© 2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works. This is the accepted author manuscript (AAM).

Normalised tux weakening control technique acting on the actual

speed for automotive dual three-phase IPMSMs

A. Navarro-Temoche!, E. Ibarral, I. Kortabarria®, A. Sierra-Gonzélez?, I. Elosegui®
! University of the Basque Country (UPV/EHU)
2 TECNALIA, Basque Research and Technology Alliance (BRTA)
3 Tecnun, School of Engineering, University of Navarra
adrianorai.navarro@ehu.eus

Abstract

In this paper, a flux weakening control strategy
based on a vector space decomposition (VSD)
model is presented for asymmetrical dual three-
phase interior permanent magnet synchronous ma-
chines (IPMSMs). This strategy incorporates a
voltage magnitude feedback loop, which provides
robustness by adding a variation to the actual
speed when enters in flux weakening mode or de-
viations occur in the electrical parameters of the
machine. Validity of the proposal is demonstrated
by simulation results carried out over standard-
ised driving cycles, taking into account parameter
mismatches.

Keywords: Dual three-phase, IPMSM, EV, flux
weakening

1 Introduction

Multi-phase machines are receiving a great atten-
tion as, compared to three-phase systems, they
provide a reduced torque ripple, low harmonic con-
tent and an improved fault tolerance [1,2]. The
six-phase configuration is one of the most stud-
ied of the multi-phase architectures. Depend-
ing on the phase arrangement between the three-
phase sets, they can be classified into symmetrical
(shifted by 0 or 7/3) [3,4] or asymmetrical (shifted
by 7/6) [5,6]. With the asymmetrical configu-
ration, the sixth harmonic torque pulsations pro-
duced by the two three-phase sets are in anti-phase
and, therefore, they are cancelled [7].

Regarding the industrial integration of the dual
three-phase permanent magnet synchronous ma-
chines (PMSMs), they have been successfully used
in a variety of industry applications [8-11]. Among
them, the automotive sector represents a highly
demanding application, requiring operation for a
very wide speed range and high torque [9-11].
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Figure 1: Asymmetrical dual three-phase PMSM
drive system.

In [12], several topologies of multiphase convert-
ers are discussed. Fig. 1 shows the most common
arrangement for a dual three-phase system, where
two voltage source inverters (VSI) share a com-
mon DC-link and feed two three-phase sets with
isolated neutral points.

To extend the operating speed range of an EV
drive, which is constrained by the battery volt-
age, flux weakening (FW) needs to be applied.
FW strategies can be classified as: feedback, where
the ones regulating the voltage magnitude are the
most common [13-15], feed-forward, where Look-
up Tables (LUTs) or analytical calculations are
used [16,17], and hybrid [18,19], which combine
the merits of feed-forward and feedback solutions.

In this paper, a flux weakening control strat-
egy based on a voltage magnitude feedback and
considers a speed displacement as output, is pro-
posed for dual-three phase IPMSMs. To do so, the
actual speed is modified according to the voltage
feedback and evaluated for maximising the volt-
age utilisation of the DC-link. Furthermore, to
simplify the analysis, this algorithm is developed
in a normalised system.

The rest of the paper is organised as follows: In
section II, the mathematical model of a dual-three
phase PMSMs is shortly introduced. Achievable
operating regions are described in Section III. The
flux weakening control based on a normalised sys-
tem is developed in Section IV. Finally, simulation
results are presented and discussed in Section IV,
and conclusions are provided.



Table 1: Harmonic decomposition using VSD
model.

Sub-space Harmonics h

af Fund. and (12k+1) = k=1,2,3,... 1,11,13,...

XYy (6k+1) = k=1,3,5,... 5,7,17,19, ...

010 (3k) = k=1,3,5,... 3,9,15,21,...

2 Mathematical modelling of
dual three-phase PMSMs
using VSD theory

To simplify the representation in phase variables,
the six-dimensional machine system, according to
the vector space decomposition (VSD) theory [20],
can be used. This way, the machine is decomposed
into three orthogonal sub-spaces, i.e. a8, XY and
0102. By applying the transformation matrix Tg of
(1), harmonics are mapped to different sub-planes,
as shown in Table 1.
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where 0, = /6.

By applying the standard Park transformation,
the variables in the o sub-plane can be converted
to the synchronous dg-frame for a dual three-phase
system:

Fq] | cos#@

F,|  |—siné
In addition, according to [21], the variables in
the XY sub-plane can be converted to a new

frame, designated as zy-frame, by applying the
following transformation:

Fp| |—cosf sinf| |Fx| _

[Fy] - { sin cos@] |:Fy:| = Ty Fxy, (3)
where F' can be V| I or v, which correspond to the
voltage, current and flux, respectively. Then, the

harmonics in the XY sub-plane are converted into
(6k)th harmonics in the zy-frame.
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Figure 2: Operating regions.

It is worth noting that the third sub-plane 0109
cannot be exploited (i.e., open circuit), as the neu-
tral point of each three-phase set is isolated and
they are not connected between them. Hence,
I,, = I,, = 0. Therefore, the voltage equations
in the dg and xy-frames can be expressed as:

Vd _ RS + Lds 0 Id + 7Lq]q
v, 7| o Ry + Lygs| [I,] "% [Lala+ A
‘/17 _ Rs + L.’ES 0 I.’E +w 7Lny

V'y - 0 R,q + LyS Iy ¢ La:[’r ’

where R is the stator resistance, \,, is the perma-
nent magnet flux linkage, and w, is the electrical
speed of the machine. With respect to the induc-
tances, L4 is the d-axis inductance, L, is the g-axis
inductance, and L, , = Ly are the inductances in
the xy-frame where L is the phase leakage induc-
tance.

Finally, by assuming that the flux linkages in
the dg-frame are linear functions, i.e., A\q = Lqgls+
Am and Ay = L,1,, the electromagnetic torque is
expressed as:

| ()

Tom = 3Ny(Am + (Lg — L)1), (5)

where N, is the number of pole-pairs. From (5),
it is noted that the zy-frame does not contribute
to the torque production.

3 Operating regions of dual
three-phase IPMSMs

In this section, to simplify the analysis of the op-
erating regions of the drive, a normalised system
is utilised. The base values are collected in Table
2.



Table 2: Base values for IPMSMs [22].

Parameter Value Parameter Value
Base electrical speed wp — we, N Base current I, A, /La
Base voltage V3 Amwe, N Base torque Tjp 3Np)\72n/Ld

Saliency & L,/Lq

Regarding the achievable operation points, they
are restricted by the current and voltage limits of
the drive. Thus, the normalised maximum current
(imaz) can be defined as [23]:

\/13""23:25 Simaw7 (6)

where iq and i, are dg-frame current components,
expressed in the normalised system, and i, is the
normalised modulus of the current vector. i,,4z
can be higher or lower than 1, depending on
whether the machine and inverter current limits
are higher or lower than the base current I;.

By normalising the dg-frame in (4), consider-
ing steady state operation and neglecting the volt-
age drop related to the stator resistance Ry, the
normalised maximum voltage produced by the
inverter without over-modulation (vp.) s ex-
pressed as [24]:

vg = —ig2E v 2

d — T lgiteS, . 2 2.2 max

vg = Quig +1), 7 et D +§Zq§< Q. > ’
(7)

where Q. is the normalised electrical speed and &
is the saliency of the machine; vg and v, are the
dg-frame voltage components expressed in the nor-
malised system, and vyar = Vinae/Vs is the nor-
malised maximum modulus of the voltage vector,
where V;, is the base voltage. It should be noted
that Vi, depends on the used modulation strat-
egy (Vae/V/3 for space vector modulation or PWM
with third harmonic injection where, V. is the dc
voltage bus).

On the other hand, by normalising (5), the elec-
tromagnetic torque (7., ) is expressed as:

Tem = 7:q[l + (1 - f)idL (8)

were several iq and i, combinations that lead to
the same torque value can be obtained. Thus,
proper current trajectory calculations are funda-
mental if losses are to be reduced.

In accordance with (6) and (7), three operat-
ing regions can be distinguished for a synchronous

machine: Maximum Torque per Ampere (MTPA),
Flux Weakening (FW) and Maximum Torque per
Voltage (MTPV), also known as deep flux weak-
ening region.

Minimum copper losses and maximum torque
per applied current modulus are guaranteed fol-
lowing the MTPA trajectory, which prevails at low
speeds [25,26]. An MTPA point is applicable pro-
vided that it is not located beyond the ellipse re-
lated to the voltage limit. Otherwise, flux weaken-
ing (FW) mode is reached and negative d-current
is injected to guarantee minimum phase currents.
The FW trajectory [Fig. 2(a)] is referred to the
vectors intersecting the reference torque curve (G
and G points).

Finally, the MTPV trajectory is defined as the
curve where the maximum torque is reached with
a minimum voltage [Point H, which intersects a
maximum torque curve for a voltage limit is shown
in Fig. 2(b)]. This trajectory minimises magnetic
losses, which are prevalent at high speeds. In ad-
dition, MTPV region can be considered in the con-
trol provided that 4,,., > 1; otherwise, the MTPV
curve cannot be exploited.

The purpose of the flux weakening control is to
find a current pair that maximises the dc-link volt-
age utilisation and is within the voltage limit, but
without exceeding the current limit.

4 Proposed Flux weakening
control

In this paper, a FW control that considers all the
aforementioned operation regions and determines
the current reference trajectories in a normalised
system is proposed.

As shown in Fig. 3, the FW algorithm is inte-
grated in the Field Oriented Control (FOC). For
a given reference torque, a dg-frame reference cur-
rent pair (157];) is generated. Furthermore, cur-
rents in the no-torque frame (i.e. xy) (I;,I;) are
usually set to 0 for machines with sinusoidally dis-
tributed windings and, as the neutral points of the
two three-phase sets are isolated and are not con-
nected, currents in the o002 sub-space are zero.
In addition, a PWM with 3rd harmonic injection,
which pulses are sent to the two three-phase VSIs,
is used.
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Figure 3: FOC structure for dual three-phase machines following the VSD representation.

Up to nominal speed, the current references I
and I are generated to be referred to the MTPA
curve, which guarantees minimum copper losses.
To extend the operating speed range of this EV
drive, for speeds beyond the nominal one, a flux
weakening scheme is presented in Fig. 4. When the
system enters in FW region, for a reference torque
(12,,), a normalised speed deviation (Af2), coming
from the voltage feedback (i.e., integral controller)
is added to the actual speed (€,.) to obtain an
updated normalised speed (£2,,), which is in charge
of maintaining the stator voltage modulus inside
the voltage limit.

The normalised maximum voltage available
(Vmaz) is divided by Q. (Vymaz/Q0), which is used
to calculate the current magnitudes, in the dg-
frame, for all achievable operating regions.

For the MTPA, d-current calculation (i3ITF4)
can be directly obtained from a given reference
torque in a normalised system by analytically solv-
ing the following [19]:

,L'MTPA
* d
Tem = 1— é—

Regarding the optimal currents in FW region, a
fourth order polynomial can be obtained in terms
of i4 if the optimisation problem, described in [25],
is considered in a normalised system [19]. By using
(Umaz/Sh), this polynomial can be expressed as
follows:

[+ (1= &igtrAps.
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i+ Anis + Bpi3 + Cpiq + Dy, = 0, (10)
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Analytical solution of (10) can be obtained by
means of Ferrari’s method, thoroughly detailed
in [25]:

(14)

To this extent, in order to correctly operate in
MTPA and FW regions at any speed, ii}“ is satu-
rated to iéw as the upper bound, resulting in i4'.
From the latter, using the normalised torque equa-
tion of (8), i,' can be obtained.

Furthermore, despite the fact that the MTPV
region can be exploited provided that 7,4, > 1, an
MTPV subsystem is added to the proposed algo-
rithm for guaranteeing operating points within the
voltage limit even when the voltage curve corre-
sponding to €2, does not intersect with the torque
curve. First, by normalising the MTPV trajecto-
ries defined in [25], the MTPV point is [19]:

JMTPV _ —{+ \/52 + 8(Vimax /Qu)? (1 = £)? _
S 41-¢)

(15)

ig/{TPv _ %\/(’Umam/gu)Q — (GMTPYV £ 1)2. (16)




em d-current

o O [

Vitg ot - o ,
dq Umaz lg Torque q '
Qac T Q, d-current Z-dy equation
‘ 1V, L, v/ limit o
v, max . * *
‘ mae M, <« L [ ””>¥ Ldq qu
Feedback part JMTPV
MTPV ,L'MTPV
calculati g 5
MTPV integration caleulation Z%TPV
Figure 4: Block diagram of the proposed flux weakening strategy.
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Parameter Value Parameter Value
71\/ITPV MTPA 1 — Number of pole pairs N, 19 Stator resistance R 61.43 [mQ)]
Tem d-axis inductance Lq 1.00 [mH]  g-axis inductance L, 1.35 [mH]
[~ m PM flux linkage A,, 0.038 [Wb]  DC bus nominal voltage Vg, 400 [V]
lq ZA Maximum torque T}, 54 [N.m] Maximum mech. speed wy, 5000 [rpm]
% : 3 n Switching frequency 25 [kHe| Simulation step 0.5 [ps]
: P P ac
B - 1 o :
Aia] % obtained the current references in the normalised
u : - Za i : %
i P 0. G system (qu), they have to be denormalised (qu)
0 P I by multiplying them by the base current Iy,.
TPV -1 Q0 jQac jMTPA O ] To summarise, Fig. 5 exemplifies the perfor-
C C
iy mance of the algorithm. Once defined the voltage

Figure 5: Operating principle of the proposed FW
strategy.

Then, the maximum speed in FW region for the
given torque (Vmaq/Q)1im (i-e the last voltage limit
intersecting with the reference torque) must be cal-
culated as, above this speed value, the machine
operates within the MTPV curve. By equalising
not only the g-current expressions from (7) and
(8), but also their derivatives with respect to i4
(dig/diq), the quartic equation related to the last
value of iy in FW region is obtained:

(ia+ 1)1+ (1= €)ia)® = 72,,(1 - &> (17)

Thus, the last value of i, in FW is calculated
from (8), and (Vmag/)im from (7). Once the lat-
ter is obtained, it is compared t0 Umqq /€, such
that if (Vmaz/Qlim < Vmaz/Qu, the FW region is
activated and the (i4',4,') point is applied. Other-

wise, the (i)"Y, iYTFV) is set as reference. Once

limits corresponding to €2,. and £2,,, the d-axis cur-
rent corresponding to the latter (ig“) is calculated
and saturated to ig/ITPA as upper bound. This cur-
rent will be shifted Aig from the d-current related
t0 Qe (i¥*). Furthermore, whether the MTPV
region is exploited or not, i}'TFV is considered and

evaluated according to (Vmaz/)1im-

5 Simulation results

A simulation model of an asymmetrical dual three-
phase IPMSM drive, whose most relevant param-
eters are listed in Table 3, is implemented in the
Matlab/Simulink environment together with the
proposed controller.

The flux weakening strategy is tested under
close-to-real driving conditions. Particularly, the
torque and speed profiles are calculated for a given
EV which is circulating under the Worldwide Har-
monised Light vehicles Test Cycles (WLTC) Class
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Figure 6: Voltage utilisation (Vg,) and voltage feedback output (AQ) over the WLTC when parameter

mismatches occur.

3. Considering the high computational burden of
the model, i.e., the short discrete simulation step
required to obtain accurate results without jitter
(0.5 us) and the long duration of the driving cy-
cle, the model is loaded into an OPAL-RT OP4510
real-time digital platform (Intel Xeon E3 v5 CPU,
4 core, 8 MB cache, 3.5 GHz) and executed in the
simulation mode (no real-time). Even though the
flux weakening algorithm only enters when the ve-
hicle operates at high speeds, simulations are ex-
posed for the entire WLTC Class 3 driving cycle.

As parameter mismatch is one of the most im-
portant issues to be overtaken, the inductances
Lq, and the flux linkage A, are modified in the
machine to evaluate the robustness of the con-
troller, specifically, the output of the voltage feed-
back loop. Although these parameters are simu-
lated with a +20 % variation, results are only de-
picted for those that intensify the flux weakening
action (i.e., 0.8Lg, 1.2),,, and 1.2L,). In addition,
for this test, the integral gain K; is set to 25.

On the one hand, the voltage utilisation and the
output of the voltage feedback controller are plot-
ted in Fig. 6. It is proved that the FW controller
is capable of performing in all achievable regions as
the updated speed (Q2,,) can easily enter in MTPV
curve to maintain the operating point inside the
voltage limit. It should be noted that updating
the electrical speed is just a step of the FW con-
troller to find the appropriate current-pair as the
actual speed is not altered in the next stages of
the FOC.
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Figure 7: Reference dg-currents over the WLTC
when parameter mismatches occur.

Finally, Fig. 7 shows the reference dg-currents
set over the driving cycle. It is proved that the
FW controller can operate taking into account the
maximum current limit of the machine even when
parameter mismatches occur. Furthermore, ac-
cording to the results, the flux linkage mismatch
causes the largest increment in the FW action.

6 Conclusions

In this paper, a normalised flux weakening control
strategy, which acts on the actual speed, is pro-



posed. When a variation is provided by the volt-
age magnitude feedback loop, this is theoretically
updated and evaluated in all achievable operating
regions, such that the current reference maximises
the dc-link utilisation. Although the proposed FW
algorithm integrates quartic equations, they can
be analytically calculated offline using the Ferrari’s
method, and replaced by LUTs. Thus, the com-
putational burden will be substantially reduced.

Simulation results were carried out under a stan-
dardised driving cycle, particularly, the Worldwide
Harmonised Light vehicles Test Cycles (WLTC)
Class 3, with satisfactory performance in all
achievable operating regions. Furthermore, un-
der this test, the robustness of the FW con-
troller is proved when parameter mismatches oc-
cur. In view of the above, the proposed technique
is promising for experimental evaluation.
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