw(k) tends to become positive, due to Av polarity. Modifying
the speed normalized magnitude, the stator voltage remains in



TABLE I
MOST SIGNIFICANT PARAMETERS OF THE SIMULATED IPMSM MACHINE.

Parameter Symbol Value Units
Maximum power PN 100 kW
Maximum speed Wmaz 3500 rpm
Stator Resistance R 0.04 Q

d-axis nominal inductance Ly le™3 H
g-axis nominal inductance Lg 1.7¢=3 H
Permanent Magnet Flux linkage W pas 0.178 Wb
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Voltage limit
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(a) VCT voltage control results of the proposed hybrid control
strategies.
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(b) VCT torque control results of the proposed hybrid control
strategies.

Fig. 7. Proposed hybrid IPMSM control strategies simulation results.

the voltage limit curve, ensuring the voltage constraint tracking
control loop.

The integration based speed control strategy only requires
one parameter to be adjusted, instead of the couple of param-
eters «, 3 needed for the flowchart based algorithm.

IV. SIMULATION RESULTS

In order to validate the proposed control strategies, a
100 KW automotive IPMSM drive including magnetic sat-
uration has been simulated in Matlab/Simulink environment.
The FOC algorithm is executed every 90us, while the VCT
together with the LUTs are executed at a higher sample-
time (2.5ms), for integration optimisation issues. Variable DQ
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Fig. 8. dq plane currents trajectories and their correspondence to an operation
mode.
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Fig. 9. VCT based alternatives comparison using ISE performance index.

(VDQ) approach [23] has been followed for IPMSM modelling
and LUTSs have been calculated based on the IPMSM magnetic
model. The PI controllers have been tuned taking into account
the delays introduced by the digital control. Table I shows
the most significant parameters of the simulated IPMSM. This
machine presents the typical saturation profiles of a medium-
power IPMSM automotive propulsion electric machine. As
the influence of the magnetic saturation in the d-axis cannot
be decoupled between the permanent magnet flux linkage
(¥pm) and the stator flux (1)q), ¥pm is considered constant,
while magnetic saturation is entirely represented in the d-axis
inductance. To validate the controllability using the proposed
VCT strategies, the following parameters deviation have been
set: 00U, = +10%, 6Ly = +10%.

Figure 7(a) shows the results of the different control ap-
proaches of conventional FOC control including the 2D-LUT
current set point generation with and without a VCT control. It
can be seen that when VCT control is not active in the loop, the
voltage limit is exceeded and the system becomes unstable due
to the electrical parameter variations. However, an effective
VCT control is achieved when using both proposed strategies
(figure 7(a)). Currents trajectory in the dq plane and their



correspondance to the different operation modes are shown
in figure 8. A proper torque control is achieved despite the
introduced parameter variation (figure 7(b)). In order to anal-
yse and compare the system’s performance using the proposed
strategies, performance indices have been adopted [24], being
the system optimum when the index reaches a minimum value.
The performance index used is the Integral of the Square of
the Error (ISE), defined as:

T
ISE = / e2(t)dt. (19)
0
Figure 9 shows the results obtained using both flowchart and
integrator based VCT control techniques, assuming different
parameter deviations. In the three different conditions tested,
integrator based VCT technique minimizes the ISE index.

V. CONCLUSIONS

As it has been demonstrated in simulation, current trajec-
tories stored in such LUT depend of electric parameters, thus
uncontrollability may be produced when parameter variations
occur due to machine ageing or temperature variation, among
other factors). The proposed flowchart based and integra-
tor based voltage constraint tracking solutions ensure robust
control in the whole operation range, being activated only
when voltage constraint limit is reached. The advantage of
the aforementioned strategies is that no machine parameters
are needed in their calculations. While the flowchart based
method implementation requires two parameters to set, only
one parameter to be adjusted is needed in the integration based
one. In both cases, simulation results of these approaches
verify the smooth tracking of the voltage limit when required,
keeping the voltage constraint tracking error within an accept-
able range.

For future work, further experimental results will be carried
out on IPMSM used on an EV prototype.
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