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ABSTRACT

A unified theory for optimal feedforward torque control of anisotropic synchronous machines with
non-negligible stator resistance and mutual inductance is presented which allows to analytically com-
pute (1) the optimal direct and quadrature reference currents for all operating strategies, such as max-
imum torque per current (MTPC), maximum current, field weakening, maximum torque per voltage
(MTPV) or maximum torque per flux (MTPF), and (2) the transition points indicating when to switch
between the operating strategies due to speed, voltage or current constraints. The analytical solu-
tions allow for an (almost) instantaneous selection and computation of actual operation strategy
and corresponding reference currents. Numerical methods (approximating these solutions only) are
no longer required. The unified theory is based on one simple idea: all optimisation problems, their
respective constraints and the computation of the intersection point(s) of voltage ellipse, current cir-
cle or torque, MTPC, MTPV, MTPF hyperbolas are reformulated implicitly as quadrics which allows to
invoke the Lagrangian formalism and to find the roots of fourth-order polynomials analytically. The
proposed theory is suitable for any anisotropic synchronous machine. Implementation and measure-
ment results illustrate effectiveness and applicability of the theoretical findings in real world.

Notation
N,R,C: natural, real, complex numbers. x:=
(x1, ..., %,)" € R™ column vector, n € N where ‘7” and

<

:=" mean ‘transposed’ (interchanging rows and columns
of a matrix or vector) and ‘is defined as, respectively. 0,, €
R"™: zerovector.a' b := a,b; + - - - + a,b,: scalar product

ofthevectorsa := (ay, ..., a,) andb:= (b, ..., b,)".
x|l := VxTx=,/x{+---+x2: Euclidean norm

of x. A e R"™": (square) matrix with n rows and
columns. A7': inverse of A (if exists). A~ ': inverse
transpose of A (if exists). det(A): determinant of A,
spec(A): spectrum of A (the set of the eigenvalues
of A). I, e R™" :=diag(l,...,1): identity matrix.
0, € R"*P: zero matrix, n, p € N.

T, () = [Ef’rf((gl‘:; ;Z;‘E;‘fﬁ) ]:  park transformation
matrix (with electrical angle ¢y) and J := T, (7 /2) =

[(1) Bl ]: rotation matrix (counter-clockwise rotation by 7;
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see e.g. Dirscherl, Hackl, & Schechner, 2015; Teodorescu,

Liserre, & Rodriguez, 2011). ‘s.t: subject to (optimisa-

tion with constraints). j: imaginary unit with j* = /=1,
!

‘=": must equal. XNY: intersection of the sets X and Y (in
this paper: X, Y C R?).

1. Introduction

1.1 Motivation

Energy shortage and environmental impacts prompted
engineers to improve the efficiency of electric drives;
especially when studies indicated that electric machines
consume more than half of the globally generated elec-
tricity (de Almeida, Ferreira, & Fong, 2011). Accordingly,
major research and development advancements in the
control and modelling of electric drives have been over-
seen. Special focus was set on permanent-magnet (PM)
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synchronous motors (SMs) owing to their high power-
density ratios, efficiency, flexibility and dynamic perfor-
mance. It was explained in Morimoto, Takeda, Hirasa,
and Taniguchi (1990), by considering the anisotropy of
the PMSM rotor, one would be able to generate the same
torque profile, as that obtained for zero direct-axis control,
at a reduced magnitude of the stator current. As a mat-
ter of fact, this anisotropy laid the foundation for reluc-
tance synchronous machines (RSMs). The anisotropy in
the rotor introduces a high degree of saliency which could
be manipulated through optimised rotor design to not
only produce the necessary reluctance torque but also to
generate a constant power speed range (compatible with
field weakening (FW) operation; Wang, Ionel, Jiang, &
Stretz, 2016). A hybrid machine that combines the mer-
its of both PMSMs and RSMs (i.e. less rare-earth PM
with high saliency ratio) is also known as PM-assisted
RSM (PMA-RSM) (Boldea, Tutelea, Parsa, & Dorrell,
2014; Wang et al.,, 2016) or PM-enhanced RSM (PME-
RSM) (Schmidt, 2014). Since copper losses dominate the
electric losses for such machines, a reduction in the stator
current magnitude, for a given load torque, will explic-
itly lead to higher efficiencies. Throughout this paper,
the abbreviation ‘SMs’ will be used when referring to
PMSMs, RSMs, PMA-RSMs or PME-RSMs. Two feasi-
ble approaches to enhance the efficiency of SMs are (1)
improving the stator or rotor design (Boldea et al., 2014;
Wang et al,, 2016; Zhang, Ionel, & Demerdash, 2016)
or (2) extracting the highest possible efficiency by opti-
mising the adopted torque controller, which is the topic
under study in this paper.

1.2 Literature review

The optimal feedforward torque control problem has
been investigated in numerous publications: for maxi-
mum torque per ampere (MTPA) or maximum torque
per current (MTPC'), see e.g. Cavallaro et al. (2005),
Cheng and Tesch (2010), Finken (2012), Gemassmer
(2015), Jung, Hong, and Nam (2013), Lemmens, Vanass-
che, and Driesen (2015), Morimoto et al. (1990), Niazi,
Toliyat, and Goodarzi (2007), Ni et al. (2015), Panaitescu
and Topa (1998), Preindl and Bolognani (2015), Schroder
(2009), Schoonhoven and Uddin (2016), Urasaki, Senjyu,
and Uezato (2003); for FW, see e.g. Jung et al. (2013),
Kim, Jeong, Nam, Yang, and Hwang (2015), Preindl
and Bolognani (2013b), Preindl and Bolognani (2015),
Schoonhoven and Uddin (2016), Zhang et al. (2016); and
for maximum torque per voltage (MTPV), see e.g. Ahn
et al. (2007), Horlbeck and Hackl (2016), Jung et al.
(2013), Preindl and Bolognani (2013b), Tursini, Chiri-
cozzi, and Petrella (2010), to name a few. Nevertheless, to

the best knowledge of the authors, a unified theory, which
covers

(a) all operation strategies (such as MTPC, maximum
current (MC), FW, MTPV or maximum torque per
flux (MTPF)) and

(b) allows for an analytical computation of all respec-
tive optimal reference currents,

(c) while stator resistance and mutual/cross-coupling
inductance (magnetic cross-coupling) are explic-
itly considered,

is not yet available.

Initially, the operation of electric drives was optimised
by seeking an operation close to a unity-power factor,
where the ratio of input and output power (kW/kVA)
implies efficient use of electrical energy (Nakamura,
Kudo, Ishibashi, & Hibino, 1995). However, this does
not necessary imply that the electrical losses within the
adopted machine are minimised (Mademlis, Kioskeridis,
& Margaris, 2004). Accordingly, this drove research to dig
into the intrinsic nonlinear characteristics of SMs. Opti-
misation of torque production at steady state can be clas-
sified into two categories: (i) ‘search control’ (SC) and (ii)
‘loss model control’ (LMC). SC, in brief, is considered as a
perturb and observe adaptive strategy, where a change in a
control variable is carried out continuously, while observ-
ing the change in a predefined cost function (i.e. electrical
losses). The optimal control input is selected if electrical
losses are minimised. The SC method does not require
precise knowledge of the machine parameters whilst con-
verging to the optimal operating point that accounts for
core and stator electrical losses (Vaez, John, & Rahman,
1997). Nevertheless, the stability of such a strategy is not
always guaranteed and must be ensured through an addi-
tional stability network (Colby & Novotny, 1988). On
the other hand, LMC - adopted in this paper - is based
on the development of a mathematical model, which
describes the electromagnetic conversion and the elec-
trical losses of the SM throughout operation. Depend-
ing on such models, one or more control variables are
defined. Such variables could be the load angle (i.e. angle
between the direct axis and the Euclidean norm of the
stator current vector) for PMA-RSMs (Niazi et al., 2007),
stator flux linkage based on the converter duty cycle for
RSMs (Foo & Zhang, 2016) and a binary search algorithm
for IPMSMs (Cavallaro et al., 2005). Clearly, LMC strictly
depends on the machine parameters which are sometimes
provided by the manufacturer or can be obtained through
experiments (Bedetti, Calligaro, & Petrella, 2016; Hackl,
Kamper, Kullick, & Mitchell, 2016). Upon defining
such a model for the employed SM, optimal control
strategies are defined which can be classified into four



regions: MTPC, MC (operation on the current circle),
FW and MTPV or MTPF. MTPC computes the opti-
mal reference stator current vector that could generate the
desired electromagnetic torque while copper losses are
minimised up to a certain speed (Cavallaro et al., 2005;
Cheng & Tesch, 2010; Finken, 2012; Gemassmer, 2015;
Morimoto et al, 1990; Ni et al., 2015; Preindl &
Bolognani, 2015; Schréder, 2009). MC allows to oper-
ate the SMs at its current limit (current circle). FW and
MTPV (or MTPF) formulate the optimisation problem by
searching for the optimal reference currents beyond rated
speed and at saturated stator voltage (Kim et al., 2015;
Preindl & Bolognani, 2013b, 2015; Zhang et al., 2016).
All four operation strategies are pointed out later in more
detail indicating the differences in terms of methodology
and imposed assumptions.

For PMSMs (surface- or interior-mounted PMs),
MTPC was proposed initially by formulating a convex
optimisation problem, where an optimal current vec-
tor with minimum magnitude was computed without
including the drive’s voltage as a constraint (Panaitescu &
Topa, 1998). The same control strategy could be mapped
to PMA-RSM as the difference in models is not dis-
tinct (see Equations (1)—(4) in Section 2.1). Further
enhancement for this MTPC depended on developing
an iron loss model which, when coupled to the con-
ventional MTPC in Panaitescu and Topa (1998), results
in (slightly) better efficiency for high machine speeds.
In Urasaki et al. (2003), the applied MTPC incorpo-
rates a simplified iron loss model based on root-mean-
square calculations (for a constant iron loss resistance).
The employed MTPC in Cavallaro et al. (2005) adopted
an iron loss model represented with a variable resis-
tance at different loading conditions. The highest effi-
ciency enhancement recorded was 3.5% for the PMSM
under test. In Ni et al. (2015), the authors discriminated
between MTPC and their developed maximum torque
per efficiency (MTPE), which is basically MTPC cou-
pled with iron loss and inductance models extracted from
finite element analysis (FEA) data that was available for
the employed IPMSM. Even though, solely a 0.2 % effi-
ciency gain was achieved, the availability of the neces-
sary FEA data is not guaranteed for every IPMSM. Also,
the polynomial fitting of the inductance models with
the direct and quadrature (d, q)-stator current compo-
nents was not discussed in detail. In Panaitescu and Topa
(1998), Cavallaro et al. (2005), Preindl and Bolognani
(2013a), Urasaki et al. (2003), Niazi et al. (2007) and
Lemmens et al. (2015), the MTPC optimisation prob-
lems did not treat both the optimisation problem beyond
rated speed and the effect of magnetic cross-coupling
between the (d, q)-axes. Also, the optimal solutions were
computed numerically, convergence and/or stability of
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the algorithm is not entirely guaranteed. In Schoonhoven
and Uddin (2016), the ability to obtain the optimal
MTPC currents was demonstrated through Lyapunov
stability analysis (assuming negligible magnetic cross-
coupling). In Jung et al. (2013), an analytical expres-
sion for the optimal currents was obtained, while stator
resistance and cross-coupling inductance were neglected
in the voltage constraint and torque generation, respec-
tively. For PMA-RSM, an additional fifth harmonic model
was incorporated along with the fundamental (d, q)-
model up to rated speed, which led to lower stator cur-
rents and improved performance (Niazi et al., 2007). An
explicit expression for the optimal MTPC currents of
RSMs was described in Ahn et al. (2007) neglecting the
effect of magnetic cross-coupling in the electromagnetic
torque.

The angular velocity is directly related to the applied
stator voltage. In case the machine is required to rotate
beyond nominal speed, the machine is said to be driven
in FW mode. At such operating mode, the applied sta-
tor voltage saturates to its maximum value, while the (d,
q)-current components are manipulated to account for
the demanded torque (if feasible) coming from, for exam-
ple, an outer speed control loop. The FW region is sub-
divided into two regimes, known as constant power and
reduced power regimes. For PMSM and PMA-RSM, the
admissible over-speed value as well as the power regimes
(i.e. constant or reduced power regimes) are determined
(Preindl & Bolognani, 2015; Zhang et al., 2016), depend-
ing on the drive capability of injecting the opposing char-
acteristic current (i.e. the current to fully demagnetise the
PM; Zhang et al., 2016) and the maximum speed from the
mechanical point of view. As illustrated in Zhang et al.
(2016), Lemmens et al. (2015) and Preindl and Bolognani
(2013b, 2015), the applied voltage constraint at different
speeds is represented in the (d, gq)-plane by an ellipse,
which determines whether or not the demanded torque
is feasible. Depending on the actual speed and the cor-
responding feasible torque, the operating point of the
machine is determined. Even though a robust FW opti-
mal control strategy was presented in Schoonhoven and
Uddin (2016), the effects of magnetic cross-coupling and
stator resistance were neglected. In Tursini et al. (2010),
the presented FW strategy takes into account the stator
resistance with line approximation of the voltage limits
at different speeds. The method calculates the approx-
imated optimal currents with acceptable accuracy and
reduced computational requirements as the operating
point approaches the rated current limits. Otherwise, a
significant error exists between the actual and approxi-
mated optimal currents (Horlbeck & Hackl, 2016). The
discussed literature, so far, calculated the FW optimum
currents numerically. In Jung et al. (2013), analytical FW
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optimum currents were obtained for IPMSM, while the
effects of the cross-coupling inductance were neglected.
As for RSMs, the effect of considering both the stator
resistance and core saturation on acquiring the corre-
sponding optimal currents was depicted analytically in
Ahn et al. (2007). However, the provided analytical solu-
tion was derived assuming that the machine operates on
the MTPV current loci (i.e. current loci of the maximum
admissible torque when the machine is driven beyond
wchTuIZXn as explained in Section 4.4), which is not neces-
sarily the practical case. Also, omitting the cross-coupling
inductance shifts the locus of the voltage ellipse. It is
worth to mention that the MTPF strategy minimises the
stator iron losses at higher speeds based on the fact that
iron losses become more significant at higher electrical
angular velocities (Ni et al., 2015; Ueda, Morimoto, Inoue
& Sanada, 2014). However, it is proven later in this paper
that MTPF is a special case of MTPV. Also from a physical
point of view, the anisotropic SM under study will always
weaken the PM flux linkage (for PMSM, PMA-RSM or
PME-RSM) or the stator flux linkage (for RSM), since all
optimisation strategies inject a counteracting flux link-
age by negative direct-axis currents, thus iron losses are
implicitly reduced (Cavallaro et al., 2005). This assump-
tion holds unless the machine is driven into much higher
speeds (Kim et al., 2015).

1.3 Contributions of this paper

As discussed previously, to obtain the optimal currents
corresponding to non-zero direct-axis control (i.e. MTPC
and FW), numerical solutions are usually employed.
Here, a trade-off between feasible convergence rate
and guaranteed convergence should be considered for
the choice of a suitable numerical method. Moreover,
enhancing the outcome of such numerical solutions in
general comes at the expense of tightening the pro-
grammed tolerances which may decrease the speed of the
control algorithm and increase the computational load
on the real-time system. It was explained explicitly in Ni
et al. (2015, Section IV), Ahn et al. (2007, Section 2.2.3)
and Ueda et al. (2014, Section II-B), that acquiring a gen-
eral analytical solution of the optimal currents for MTPV
and MTPF along with considering the stator resistance
and magnetic cross-coupling is or seems not possible and
would introduce a high degree of complexity.

Motivated by the aforementioned challenges and
remaining open questions (e.g. how to consider sta-
tor resistance and cross-coupling inductance in the
whole feedforward torque control problem), the follow-
ing research work has been conducted. The main contri-
butions of this paper are as follows:

@

(ii)

(iii)

(iv)

)

(vi)

(vii)

The derivation of a unified theory for optimal
feedforward torque control for anisotropic (and
isotropic) SMs which allows to compute the opti-
mal reference currents analytically for all opera-
tion strategies such as MTPC, MC, FW, MTPV
or MTPF incorporating stator resistance and cross-
coupling (mutual) inductance explicitly. To the
best of the authors’ knowledge, analytical solu-
tions including stator resistance and mutual induc-
tance for MTPC, MC, FW, MTPV or MTPF of
anisotropic SMs are scarcely investigated or not
available at all. Moreover, the proposed analytical
solutions offer (a) guaranteed convergence to the
optimal reference currents (compared to numeri-
cal methods), (b) easy and straightforward imple-
mentation, and (c) rapid execution and low com-
putational burden making the proposed analytical
algorithms very suitable even for modest (hence
cheap) processor boards.

The unified theory is established by (a) the use of
Lagrangian multipliers and (b) an implicit prob-
lem formulation as quadrics (i.e. all trajectories
of the constraints and operation strategies in the
(d, q)-plane-such as current circle, voltage ellipse
and torque hyperbola-are reformulated implicitly
as quadric surfaces).

It is shown that only for very high speeds or very
small stator resistances, the MTPF solution is an
acceptable approximation of the MTPV solution.
In general, an MTPV algorithm incorporating sta-
tor resistance and mutual inductance yields higher
efficiencies and should be preferably implemented
(see also Eldeeb, Hackl, & Kullick, 2016).

The negative effects of neglecting stator resistance
and mutual inductance or both on the optimal-
ity of all operation strategies are illustrated, which
show that neglecting these two parameters dur-
ing optimisation will lead to significant devia-
tions between optimal and approximated reference
currents and, hence, to a reduction in achievable
efficiency.

The analytical computation of the transition points
indicating when to switch from one operation
strategy to the other (e.g. from MTPC to FW or
from MC to MTPV).

The comparison of numerical and analytical solu-
tions with respect to computation time. The ana-
lytical method is significantly faster.

The real-time implementation of the proposed
analytical solution for the MTPC problem for a
highly nonlinear RSM. The measurement results
illustrate effectiveness and applicability of the pro-
posed method.



The remainder of the paper is organised as follows:
Section 2 revisits the dynamic model of anisotropic
synchronous machines (SMs), the operation constraints
(such as current and voltage constraint) and the prob-
lem formulation of optimal feedforward torque control.
Section 3 deals with mathematical preliminaries at steady
state and the implicit reformulation of the optimisa-
tion problems and the machine constraints. This paves
the way for Section 4, where the analytical solutions
for MTPC, MC, FW, MTPV and MTPF are presented.
Section 5 defines the characteristic operating points at
which the switching between the different optimal control
strategies is carried out. Section 6 demonstrates simula-
tion and practical implementation results of the optimal
control strategies explained in Sections 4 and 5. Section 7
concludes the paper by a short summary and an outlook
to future work. To improve readability, the mathematical
derivations of the unified theory are collected and pre-
sented in Appendices A.1-A.4.

2. Problem statement

In this section, the dynamic model and the operation con-
straints of the considered SMs and the problem formula-
tion are presented.

2.1 Generic dynamical model of synchronous
machines (SMs)

The model of an anisotropic (a) permanent-magnet syn-
chronous machine (PMSM) or (b) permanent-magnet-
assisted or excited reluctance synchronous machine
(PMA-RSM or PME-RSM, resp. Niazi et al, 2007;
Schmidt, 2014) or (c) RSM in the (d, q)-reference frame?
is given by

=k (t) =ik (t)
—— ——

wl()\ _p (H®
ulry ) — i)
—y =¥(to)
——

(15 )

0—11] [ ywa(il)

+ox(®) [1 0 } <xp£(i’;(t))>
-+%¢ﬂéa»

iwk(t) - ﬁ(m (@) — rm(t))

g |

E(bk(t) = Cl)k(t),

(1)
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with initial values W;(ils‘(o)) = q/tf‘o, w(0) = ®° and

¢ (0) = ¢° . The following assumption is imposed on the
flux linkage.

Assumption 2.1: For a (locally) constant inductance
matrix L* € R**? (e.g. obtained by a linearisation of (1)
at the actual operating point), the (local approximation of
the) flux linkage can be expressed as follows (Hackl, 2015;
Hackl, Kamper, Kullick, ¢ Mitchell, 2015; Niazi et al.,
2007; Schmidt, 2014):

4L Vv
NG =|: s m:|i';+< Pm) where
(i) Ly L! Ypm

=:LkcR2x2 _—
S . Pm
(¥pm,0)",  PMSM and PME-RSM,
¥E, =10, —Ypm)T, PMA-RSM, or @)
0,007, RSM.

Then, the machine torque can be computed as follows
(argument ¢ dropped for brevity):

(i) = 2y G TWE(E)
(2)

2 2 [T+ TV ©)

3 d 4 (rd "y
= EHP I:wpmlg - Iplgmls + (Ls - Lg)ls lsq

+ L (7 = (i)?) ] (4)

[Woml + (L = L) + L (2 = (i)2) .
PMSM & PME-RSM,

@ 3, N [ + (14 = L+ Ln (67 — 6377)),
PMA-RSM, or

(1 = 1)+ L2 = (127)],
RSM.

In (1)-(3) or (4), Ry (in ) is the stator resistance,
u’s‘ = (uf, uhHT (in V), ils‘ = (if, ihyT (in A) and 1/[15c =
(l/fsd, vd)T (in Wb) are stator voltage (e.g. applied by
a voltage source inverter), current and flux linkage vec-
tors in the (d, q)-reference frame, respectively. Note that
wx = Npwn (in rad/s) and ¢ = ny¢y are electrical
angular frequency and angle, whereas w,, and ¢y, are
mechanical angular frequency and angle of the rotor
(with initial values @9, and ¢?,), respectively. n, is the
pole pair number of the machine and ® (in kgm?) is
the (rotor’s) inertia. my, is the electromagnetic machine
torque’ and m; (in Nm) is a (bounded) load torque.
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Figure 1. Flux linkage map (2) of an exemplary SM with parame-
ters as in (36): (a) wf-component and (b) ¥ 3-component of the
stator flux linkage. Due to the non-zero mutual inductance, both
flux linkage maps are slightly tilted (the map is only shown for the
second quadrant, i.e. ig <0andid > 0).

The flux linkage ¥* depends on the symmetric, positive-
definite inductance matrix L* = (L¥)T > 0 (Hackl, 2015)
with stator inductances LI > 0, Lf >0 (both in H)
and cross-coupling (mutual) inductance* L, € R (in
H) and LILI — 12, > 0, the stator currents i¥ and the
permanent-magnet flux linkage lﬁ}];m = (wgm, Ym) |-
Figure 1 illustrates the flux linkage (2) of an anisotropic
IPMSM for some exemplified values of L Lf, Ly

and ¥ pm.

Remark 2.1 (Affine flux linkage): Note that Assump-
tion 2.1 implies a constant inductance matrix; this
is in line with most recent publications (even from
2016) which also deal with constant inductances only
(see e.g. Calleja, de Heredia, Gaztanaga, Nieva, & Alda-
soro, 2016; Cavallaro et al., 2005; Lemmens et al., 2015;
Preindl & Bolognani, 2013a; Preindl & Bolognani, 2013b,
2015; Tang, Li, Dusmez, & Akin, 2016, for PMSMs
or Ahn et al., 2007; Foo & Zhang, 2016, for RSMs).
This simplification will not be true in the most gen-
eral case when the flux linkage is a nonlinear func-
tion of the currents (see e.g. Hackl et al., 2016). Never-
theless, in the humble opinion of the authors, the pre-
sented results are of quite some relevance and have not
been discussed in this general framework before: the
results of this paper can be considered as a generalisa-
tion of the results for IPMSM in Jung et al. (2013) by
including resistance Ry and mutual inductance L,, into
the generic optimisation formulation. The simplifying
assumptions which neglect these physical parameters are
overcome. Moreover, the presented results are applica-
ble to any anisotropic SM (e.g. also to PMA-RSMs and
RSMs) and, in Section 6, it is shown by measurement
results that an application to a nonlinear RSM is feasible
(for MTPC).

Remark 2.2 (Inductance ratios and signs of permanent-
magnet fluxlinkage): For different machine designs, the
direct and quadrature inductances take different values
and have different ratios; also the permanent-magnet flux

constant changes its sign (Schmidt, 2014), i.e.

« PMSMs: Y, > 0, Yy = 0and LI > Lf & % <1

(inverse saliency ratio);
e PME-RSMs: w}fm > 0, ng =0and (@) LI>11 &

d
]L“—zl <1 (inverse saliency ratio) or (b) LI<1! &
d
]L“—zl > 1 (normal saliency ratio);
¢ PMA-RSMs with normal saliency: gm =0, Yim <
Ld

0and LI <1l & o=l (normal saliency ratio);
and .

¢ RSMs: ¥, =y, =0 and LZfLZ@i—%zl
(normal saliency ratio).

2.2 Operation constraints

Due to safety reasons (Schroder, 2009, Chapter 16), sta-
tor current and voltage vectors should never exceed
their respective maximal magnitudes i, > 0 (in A) and
Umax > 0 (in V;both are amplitudes not RMS values here).
Hence, the following must be ensured by the control sys-
tem for all time:

Vi=0s: O <imax(®)®  and
()17 < dimax (). (5)

Note that the maximally admissible current 7,4, and volt-
age Umax might change over time: (a) the current limit is
usually equal to the nominal/rated current of the machine
but can also exceed this nominal value for a short period
in time and (b) the maximally applicable voltage will
change with the DC-link voltage of the inverter. In the
remainder of the paper, the time dependency will not
be explicitly highlighted and the argument (f) will be
dropped.

2.3 Problem formulation

For a given reference torque #iy, rr (in N m) (and given
current and voltage limits), the general objective is to
find optimal and analytical solutions of the reference cur-
rents for all operation strategies such as MTPC, MC, FW,
MTPV and MTPE From a mathematical point of view,
the following optimisation problem

max —f(ils‘) s.t.

[

~ & A .k
”ulSc” < Umax, ”15” =< Imax, |mm(1s)| < |mm,ref|
. . ok

and sign(mm rer) = sign(mm (i5)),

(6)
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Mo rof generation of optimal reference
— I currents for MTPC, MC, FW, and .
MTPV or MTPF operation 09 et

e

Figure 2. Optimal reference current generation for a given refer-
. i id
encetorque my, .¢:the computed, optimal reference currents ¢ .
.q . ~ .
and i . depend also on maximal current i,,,,, maximal voltage

Upax and (actual) electrical angular frequency o, = n,wy,.

with three inequality constraints and one equality con-
straint must be solved online, where obviously the sign of
reference and machine torque should coincide. The func-
tion f(i*) depends on the operation strategy (e.g. f(i¥) =
||i’s‘ |? for MTPC; for more details, see Section 4).

The most favourable outcome is an analytical solution
which gives explicitly the reference current vector

ok ~ ~
1s,ref(mm,ref’ Umaxs 'max, wk)

d N ~
— (ls’ref(mm,ref’ Umax, Imax> Cl)k))

q ~ ~
ls,ref(mm,ref’ Umaxs 'maxs Cl)k)

= arg max;mp (ils‘) (7)

as functions (see Figure 2) of reference torque iy, ref
(coming from an outer control loop; e.g. the speed con-
trol loop), voltage limit iy, current limit 7,,,, and elec-
trical angular velocity wy = npwm. The computed refer-
ence current vector i’s" rf €an then directly be handed over
to any underlying current controller.

Remark 2.3 (Feasible reference torques and non-
convexity of the machine torque): Note that, due to the
voltage limit (during high-speed operation) or, due to the
current limit, the range of admissible reference torques
is restricted. Hence, not all reference torques iy, rf are
feasible during all operation modes; therefore, the addi-
tional inequality constraint in (6) must be considered.
If the requested reference torque is feasible, the inequal-
ity constraint becomes the equality constraint |y, (i) =
| ref| (or simply, my, (ils‘) = Mm,ref). Important to note

that the machine torque my, (i%) oc (i) TJL5* is not con-
_L‘SI

. —Ln . . .
vex, since ILISc = [, ;°]is non-symmetric and indefi-
'S 'm

nite with eigenvalues +,/12, — L4LI. Hence, maximising
the machine torque is not a viable approach. To account
for that, the general optimisation problem (6) will be
divided into several sub-problems leading to the optimal
operation strategies MTPC, MC, FW, MTPF or MTPV
(see Sections 4 and 5).
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3. Mathematical preliminaries

In this section, the steady-state model of the considered
SMs is derived, and the machine torque and all oper-
ation constraints (such as current or voltage limit) are
re-formulated implicitly as quadratic surfaces (quadrics).
This implicit forms will pave the way for the proposed
theory of optimal feedforward torque control with ana-
Iytical solution of the reference currents.

3.1 Steady-state operation

In the remainder of this paper, only steady-state operation
is considered which implies that %l//’s‘(if) = %i’s‘ =0,.
This is justified since the reference torque is changing
much slower than the current dynamics can produce the
actual machine torque. Inserting (2) into (1) and neglect-
ing the time derivative of the current, the steady-state sta-
tor circuit model of an SM in matrix/vector notation is

obtained as follows:
uf = R} + o LS + o ¥, (®)

where J, and L’S‘ and ![Illgm areasin (1) and (2), respectively.

3.2 Implicit formulation of machine torque and
constraints as quadrics

The steady-state SM model (8) will be the basis for all
upcoming derivations. The trick to obtain and derive
a unified theory for the optimal torque control prob-
lem under current and voltage constraints is the re-
formulation of the general optimisation problem (6)
implicitly by quadrics (or quadric surfaces) which will
allow to invoke the Lagrangian formalism to derive
analytical solutions for all operation strategies (such as
MTPC, MTPV, FW, etc.). In the upcoming subsections,
the implicit forms of torque hyperbola, voltage ellipse
(elliptical area), current circle (circular area) and flux
norm are presented. The explicit forms are also given (as
link to the existing literature) if their expressions are not
too long. Stator resistance Ry # 0 and mutual inductance
Ly, # 0 will not be neglected to present the most gen-
eral result within the framework of affine flux linkages as
in (2).

3.2.1 Torque hyperbola (constant torque trajectory)
To derive the implicit form as quadric of the torque hyper-
bola, the following symmetric matrix, vector and constant
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; MTPV (wy \(i)lm,“,\)

T(/’nnyref)

Ol(imax) Ol(imax)

Figure 3. lllustration of three different feedforward torque control strategies for torque reference m, . > 0 (second quadrant)

and varying electrical angular velocities: (a) MTPC for v, = a){z’,‘ﬁom < O oy 1€ MTPC N T (M, o), (b) FW for o o) < @ =

MTPV H ~ _ MTPV . . .
20, nom < O ctt—ins 1€ T(My o) N OV (@, Upay) @and (€) MTPV for oy = 3wy 1o = @ cue_in (M et i NOt feasible anymore), i.e.

MTPV (@) N OV (wy, U,,,): the three plots show voltage ellipse () 3V (wy, G,,,), maximum current circle (——) 81(,,,.,, ), MTPC

max

hyperbola (—) MTPC, torque hyperbola (—) T(m,, .¢), MTPV hyperbola ( ) MTPV (w, ), MTPF hyperbola ( ) MTPF and

optimal operation point k), respectively.

are defined: Moreover, note that (i¥) TJLk* = (i*)TL¥JTi* , hence
~L, 5H 3
T .= an(m; +I97) = gnp =TT 2 UL LT DiE= GOTTi. (10)
1d—1
s S L
2 m
o Now, by combining (9) and (10) with (3), the machine
3 . 3 - torque can be written as follows:
t=- = -
4”pI'/’pm 2" Yim -k oy T gk Tk
e M (i) = (i) Tig + 2t i,. (11)
3 T . o . . _
2 ( 0, Y ) . PMSM and PME-RSM, For the machine torque my, (i) asin (1 1)‘ and a given con
stant reference torque my, v, the machine torque hyper-
@ )3 - T bola can be expressed implicitly as quadric by invoking (9)
E”p( ==, 0) , PMA-RSM, or as follows:
T
(0’ O) ’ RSM’ T(mm,ref)
T = T(Mmref) = — M ref- = e R | ()T +2tTi + v (M) =01,

9) (12)



An exemplary torque hyperbola is plotted in Figure 3 (see
black line in Figure 3).

Remark 3.1 (Explicit expression for the torque hyper-
bola): For if < 0 and mpy, v > 0, the torque hyperbola
can be expressed explicitly (by solving (4) for i, ie.

1 3Ydangid + 2 my, e

. AR Lm=0
T, M res) = 3 ol + (1 = L 1]
s m,re: - 3
LD A Y VM Lo
2Ly 2L, 77
(13)

where M :=[(L{ — LI)* +4L%] (i9)* + 298, (L —
L) i + 4 L (i€ + 255) + (Yh)?. Clearly, (13)
holds for all if # Ypm/ (Lf — LY). Note that the explicit
expression in (13) relies on a case study for the mutual
inductance (and the signs of current i and reference
torque My ref). The implicit form (12) holds in general
and can easily be plotted (e.g. by using the command
ezplot in Matlab).

3.2.2 Voltage elliptical area (reformulation of the
voltage constraint in (5))

Recall that J'J =1,, o = a € R (the transpose of a
scalar is the scalar itself), (MN)T = N'M" (for matri-
ces of appropriate size) and (L) T = L¥ > 0. With that in
mind, inserting (8) into (5) and squaring the result yield

n (5)
e = 0817 = () Tl = (ud)* + (ud)?
® , , , ,
> R TLi* 4 R (i) TTLk
+ R (i) T, + o (i) T (LT TTLE i

—
=(Lk)?
+ Raon i) LI i + op (i) T AH T YL,
+ Ry (W) T + wf () TTTTLEE
+of W) T T
—_——

k
=¥ P =V

(14)

To find a more compact representation, the goal is to
rewrite (14) as a quadric. Therefore, in (14), terms of the
form (i¥)T0i* and O #* (where [ is either a matrix or
a vector) are collected. Then, by defining the following
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matrix, vector and scalar

v11 (@), v12(wk)
Vi) = _Ulz(wk)» Uzz(wk):|

= R’L, + R (JLE + LT T)

+ W2 (L? = V()"

[ R? — 20 RiLi + o [(L9)* + L2 ],
Ry (LY — L) + 0Ly (LY + L)
R (LY — LI + oL (L7 + 1Y), |
| R? 4+ 20 RiLy + o [(LH? + L2]

v(a)k)T — <Ul(a)k)> = Wy ('/’l};m)T(kaI;+RSIT)

2 (wk)
T
L Ypm
wkllfpm (Rs + kam) ’
PMSM and PME-RSM,

@ (—wwpm(& — L) )T
a)ﬁL?me ’
PMA-RSM, or
(0, 0),
RSM
= V(@ imax) 1= OF (W) T TWh, — 12,

2 .12 h2
@i Vom — Umax

) PMSM, PME-RSM or PMA-RSM,

N2
~Unax>

v(wy)

RSM,
(15)

the voltage constraint in (14) (or in (5)) can be expressed
as follows:

kn2 ~D (14),(15)
gl — thpa =

TV (o) i +2v(w) i

+ V(a)k, ﬁmax) <0.

Finally, the voltage constraint (14) can be written implic-
itly as quadric surface defined by

V(wk, limax) = | ¥ € R2| (i) TV (i) i
+ 20(w) i + v (@, limax) < 0},
(16)

which describes the voltage elliptical area. The voltage
ellipse is given by

aV(a)k, ﬁmax)
={i e R?| (i) TV (o) ik +2v(w) " + v(ok, fima) = 0},

PRSI
=:Qyv (i, Wk, tmax)

(17)

and describes the boundary of the elliptical area (16) (see
green line () in Figure 3). Since V (wy), v(wyk) and
V(wk, Umax) explicitly depend on the electrical angular
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velocity wy, the quadric Qw(ilsc , Wk, Umax) Of the voltage
ellipse clearly depends on currents i’; = (if, ihT, angular
velocity wy and voltage limit #l,,,x, and hence will move in

the current locus for varying angular velocities.

Remark 3.2 (Symmetry of expression for the torque
hyperbola): V(wy)): Note that the matrix V(wi) =
V(wp)" € R?? is indeed symmetric for all wy € R,
since all its sub-matrices are symmetric, respec-

tively, ie. (R,)" =R, (JL*+ LT = JLbT +
@O =L +JLE = [0 B B and (D)7 =
((Lk)TLk)T (Lk)TLk (Lk)Z [ LY+ 12 Lon(L8 + L)

Lo+ @} +12

3.2.3 Current circular area (reformulation of the
current constraint in (5))
The current constraint in (5) can also be expressed
implicitly as quadric as follows:

I(max) = { ¥ € R? | (i) "L — 7

max

<0} (18

which describes the admissible MC circular area: the
magnitude of the stator current vector must not exceed
the current limit 7,,,,. The MC circle (see orange line
(——) in Figure 3), i.e. the boundary of (18), is given by

Ol (tmax) —{l €R2|(1 TIz —zmaX—O}. (19)

Remark 3.3 (Explicit expression for the MC cir-
cle): The current circle is given by il = £/, — (192

3.2.4 Norm of the flux linkage

To operate the machine in MTPF mode, the squared
norm of the flux linkage is minimised. The flux norm can
also be expressed as quadric as follows:

k 2) rkk
||'/me||2 = (Li +1/rpm) (LFi +q/,pm)
=: (i5) "Fi{ + 2fi + ¢, (20)
where
dy2 2 d q
— ky2 (Ls) +Lm Lm(LS +L5) T
P = [Lm<L?+L2) a2 | TF
me(L?a Lm)T, PMSM and
@ PME-RSM,
f=Ly = o
Ypm(Lm, Ls)', PMA-RSM, or
0,07, RSM,
= Wpn) Vi = V512
@ |¥pm» PMSM, PME-RSM and PMA-RSM,
“lo,  RsM,

(21)

are the corresponding matrix, vector and scalar of the flux
linkage quadric.

4, Operation strategies

In this section, the operation strategies MTPC, MC, FW,
MTPV and MTPF are discussed in more detail, and
the analytical solutions for the respective reference cur-
rents are presented. Finally, the operation strategies are
explained based on the visualisation of the current loci
(see Figure 3). The significant impact of neglecting stator
resistance and mutual inductance on the efficiency of the
machine is discussed and illustrated (see Figure 4).

4.1 Maximum torque per current (MTPC) hyperbola
(considering L ,,,)

For low speeds, the voltage constraint in (5) is not crit-
ical. The current constraint in (5) and the minimisation
of (copper) losses dominate the operation of the machine
which requires the use of the MTPC strategy (or mostly
called MTPA (Schroder, 2009, Section 16.7.1) or (Caval-
laro et al., 2005; Kim et al., 2015, Preindl & Bolognani,
2015)). The MTPC optimisation problem is formulated
as follows:

—1E1? st mn ) = @ TTE 4267 ()
i eS

! )
= mm,ref(: _T(mm,ref)) (22)

with S := V(wy, tmax) N I(imax). The admissible solu-
tion set S is the intersection of voltage elliptical area
V(wy, Umax) and current circular area I(zpqy). Its solu-
tion, the MTPC hyperbola (see blue line (—) in
Figure 3), is given by the quadric

MTPC := {if € R?| (i) "Mcif + 2m[i* = 0} (23)

where
Ld—rl L
Mc = %np 2 Ldqu =M. and
Lm» -T2
Vim
mg == %np W‘ém
S
21y (Ypm, 0)7,  PMSM and PME-RSM
2 13,00, Yom)T, PMA-RSM, or
0,07, RSM.

(24)

The derivation of the implicit form (23) is presented in
Appendix A.2. Note that the presented derivation can also
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(b)

Figure 4. lllustration of the impact of neglecting stator resistance (dashed line: R, = 0), mutual inductance (dash—dotted: [, =

0) or both (dotted: R, = L,
Figure 3: the three plots show voltage ellipse (
( ) 0V (w,, U, R, = L, = 0), maximum current circle (——
torque hyperbola ( )T (M, o)) (=) T(m

) MTPF, (

mref’ m

hyperbola (

be applied to obtain the implicit forms of the other oper-
ation strategies MC, FW, MTPV or MTPE

Remark 4.1 (Explicit expression for the MTPC
hyperbola): Depending on the parameters L¢, L{
and L,,, the hyperbola can be expressed explicitly as
follows:

2Ly, 1d+ im d
MTPC() = { — 1 Pt AL

—(i¢ = 0), for L¢ = LY,

(25)

with M:=[(L¢ — LI)? + 412 1(19)* + QydnLm + (L7 —
Lq)l/l )z (w"m) . Obviously, (25) holds only forz <0

and Lq > L4, Forz > 0 and/or L? = LI, another explicit
expression has to be found. The implicit form (23)

©

= 0)) on the different feedforward torque control strategies (@) MTPC, (b) FW and (c) MTPV from
) a“[(wk’ max) (
) oL(7
= 0), MTPV hyperbola (

) MTPF(L,, = 0) and optimal operation point (), respectively.

) a“l(wb max’ s 0) ( ) 8R/(a)k’ max’ m 0)
), MTPC hyperbola (—) MTPC, (-....) MTPC(L,, = 0),
) MTPV (@), (- -.) MTPV (a; L, = 0), MTPF

max

with (24) holds in general (a significant advantage obvi-
ating the need of case studies). The mathematical deriva-
tion of the explicit expression of a general quadric is
explained in Appendix A.3.

Remark 4.2 (MTPC versus MTPA): In most publica-
tions, the MTPC strategy is called MTPA. From a physi-
cal point of view, the use of physical quantities in the ter-
minology (like torque and current) seems more appro-
priate than a mixture of quantity and unit (like torque
and Ampere). Therefore, in this paper, the terminol-
ogy MTPC will be adopted instead of MTPA (follow-
ing the publications, Horlbeck & Hackl, 2016; Huber,
Peters, & Bocker, 2015; Peters, Wallscheid, & Bocker,
2015).
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4.2 Maximum current (MC)

To operate the machine at its current limit for increas-
ing angular velocities, the MC strategy is used where the
maximally feasible torque should be produced, i.e.

max sign(Mm ref ) Mm (ilsc ) with
ikes

S = 8]1(,1\max) N V(a)k, ﬁmax)

The optimal reference currents are obtained as the inter-
section points of the current circle 31 (7, ) and the volt-
age ellipse 0V (wy, Umax). Hence, the reference current
vectors are element of the following set:

MC(&)k, ﬁmax» ,l\max)
= 8H(,l\max) N oV (wx, ﬁmax)

=t er | T LiE—2, =0 A

max

TV (@0 + 20T + (@, i)}
26)

with V, v and v as in (15). An algorithm to com-
pute these intersection points analytically is presented in
Appendix A 4.

4.3 Field weakening (FW)

For a feasible torque below rated machine torque and
angular velocities higher than a certain feasible MTPC
velocity, the machine is operated in FW. The optimi-
sation problem for FW is identical to the optimisation
problem for MTPC as in (22). Due to a smaller feasi-
ble set S := V(wk, tmax) N I(imax), the optimal reference
currents are obtained by the intersection of the (feasi-
ble) torque hyperbola T (1, rf) and the voltage ellipse
0V (wk, Uimax)> and hence the reference current vector is
the element of the following set:

IF‘V\V(Wlm,reﬁ Wk, ﬁmax)
= T(Wlm,ref) N BV(C‘)k’ ﬁmax)
= {i§ € R? ( YT+ 267 + T (thnrer) = 0 A
@)V @) +20(@0 i+ (@, fina) =0 |
(27)

with T, t and 7 (M rer) as in (9) and V (wy), v(wg) and
V(wk, Umax) as in (15). Again, the computation of the
intersection points is based on the analytical algorithm
presented in Appendix A 4.

4.4 Maximum torque per voltage (MTPV) hyperbola
(consideringR ;andLL )

For high speeds and for torques higher than or equal
to the speed-dependent MTPV cut-in torque mM ™V,
(for details, see Section 5.1), the voltage constraint in (5)
is critical and dominates the operation of the machine.
Now, the operation strategy is MTPV. The corresponding
MPTYV optimisation problem is formulated as follows:

max —u (i) |
i,eS
. . . . !
st mm (i) = () TTE + 267 (1) = mi e,
(28)

with S = V(wx, thmax) N I(Tmay ). Its solution, the MTPV
hyperbola (see light blue line (—) in Figure 3), is param-
eterised by the electrical angular velocity wy and is implic-
itly given by the quadric

MTPV (wy)
= {if e R*| (i) "My () if + 2my (o) i
+ pv (o) = 0} (29)

where

My (wy)
11 12
| my (wx), my; (wr) _ T _
= [mlvz(wkx m(ay) | = MV =
r L2 (LY + LY
P ( = (2R + Ry
2 q\2 2
F(LIY? 212,
3 roffaip+2]) T )

w?L2 (LY + LY)

. f — L (RZ
+(LZ)2 + 2Lr2n]) +wﬁ[(L22)2 +12 )])

L
= (2R§ + P[>

my (wx)
— (m{;(wk) )
T \mp (o)
(R +w?[200)? - 1412+ 312])

2 qd 4 g0y Yem
il (L + L

l[/gm
2

Vi
4

=-n and

L (L + L =2 + (R 4 of[21)?
~LiL+312]) Yim

$ s m 4
wy (@)

. 3 2| rd d \2 d 2
i= S0 [ L (U + 2LV Uiy + L)

3
~npwi iyl PMSM and PME-RSM,
= ana)ﬁng;m, PMA-RSM, or

0, RSM.

(30)



Obviously, since My (wy), my (wi) and py (wy) all depend
on the angular velocity wy, the MTPV hyperbola is mov-
ing in the (if, il)-plane (see thick light blue lines () in
Figure 3(a—c)).

Remark 4.3 (Explicit expression for the MTPV hyper-
bola): The explicit solution of the MTPV hyperbola is
given by (see Appendix A.3)

MTPV (i, wy)
_miid 4 mg

my

2
\/(mV + mv> — mi ( Y2 4 2mi id + ,uv)

22 ’

) (31)

+

where mv = mV (a)k) mV = mv 2 (wy), mV = mv 2 (),
my = mi, (wx), my = my(wy) and uy = py(wy) are as
in (30). Note that m 2(0) = ng;LgRg # 0, and hence is
non-zero for all wy and all L? # LY.

Remark 4.4 (MTPV hyperbola without stator resis-
tance): Note that the MTPV hyperbola without sta-
tor resistance can be obtained from (30) by setting R,
= 0. This was already shown in Horlbeck and Hackl
(2016).

4.5 Maximum torque per flux (MTPF) hyperbola
(considering L ,,,)

For high speeds, an alternative to the MTPV strategy
is the MTPF strategy. Nevertheless, it yields a reference
current vector with larger magnitude than that obtained
from MTPV. Hence, the MTPV strategy should be pre-
ferred (see also Remark 4.6). The MTPF optimisation
problem can be formulated as follows:

max — |94 I
i;eS
!
sty (i) = @) TTiE+ 26T (@) = mp e (32)

with S := V(wy, tmax) N L(Imax ). Its solution, the MTPF
hyperbola (see gray line () in Figure 3), is implicitly
given by the quadric

MTPF := { i¥ € R?| (i¥) "My i + 2m]if + pup = 0},
(33)
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which does not depend on the angular velocity wy (in con-
trast to the MTPV hyperbola (29)), since

1,12
mg, m
My — Eo T - MT =
F-= 2 | = Mg =
mF,mF

EOE (L8 + L2)
+L5 (LY +LY)
+(LH? 4+ 212)

(@)’ 1 ’
Ld—L! 952 2
R Uy I

7m((Ld)Z

d
(Z(Lg’ )2 — 1417 + 3Lfn) Ym
Ly (L4 + LT Y
Lo +1H% v
+(2(L;1)2 Lqu+3L2)ann
g [LE U + 2LV + L)’

and

W
=
]

=
o
I

2npLd (Ypm)?,  PMSM and PME-RSM,
@ 30, L (Ypm)?,  for PMA-RSM,
0, RSM,

(34)

do not depend on the electrical angular velocity wy,
respectively.

Remark 4.5 (Explicit expression for the MTPF hyper-
bola): The explicit solution of the MTPF hyperbola is
given by (see again Appendix A.3)

MTPF (i)
_mpid + ms
m

F

2
\/ (mi2 it + m3) " = 2 (il G2 + 2ml i+ par)
22 ’

F (35)

+

1 o102 22 1
where my', my’, mF , mF, m? and pr are as in (34). Note

that m22 = 2, [~ 555 (D2 4 12) + L2,(L¢ + LD)] #
0.

Remark 4.6 (Convergence of the MTPV hyperbola to
the MTPF hyperbola): For very large electrical angular
velocities, i.e. |wk| 3> 1, or very small stator resistances,
i.e. Ry« 1 £2,the MTPV hyperbola converges to the shape
of the MTPF hyperbola, since, either for wx — oo or for
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Table 1. Analytical solutions of the optimal current reference vectors for all operation

strategies.
Strategy Current reference vector Algorithm used
, vy A1) . 1., )
MTPC VPO = [T L] At See Appendix A.1
(A32) .
or ’S‘r'\é'fTPC( * = =2[D—y*J]” d See Appendix A.4

forRsM  #MTPC () 2 _a[D — )] d + x,
MC e 2Dy d
forRsM M€y %) U2 oD — ] 4 x,
L R UK
forRsM P () 2 oD ] a4 x,

MTPF  {MTPF () 0y 22 “a

s,ref

~2[D - y*]]

) o (A32)
forRSM i MIPF (%) =

A32 —
MTPY  MIPY (e 22 'd

s,ref

—2[D -]

A32
forRSM  #MIPV () x) 22

s,ref

—2[D—y*7] 'd +x,

—2[D—y*J] 'd+x,

(case (i) for MTPC N T(mm,ref))

See Appendix A.4
(case (iii) for MTPC N ’JI‘(mm’ref))

See Appendix A.4

(case (i) for 3L (7, ., ) N AV (@, U ))
See Appendix A.4

(case (ii) for 81 (7yyq) N OV (@y. Giy))
See Appendix A.4

(case (i) for BT(mm,ref) NV (wy, ’Jmax))
See Appendix A.4

(case (iil) for T(m, o) N BV (@, )
See Appendix A.4

(case (i) for MTPF N 9V (o, G,,))

See Appendix A.4

(case (iii) for MTEF N 8V (e, G,,,,))
See Appendix A.4

(case (i) for MTPV (w,) N 3V (wy, G,,))
See Appendix A.4

(case (iii) for MTPV (w, ) N 3V (. G0 ))

R, = 0, the following holds:

(1k)TMF1 +2mF 15 +ug=0

. M
hmwk—wo(l )T v(wk) IS<
+2 mv(az)k) l + Mv(wk) Ry # 0
o,
(l )TMv(wk) lk +2 mv(wk) ls ’
_‘_Mv;g)k) , R,=0

Concluding, only for very large speeds or very small val-
ues of the stator resistance, both strategies are similar. In
general, MTPF and MTPV hyperbola are different solu-
tions to different optimisation problems and give dif-
ferent optimal reference currents (see Figure 3(c): the
MTPYV hyperbola is approaching the MTPF hyperbola for
increasing speeds; but the hyperbolas do not coincide).

4.6 Analytical solutions of the optimal reference
current vectors for MTPC, MC, FW, MTPV and MTPF

As soon as the implicit expressions (quadrics)
(i) for the constraints (i.e. voltage ellipse V (tiyayx, @k ),

current circle (i), and torque hyperbola
T(mm,ref)) and

(ii) for the operation strategies MTPC, MTPV, and
MTPE (i.e. MITPC, MTPV (wy ) and MTPF hyper-
bola, respectively)

kX
are derived, the optimal reference currents i* . = =i et

for each operation strategy X € {MTPC, MC, FW,
MTPV, MTPF} are obtained by intersecting the respec-
tive quadrics (following the general approach presented
in Appendix A .4).

In Table 1, for each operation strategy, the analyti-
cal expression for the optimal current reference vector
and the used computation method (algorithm) are listed
in compact form. In all cases, .* and y* are the opti-
mal Lagrangian multipliers which represent one of the
(real) roots of the polynomial (A9) and (A30), respec-
tively. The four roots can be computed analytically by
the algorithm presented in Appendix A.1.3 (Euler’s solu-
tion; Rees, 1922).

Remark 4.7 (Alternative computation of optimal ref-
erence currents for MTPC): Note that, alternatively,
by using the algorithm discussed in Appendix A.4, the
optimal current reference vectors for MTPC can also
be obtained by computing the intersection points of
torque hyperbola (12) and MTPC hyperbola (23) (see also
Table 1).



Remark 4.8 (Optimal reference currents for
RSMs): The analytical solutions for RSMs can be
computed in a similar way as shown in Table 1; how-
ever, for RSMs, all quadrics simplify due to the missing
permanent magnet, i.e. wgm = 1//gm = 0. The vec-
tors t =v(wx) = f =mc =my(wx) =me =0, and
scalars ¢ = py(wx) = ur = 0 of torque hyperbola (12),
voltage ellipse (17), flux norm (20), MTPC hyper-
bola (23), MTPV hyperbola (29) and MTPF hyper-
bola (33) become zero (see also (9), (15), (21), (24), (30)
and (34)), respectively. Therefore, instead of applying
case (i) of Appendix A.4, case (iii) of Appendix A.4 must
be considered for the computation of the intersection
points of the respective quadrics (see also Table 1).

4.7 Graphicalillustration

In Figure 3, for a small 400 W IPMSM with the following
parameters:

R,=20Q, L?=6-10"%H,
LI=8-10"*H,L, =0.5-10">H,
Vim = Wpm, 0)7 = (0.23Wb, 0)" and n, = 3,
(36)

three different optimal feedforward torque control strate-
gies are illustrated for the positive reference torque
M ref = 3.35N'm, the voltage limit iy, = 600V and
the current limit 7,,,x = 5 A. The illustrated optimal oper-
ation strategies are MTPC in Figure 3(a), FW in Figure
3(b) and MTPV in Figure 3(c). The respective optimal
operation point, with its (optimal) reference current vec-
tor i’;ref = (iiref, izref)T, is marked by % and corre-
sponds to the intersection of (a) MTPC N T (#1 ref) for
MTPC in Figure 3(a), (b) 3V (wk, tmax) N T (M ref) for
FW in Figure 3(b), and (c) MTPV NV (wk, Umax) for
MTPV in Figure 3(c).

For increasing electrical angular velocities wy €
{1, 2, 3}®k nom (Where wy pom is the nominal electri-
cal angular velocity, see also Section 5.1), the MTPV
hyperbola is approaching the MTPF hyperbola (recall
Remark 4.6) and the voltage ellipse is shrinking; whereas
the current circle, MTPC hyperbola, torque hyperbola
and MTPF hyperbola are independent of the angular
velocity and hence do not change in the three plots.
The blue square represents the intersection point of the
MTPC hyperbola with the current circle and gives the

. ok . .
nominal current vector i; .~ producing the nominal

torque mmynom(i];nom). The orange square highlights

the intersection of current circle and torque hyperbola
(in the second quadrant) and represents the maximally
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feasible current and maximally feasible torque for higher
angular velocities.

Figure 4(a-c) illustrates the impact of neglecting (i)
stator resistance (i.e. Ry = 0: dashed line), (ii) mutual
inductance (i.e. L, = 0: dash—dotted line) or (iii) both
(i.e. Ry = Ly = 0: dotted line) on the shape of MTPC,
MTPV, MTPE and torque hyperbolas and the voltage
ellipse. The feedforward torque control strategies and
optimal operation points (marked by %) are identical to
those shown in Figure 3. It is easy to see that neglecting
stator resistance, mutual inductance or both would lead
to completely different (and wrong) intersection points,
and hence not optimal operation points with reduced effi-
ciency. For example, the impact of neglecting stator resis-
tance, mutual inductance or both on the shape, size and
orientation of the voltage ellipse is obvious. Concluding,
for optimal operation of an SM, both parameters must not
be neglected.

In Figures 3 and 4, the intersection points of (i) current
circle and MTPC hyperbola, (ii) current circleand MTPV
hyperbola, (iii) current circle and voltage ellipse, and (iv)
torque and MTPC hyperbola are highlighted by the fol-
lowing coloured squares (i) W, (ii) ®, (iii) ® and (iv) m,
respectively. These intersection points will be crucial for
the operation management.

5. Operation management (see Figure 5)

Depending on the electrical angular velocity wy = npywm,
reference torque iy, ref, maximal current 7., and volt-
age Umay (and the machine parameters), different oper-
ation strategies must be selected online. The flowchart
depicted in Figure 5(a) illustrates the procedure to deter-
mine the optimal reference current vector i’;ref regard-
ing the defined control objectives such as MTPC, MC,
FW and MTPV. Figure 5(b,c) show the different opera-
tion strategies in the machine map (torque over speed)
and in the current locus, respectively. The overall goal is
to produce the reference torque with the minimum cur-
rent magnitude to increase the machine efficiency. How-
ever, if the reference torque is not feasible (due to physi-
cal constraints), a deviation from the reference torque is
allowed in the sense that the maximally available (feasible)
torque is produced in the electrical machine. This allows
to operate the machine over the whole speed range at the
cost of efficiency but beyond nominal speed.

5.1 Operation management parameters

Before the operation management will be explained in
more detail in Section 5.2, the following five crucial
operation management parameters (see Figure 5) are
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;

l

Initialize (offline) operation management parameters mm nom = mﬂ’fgom(imw) and w

MTPV
k,cut-in

Input actual

Saturate reference torque
values Wk m cat (m )
‘myref = SaUm, nom\ Mm,ref

and Mm,ref .

offline computation

online computation

— MTPV
Lo ret| < mm,cut—in(wk

(i) N OV (Wi, Gnax)

T(mm,ref) N OV (wi, Gmax) OV (wy, max) N MTPV (wy, Gmax)

Maximum Torque per Current Maximum Current

(wk,nom s '"Lm,nom)

)
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 MTPV
(Wi cut-ins
MTPV

Yk, cut-in’

MTPV
m,cut-in)
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M, feas

MTPV
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Wk, cut-in
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Figure 5. lllustration of operation management: (a) Flow chart illustrating the decision tree for the selection of the optimal operation

strategy, (b) machine map with threshold speed {7 (m

_  MTPV FW
(c) current locus for w, = O cutin and m m.feas"

m,ref)
<m

m,ref

introduced which allow to select the actually optimal

operation strategy online:

® M nom = mxgom(iinom): The nominal machine
torque which cannot be exceeded permanently due
to the current limit 7,x. The nominal torque is
a result of the nominal current vector &, ==

i’s‘jﬁf,ﬁl(?max) which represents the intersection point

of current circle and MTPC hyperbola (see blue

square (M) in Figure 5(c)).

(see thick dashed line) for w, =

MTPV
k,cut-in

FW

m,feas’ and

and m m

m,ref =

. a)ﬁ’[fgsc (M ref): The maximally feasible MTPC angu-

lar velocity for a given reference torque #ipy, rf dur-
ing MTPC operation. An operation in MTPC mode
is only feasible below this speed limit. Note that
a)ﬁ’[fgsc (Mm.ref) is a function of the actually com-
manded reference torque iy, r.f, hence its value will
change for varying reference torques. For example,
for smaller reference torques, MTPC is feasible for
higher speeds than for larger reference torques (see
dashed blue line (-.-..) in Figure 5(b)).



. mm feas (@K ): The maximally feasible FW torque dur-
ing FW operation which varies with the electrical
angular velocity k. Only for torques below this limit
an operation in FW mode is feasible.

. wf("‘chi‘fn = wﬁ’gﬂn (Imax, Umax): the constant MTPV
cut-in angular velocity which depends on (constant)
current I,y and voltage sy limit. For actual angu-
lar velocities above this limit and non-feasible (too
high) torques (see the next item), solely an opera-
tion in MTPV mode is admissible (see Figure 5(b)).

o my Py, . (wx): The MTPV cut-in torque which varies
with the actual angular velocity wg. For speeds
above w"'"Y and for reference torques higher than
my Y. (@), the machine must be operated in

MTPV mode.

MTPV
The parameters 7y nom and W) cuin A€ constant

(if Tmax and #ma. are constant) and, therefore, can
be computed oﬂline The remaining three parameters
wy MIPC (M ref ) Ve (@i) and my Y. () do vary
with the reference torque my, rr or the angular velocity
wi and hence are (usually) not constant during operation.

These parameters have to be computed online.

5.1.1 Offline computation of the nominal machine
torque m,, ... (based on the current constraint 1i,,,,)
The nominal (or maximal) machine torque my nom =

MC

MG om (Imax) can be produced for the maximally admis-

sible (nominal) current vector i on the current cir-
cle during MTPC operation. The nominal MTPC cur-

rent vector i}S‘ nom 1S obtained at the intersection of

MTPC hyperbola (23) and current circle (19), i.e. 1s nom €
MTPC N 31 (imax)- The intersection point(s) ’s,nom(’max)
can be computed analytically by invoking the algorithm
presented in Appendix A4 (see also Table 1). The nom-
inal current zs hom ’s‘ﬁgm (1max) is the intersection point
in the second quadrant of the current loci (see M in Figure
5(b) or 5(c)). Inserting i 1S nom ito the machine torque (3)

yields the nominal torque defined by

Mm nom = mm nom(lmaX) - ( s nom) s nom + 2t s nom
3.
= S ) T (L o + wpm)- (37)

Note that the nominal torque my, hom can be exceeded
temporarily by increasing 7.y for a short period of time.

Remark 5.1 (Computation of the nominal electrical
angular velocity wy nom): In this paper, the nominal (or
rated) angular velocity wk nom is defined as the angular
velocity where the voltage ellipse (see green line ()
in Figure 5(c)) intersects with the current circle (see
orange line (——)) and the MTPC hyperbola (see blue
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line (—)). Rewriting the voltage ellipse (17) as a func-
tion of wy, (considering i* and fipqy as parameters) leads
to the following quadratic polynomial:

. A (17) . .
Qav (i, Wi, limax) ‘= 8,(85) 0} + 8, (i5) wie
+ 80 (i, fimax) =0 (38)

d

with coeflicients (depending on i il and fimay)

82(i) = 2[if (mepm + LYo

+ il (me// + qupm)] + i [l (L LY
+ LnLT) + i‘j(Lfn +@LHH)]

+ i[i (L L? + Ly L) + il (L2,

+ (L?)Z)] + (Wi)? + (Ypm)?
i[2LRsil + R zd(Lg L]

— i4[2LnRiid — Riid (LY — L]

— 2R (.dwpm — iy l//gm)

80 (&%, limax) := R2(i)? + R2(i)? — 2.

81(#) =

(39)
Inserting the nominal MTPC current vector i = i};,nom
into (38) allows to compute the nominal electrical angular
velocity wx nom and the nominal mechanical angular veloc-

ity Wm nom = nia)k,nom as follows:
p
w new 81 (ls nom)
k,nom ‘= Mp®m nom ‘=
28, (ls nom)
.k ~ .k
« 1+ 1— 460 (ls,nom’ umax)‘SZ (ls,nom)
81 (15 nom)

(40)

5.1.2 Online computation (only if necessary) of the
maximally feasible angular velocity ®MT°< (m

k,feas
during MTPC operation
For a given reference torque iy o (assuming it is
not exceeding the nominal torque), there exists an

intersection point 1’5‘ gazpc(mm,ref) (in the second quad-

rant, see black square M in Figure 5(c)) of torque
and MTPC hyperbola, i.e. 1]; EVI TPC(mm,ref) e MTPC N

T (1 ref ). The intersection point(s) of the two quadrics

can be computed analytically by using the algorithm pre-

sented in Appendix A.4. Inserting i¥ = 1]: fr\fa ch(mmyref)

into (38) and solving for wy yields the maximally feasi-
ble MTPC angular velocity (similar to (40)),

m,ref)

MTPC
wk feas (mm ref)
k,MTPC
_ 81( s,feas (mm’fef))

282( ]:é\:afp (mm,ref))

o (ils{_’é\e/gpc (mm ref ) umax)SZ (11; ggpc (mm,ref))
x 14+ |1—-4 .

k,MTPC
81 (ls,feas (mm,ref))

(41)
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5.1.3 Offline computation of the (constant) MTPV
cut-in angular velocity oy o = OV (naxs Gmax)
The MTPV cut-in speed w}''"V = defines the speed
at which the current trajectory diverts from the cur-
rent circle dl(ima) and starts moving on the MTPV
hyperbola for maximum torque output. Mathemati-
cally, this point is described by the intersection of the
three quadrics current circle, voltage ellipse and MTPV
hyperbola, ie. dl(iymax) N MTPV (i) N AV (wk, Umax)-
All three quadrics are functions of the currents i and,
the latter two, of the angular velocity wy additionally. This
makes the problem solvable, since the given three equa-
tions and three unknowns can be resolved. However, to
find the solution, the roots of a 16th-order polynomial
must be found (see algorithm below), and hence wﬁgﬁxﬂ
is the only parameter which must be computed numeri-
cally (but offline). The procedure to obtain wMIFV is as

k,cut-in
follows:

(i) Rewrite the current circle dl(im.) as explicit
function of one current component, e.g. if =
V=2

(ii) Insert this component into the voltage ellipse (17)
and the MTPV hyperbola (29) to obtain two func-
tions with the two unknowns wy and if.

(iii) Rewrite these two functions as second-order poly-
nomials in wy, i.e. p;:= az(if)a)ﬁ + al(if)a)k +
ap(i) and  p; == by (i) w? + by (i) oy + by (i)
where the coefficients a,, a;, ag and b,, by, by
depend on i, respectively.

(iv) Define the Sylvester matrix

a (@) a (i) ag(i?) 0
S(i4) = 0 a (i) a (i) ap(i?)
ST (@) bi(i) by (id) 0
0 by(i4) by (i) by(i?)

and compute its resultant i)%s(i‘j) = det(S(if))
which is a 16th-order polynomial (see Zippel,
2012, pp. 141-146).

(v) Solve Rg (i‘j) = 0 numerically for i‘j and insert the
solution(s) into the current circle (19) to obtain
values for 7.

(vi) Calculate the solution candidates for leAchi\in by
inserting both currents into either the voltage
ellipse (17) or the MTPV hyperbola (29) and
choose the one with the smallest positive value.

5.1.4 Online computation (only if necessary) of the
maximally feasible torque m (wy) during FW

operation
For angular velocities higher than the feasible MTPC
angular velocity, i.e. |wg| > wk feas € (Mm.ref ), and reference

m, feas

torques smaller than the max1mally feasible FW torque
mm feas(a)k) Le. My ref| < my feas(a)k) FW is the optimal
operation strategy of the electrical machine. For given
wy, the current vector if”fz\i(wk) (in the second quad-
rant, see green square M in Figure 5(c)) which repre-
sents the intersection of current circle and voltage ellipse,
ie. 0 (imax) N OV (W, Umax), is obtained analytically by
invoking the algorithm in Appendix A.4. Inserting this
current vector into the torque equation (3) gives the max-
imally feasible FW torque

3)
2 S (10 (@0) T (LY @0 + W)

(42)

NSOV

mm feas (a)k)

which clearly varies with the actual angular velocity wy.

5.1.5 Online computation (only if necessary) of the

MTPV cut-in torque my"¢% . (@) for MTPV operation
For angular velocities higher than the MTPV cut-
in speed, ie. |wi| > w}'l7Y  and reference torques
higher than the MTPV cut-in torque m oV, (wy),
Le. [Mm ref| > m¥aY, (wi), the electrical machine must
be operated in MTPV mode. For given wy, the inter-
section point 1’5‘ MIPV (@) (in the second quadrant, see
orange square M in Figure 5(c)) of voltage ellipse and
MTPV hyperbola, i.e. 3V (wx, timax) N MTPV (wy) , can
be computed analytically with the help of the algorithm
presented in Appendix A.4. Inserting the solution 1]; MIPY

into the torque equation (3) gives the MTPV cut-in
torque

MTPV

(3)
mm,cut n (a)k) =

3 -k, MTPV
5 P(scutm (w ))
X J(LETY (o) +9h,). (43)

Note that maximally feasible FW torque and MTPV cut-
in torque are equivalent at the MTPV cut-in angular
velocity, i.e.

MTPV
m,cut-in

MTPV

MTPV )
k,cut-in/>»

mm feas (a)k cut-in (w

since also the respective current vectors do equal,

: k FW / MTPV \ __ :kx,MTPV  MTPV
L€. s feas (wk cut-in/ — ls,cut-in (a)k,cut—in (See green
square M and orange square M in Figure 5(c)). Please

also note that green square M and orange square M are
actually located at the same intersection point in the
current locus; for illustration, both squares are slightly
shifted away from their original location to make both
squares visible.



5.2 Selection of the optimal operation strategy

The operation management is illustrated in Figure 5(a). It
is divided into two parts: the offline and the online com-
putation. The inputs to the online and offline parts are
the machine parameters LY, LY, Ly, W;m, Ry, 1y, Imax and
Umax, and the constant operation management parameters
m, Me (imay) and the MTPV
cut-in speed a)k 1PV (both can be computed offline).

Once the operation management is initialised, the
feedforward torque controller is ready for online compu-
tation and, at each sampling instant t = kT (with index
k € N and cycle period T), the actual values of the elec-
trical speed wy(f) (measured or estimated) and reference
torque iy ref(t) (coming from an outer control loop)
serve as inputs to the online part. First, if necessary, the
reference torque is saturated, i.e.

nominal torque mm nom = M

mmsTEf = Satmm.nom (mm’ref)

Sign(mm,ref)mm,nom» |mm,ref| > Mm nom
|mm,ref| =< Mm,nom»

(44)

Mm, refs

to guarantee that 7y, ref € [—#m nom, Mm.nom) remains
within the nominal (hence admissible) torque range.
The remaining three operation management parameters,
such as (i) feasible MTPC speed cofl"fTean (M. ret) (a func-
tion of the saturated torque reference; see (41) and blue
dashed line (-....) in Figure 5(b)), (ii) feasible FW torque
mm feas(a)k) (a function of actual speed, see (42)), and
(iii) the MTPV cut-in torque mMPV. (wy) (a function
of actual speed, see (43)) must exelusively be computed,
if the decision tree reaches the respective decision points
(diamonds) in Figure 5(a). This exclusive (only if needed)
computation reduces — besides the proposed analytical
solutions - the computational burden of the real-time
implementation. The selection of the optimal strategy is
based on the decision tree (flow chart) depicted in Figure
5(a) and is explained in the following:

® MTPC: If |wi| < @MIPC (i ref), i.e. “Yes in Figure
5(a), the optimal current reference vector i’S‘ rof =

ify’fffTP € is determined by the intersection point of
torque hyperbola and MTPC hyperbola, i.e. i ; €
T (M ref) " MTPPC (see Table 1). For this case,
the feasible torque is solely limited by the nominal
torque Mm nom- In Figure 5(c) (torque over speed)
and Figure 5(c) (current locus), the corresponding
MTPC operation mode is marked by the blue shaded

area and the thick blue line (—).

) TPC MTPV

e MC: If wk feas (Mm,ref) < lox| < @y’ and
[P ref| > mm feas(a)k) ie. ‘No/Yes/No in
Figure 5(a), the optimal current reference
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ik k. MC . : .
sref = boreg 18 given by the intersection

1 (Tmax) N OV (wk, timax) Of current circle and volt-
age ellipse (see Table 1). Note that feasible MTPC

speed a)fffgs (Mm.ref) and feasible FW torque

vector 1

mm teas (@WK) decrease for increasing values of (satu-
rated) reference torque iy rf and angular velocity
wk, respectively (see Figure 5(b)). The MC opera-
tion mode is marked by the thick orange line (—)
in Figure 5(b,c), respectively.

e F'W: If Wy feSsc(mm ref) < |ox| < a)ﬁ/[chi\fn and
[Pimref] < Mhfas (@) o o] > oY - and

[ ref| < mﬁﬁﬁ}{m(wk), ie. ‘No/Yes/Yes or

‘No/No/Yes in Figure 5(a), the machine is oper-
ated in FW mode. The optimal reference current
vector if ;= 1’5‘ PV is obtained by the intersection
T (Mm.ref) N OV (wk, Umax) of torque hyperbola and
voltage ellipse (see Table 1 and dotted green line
(-.....) in Figure 5(b,c). Note that the MTPV cut-in
torque mY, o (k) decreases for increasing speed
w (since the voltage ellipse shrinks). The operation
in FW is highlighted by the light green shaded area
in Figure 5(b,c), respectively.
 MTPV: If |ox| > o00Y,  and [ ref] >
my oV (@i, L.e. ‘No/No/No' in Figure 5(a), MTPV
becomes active and the optimal reference cur-
rent vector 1’; rof = 1’5‘ rfTPV is computed by finding
the intersection 0V (wy, tmax) N MTPV of volt-
age ellipse and MTPV hyperbola (see Table 1).
MTPV operation is indicated by the thick light blue

line (—) in Figure 5(b,c), respectively.

In view of Remark 4.6, the operation strategy MTPF is
not considered. It only gives a rough approximation of the
MTPV strategy, and the MTPV strategy should be pre-
ferred for implementation, since it is more accurate and
yields a higher efficiency.

6. Implementation

The theoretical derivations are backed by the follow-
ing two implementations and their comparison with the
numerical approaches: computer simulation of the algo-
rithm to find the roots of a fourth-order polynomial ana-
Iytically (see Appendix A.1.3), and the real-time imple-
mentation of the proposed analytical MTPC strategy and
its application to a nonlinear RSM in the laboratory.

6.1 Performance comparison of numerical and
proposed analytical solver to find the roots of
fourth-order polynomials

Solving fourth-order polynomials analytically is the
primary task in the presented approach. It has been
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Figure 6. Results of the performance comparison of numerical and analytical solution to find the roots of fourth-order polynomials: (a)
execution times for N =10 and (b) histograms of the test data (in ascending order) with average execution times ., = 43.4 - 10 ®sand
e = 7.23-107%s, and standard deviations o, = 1.61- 10~s and o, = 0.73 - 10~5s for numerical and analytical solution, respectively.

implemented in MATLAB R2016b as MEX code
(C function) and compared with the built-in roots
function (C function based on eig) using a numer-
ical approach. The comparison has been conducted
by measuring the execution times of the respective
algorithms for input polynomials with randomly gen-
erated coeflicients. The five coefficients ¢; = bf' of the
fourth-order polynomial in (A10) were generated by
random bases b; € [0, 1] (double precision) and random
integer exponents ¢; € [—10, 10] for i € {0, 1, ..., 4}.
Moreover, the test has been repeated for N = 10° runs
in order to mitigate unpredictable delay times due to
task scheduling or memory issues on the test PC. The
results of the experiment are depicted in Figure 6. A
comparison of the histograms allows to draw two main
conclusions: (i) on average, the analytical solution is
about six times faster, and (ii) the standard deviation
of the numerical approach is remarkably higher which
makes the estimation of the execution time more difficult

Ug

for the numerical approach. Moreover, it is important
to note that, in view of the decision tree in Figure 5(a),
the roots of fourth-order polynomials must be com-
puted several times; e.g. for MTPV, the roots of three
fourth-order polynomials must be found: twice for
the computation of the online operation management
parameters wﬁ’lgsc (M ref) and mMPV. (wy), and once
for the computation of the optimal reference current
vector (see Figure 5(a) and recall Section 5.1). In this
case, the computation of the analytical solution is (at
least) 18 times faster than that of the numerical solution.

6.2 Measurement results

The analytical computation of the MTPC reference cur-
rent vector i];,ref = if,’i\:fTPC (see Table 1) was implemented
at a laboratory set-up and measurements were con-
ducted in order to verify the presented theory. Instead of

employing a fairly linear PMSM, a highly nonlinear RSM

—
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Figure 7. Nonlinear flux linkages (a) wsd(if, iy and (b) wf(ig, i7) of a custom-built 9.6 kW RSM with parameters as in (45) (the maps are
only shown for the first quadrant, i.e. isd > 0and i > 0, where a positive machine torque can be produced).
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Figure 8. Nonlinear components (a) L9 (i9, i{), (b) L (i%, id) and (c) L, (i%, if) of the inductance matrix (46) (the inductances are only

shown for the first quadrant, i.e. i;’ > 0andil > 0).

served as device under test so as to prove the robustness
of the presented theory and its industrial applicability.
Finally, the measurement results of the analytical MTPC
approach were compared with the numerically calculated
reference currents.

6.2.1 Measurement set-up and scenario

The presented theory has been implemented and verified
experimentally on a custom-build 9.6 KW RSM (courtesy
of Prof. Maarten Kamper, Stellenbosch University, South
Africa) with the parameters

Ry = 0.4Q, Wi nom = Z - 1500 rpm = 157.07524,
Mm,nom = 61 Nm,
Imax = 29.7 A, and #y, = 590V,

(45)

and the nonlinear flux linkage maps as depicted in
Figure 7 (maps were obtained from FEM). The current-
dependent inductances, shown in Figure 8, were cal-
culated by numerical differentiation of the flux maps
with respect to the currents. The overall laboratory set-
up is depicted in Figure 9 and comprises the dSPACE
real-time system (A) with processor board DS1007 and
various extensions and I/O boards, two 22 k W SEW
inverters (B1, B2) in back-to-back configuration sharing
a common DC link, the HOST-PC (C) running MAT-
LAB/Simulink with RCPHIL R2015b and dSPACE Con-
trolDesk 5.5 for rapid-prototyping, data acquisition and
evaluation, the custom-built 9.6 kW RSM (D1) as device
under test and a 14.5 kW SEW PMSM (D2) to regulate
the mechanical speed. Moreover, the Lorenz” torque sen-
sor (E) allows to measure the mechanical output power

Figure 9. Laboratory set-up with (a) dSPACE real-time system (A), voltage-source inverters (B1) and (B2) connected back-to-back, (b) Host-
PC (C) for rapid-prototyping, and (c) RSM (D1) and PMSM (D2), and torque sensor (E).
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Figure 10. Measurement results for a nonlinear custom-build 9.6 kW RSM at 150 %: Comparison of the optimal reference currents i
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proposed analytical solution (for the experiment, the reference torque m

of TN m and held constant for two seconds).

(not used in here). The experiments were conducted for
MTPC operation at the constant speed wy & wk pom and
for a positive reference torque only (operation as motor).
The reference torque my, s Was increased stepwise by
increments of 1 Nm from zero to nominal torque 7, nom
and held constant at each step for two seconds. The non-
linear flux linkages and inductances were tracked online
and fed into the feedforward torque controller at each
sampling step to improve the accuracy of the presented
analytic MTPC algorithm.

To be able to express the nonlinear RSM dynamics in
the form (1) with affine flux linkage (2), the nonlinear
flux linkage (as depicted in Figure 7) of the RSM were lin-
earised online (at each sampling instant) by invoking the
following first-order Taylor expansion

k ok
dy (i)
-k
W L,
—
=Lk=:Lk(i* )

k sk k (sk k sk
= Ls L + "/,s (ls,O) —L 15,0
—_———

yhE ~ (i —ifo) + ¥iaty)

(46)

S

=gt =k, (i)

around the actual operation point ils‘,0 = (i, il)T e
[R? (actual current vector). The linearised (locally affine)
flux linkage in (46) with the differential inductance
matrix LF (i ) := [L( ), Lin (i ); L (85 ), LG5 )] €
R?*2 and the ‘magnetisation’ flux linkage vector ¢ :=
(Wl )T is clearly similar to the affine flux linkage
in (2) (set 1/r];m = llffn). Finally, the analytical solution
to compute the optimal MTPC reference current vector

i o= if’rfTPC was implemented. The obtained reference

m.ref Was stepped up from zero to nominal torque by increments

currents for numerical and analytical solution were low-
pass filtered (with time constant Ty = 507T) and their
mean values over the 2 s-time interval (where the torque
reference was held constant) were computed for each
torque reference step.

6.2.2 Discussion of the results

The computed reference currents of both, the numeri-
cal and the analytical torque feedforward controller, are
depicted in Figure 10. Results in the Cartesian coordi-
nates are shown in Figure 10(a), where in Figure 10(b),
polar coordinates were used. The former shows, in par-
ticular for currents with small magnitude, that numer-
ical and analytical results coincide with high accuracy.
Only for larger currents (beyond i > 8 A), a deviation
can be observed. However, it remains within an accept-
able range which becomes clear if the polar coordinate
representation is taken into account. Here, the numerical
solution shows an unexpected shape in the lower current
magnitude region which could be an error due to a dete-
riorated interpolation and/or a deteriorated accuracy of
the numerical solver. Nonetheless, the angle difference is
small over the whole operation range and the results show
that both approaches give almost identical reference cur-
rents.

7. Conclusion and future work

This work introduced a unified theory to solve the opti-
mal feedforward torque control problem of anisotropic
SMs analytically while stator resistance and cross-
coupling (mutual) inductance are explicitly considered.
For all operation strategies such as (a) MTPC (which, in
literature, is often called MTPA), (b) MC, (¢) FW and



(d) MPTV or MTPE, analytical expressions for the opti-
mal reference currents are derived. To the best knowledge
of the authors, such analytical solutions including stator
resistance and mutual inductance for MTPC, MC, FW,
MTPV and MTPF of anisotropic SMs were scarcely inves-
tigated this far or not available at all.

The obtained analytical solutions are attractive, since
they are easier to implement, more accurate and faster to
compute. Moreover, for the operation management of the
machine, algorithms were proposed which allow to com-
pute the crucial operation management parameters based
on which the actually optimal operation strategy can eas-
ily be selected online. The theoretical findings were illus-
trated by (i) a performance comparison of the conven-
tional numerical and the proposed analytical algorithm
for finding the roots of a fourth-order polynomial and
(ii) measurement results at a nonlinear reluctance syn-
chronous machine (for MTPC). The implemented analyt-
ical solution is obtained significantly faster and matches
with the conventional numerical solution with high accu-
racy.

Future work will focus on the extension of the uni-
fied theory to nonlinear flux linkages (without the need
of linearisation) and the consideration of iron losses in
the optimisation problem as well.

Notes

1. The terminology ‘Maximum Torque per Current (MPTC)’
will be used in this paper (see also Remark 4.2).

2. That is, the synchronously rotating k = (d, q)-coordinate
system with orthogonal axes d and g after Clarke and Park
transformation (Dirscherl et al., 2015; Teodorescu et al.,
2011).

3. The factor 3/2 is due to an amplitude-correct Clarke trans-
formation (Schroder, 2009, Section 16.7).

4. Note that the mutual inductance L changes its sign
with the negative product of the currents, i.e. sign(Ly,) =
—sign(i? - il) (Hackl et al., 2015, Figure 2).

5. Note that, for some vectors x, ¢ € R" and a symmetric
matrix M = M € R"™", the following hold: (d )T =

(Cl’“ Cn) dx Mx )T

e (M+MT")x =2Mx (see Bern-
stem 2009, Proposmon 10.7.11)).

6. The ith leading principle minor of a matrix is the deter-
minant of the (i, i)-north-western sub-matrix of the
matrix (Bernstein, 2009, Proposition 8.2.7).

7. That is, for all y € R and A € R"*", the following holds
det(yA) = (y)" det(A). Hence, the application of the
Sylvester’s criterion to negative definite matrices yields
alternating signs of the leading principle minors.

8. For case (iii), substitute y for x.

(dcx L dcx)T —cand(

(deMx deMx )T

Disclosure statement

No potential conflict of interest was reported by the authors.

INTERNATIONAL JOURNAL OF CONTROL e 23

Funding

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under the
Marie Sklodowska-Curie [grant number 642682]; and from the
Bavarian Ministry for Eduction, Culture, Science and Art.

References

Abramowitz, M., Stegun, 1., & Miller, D. (1964). Handbook of
mathematical functions with formulas, graphs and mathe-
matical tables. (10th ed.).Vol. (Dec. 1972) of Applied Math-
ematics Series. Washington, DC: National Bureau of Stan-
dards.

Ahn, ], Lim, S. B., Kim, K. C, Lee, J., Choi, J. H., Kim, S., &
Hong, J. P. (2007). Field weakening control of synchronous
reluctance motor for electric power steering. IET Electric
Power Applications, 1, 565-570.

Bedetti, N., Calligaro, S., & Petrella, R. (2016). Stand-still self-
identification of flux characteristics for synchronous reluc-
tance machines using novel saturation approximating func-
tion and multiple linear regression. IEEE Transactions on
Industry Applications, 52, 3083-3092.

Bernstein, D. S. (2009). Matrix mathematics — Theory, facts, and
formulas with application to linear system theory. (2nd ed.).
Princeton, NJ: Princeton University Press.

Boldea, 1., Tutelea, L. N., Parsa, L., & Dorrell, D. (2014). Auto-
motive electric propulsion systems with reduced or no per-
manent magnets: An overview. IEEE Transactions on Indus-
trial Electronics, 61, 5696-5711.

Boyd, S., & Vandenberghe, L. (2004). Convex optimization. (7th
printing with corrections 2009). Cambridge: Cambridge
University Press.

Colby, R. S., & Novotny, D. W. (1988). An efficiency-optimizing
permanent-magnet synchronous motor drive. IEEE Trans-
actions on Industry Applications, 24, 462-469.

Calleja, C., de Heredia, A. L., Gaztanaga, H., Nieva, T., & Alda-
soro, L. (2016). Validation of a modified direct-self-control
strategy for PMSM in railway-traction applications. IEEE
Transactions on Industrial Electronics, 63, 5143-5155.

Cavallaro, C., Di Tommaso, A., Miceli, R., Raciti, A., Gal-
luzzo, G., & Trapanese, M. (2005). Efficiency enhancement
of permanent-magnet synchronous motor drives by online
loss minimization approaches. IEEE Transactions on Indus-
trial Electronics, 52, 1153-1160.

Cheng, B. & Tesch, T. R. (2010). Torque feedforward con-
trol technique for permanent-magnet synchronous motors.
IEEE Transactions on Industrial Electronics, 57, 969-974.

de Almeida, A., Ferreira, E, & Fong, J. (2011). Standards for
efficiency of electric motors. Industry Application Magazine,
17,12-19.

Dirscherl, C., Hackl, C., & Schechner, K. (2015). Modellierung
und Regelung von modernen Windkraftanlagen: Eine Ein-
fithrung [Modeling and control of modern wind turbine
systems: An introduction]. In D. Schréder (Ed.), Elektrische
Antriebe - Regelung von Antriebssystemen [Electrical drives
- Control of electrical drive systems] (Chapter 24, pp. 1540-
1614). Berlin Heidelberg: Springer-Verlag.

Eldeeb, H., Hackl, C. M., & Kullick, J. (2016). Efficient opera-
tion of anisotropic synchronous machines for wind energy



24 (&) H.ELDEEBETAL.

systems. Journal of Physics: Conference Series, 753, 112009.
doi: 10.1088/1742-6596/753/11/112009

Finken, T. (2012). Fahrzyklusgerechte Auslegung von perma-
nenterregten Synchronmaschinen fiir Hybrid- und Elektro-
fahrzeuge [Dimensioning of permanent-magnet synchronous
machines for hybrid and electric vehicles based on driving
cycles] (PhD thesis). Aachen: Insitut fiir elektrische Maschi-
nen, RWTH.

Foo, G., & Zhang, X. N. (2016). Robust direct torque control of
synchronous reluctance motor drives in the field weakening
region. IEEE Transactions on Power Electronics, 99, 1-1.

Gemassmer, T. (2015). Effiziente und dynamische Drehmo-
menteinprigung in hoch ausgenutzten Synchronmaschinen
mit eingebetteten Magneten [Efficient and dynamic torque
generation in optimized synchronous machines with buried
magnets] (PhD thesis). Karlsruhe: Elektrotechnisches Insti-
tut, KIT.

Hackl, C. M. (2015). Current PI-funnel control with anti-
windup for synchronous machines . In Proceedings of the
54th IEEE Conference on Decision and Control (CDC)
(pp- 1997-2004). Osaka: IEEE.

Hackl, C. M., Kamper, M. ], Kullick, J. & Mitchell, J.
(2015). Nonlinear PI current control of reluctance syn-
chronous machines. Retrieved from https://arxiv.org/pdf/
1512.09301.

Hackl, C. M., Kamper, M. J., Kullick, J., & Mitchell, J. (2016).
Current control of reluctance synchronous machines with
online adjustment of the controller parameters. In Proceed-
ings of the 2016 IEEE International Symposium on Indus-
trial Electronics (ISIE 2016) (pp. 153-160). Santa Clara, CA:
IEEE.

Horlbeck, L., & Hackl, C. (2016). Analytical solution for the
MTPYV hyperbola including the stator resistance. In Pro-
ceedings of the IEEE International Conference on Industrial
Technology (ICIT 2016) (pp. 1060-1067). Taipei: IEEE.

Huber, T., Peters, W., & Bocker, J. (2015). Voltage controller
for flux weakening operation of interior permanent magnet
synchronous motor in automotive traction applications. In
Proceedings of the IEEE International Electric Machines and
Drives Conference (pp. 1078-1083). IEEE.

Jung, S. Y., Hong, J., & Nam, K. (2013). Current minimizing
torque control of the IPMSM using Ferrari’s method. IEEE
Transactions on Power Electronics, 28, 5603-5617.

Kim, ], Jeong, I., Nam, K., Yang, J., & Hwang, T. (2015). Sen-
sorless control of PMSM in a high-speed region consider-
ingironloss. IEEE Transactions on Industrial Electronics, 62,
6151-6159.

Lemmens, J., Vanassche, P.,, & Driesen, J. (2015). PMSM drive
current and voltage limiting as a constraint optimal control
problem. IEEE Journal of Emerging and Selected Topics in
Power Electronics, 3, 326-338.

Mademlis, C., Kioskeridis, I., & Margaris, N. (2004). Optimal
efficiency control strategy for interior permanent-magnet
synchronous motor drives. IEEE Transactions on Energy
Conversion, 19, 715-723.

Morimoto, S., Takeda, Y., Hirasa, T., & Taniguchi, K. (1990).
Expansion of operating limits for permanent magnet motor
by current vector control considering inverter capacity.
IEEE Transactions on Industry Applications, 26, 866-871.

Ni, R, Xu, D., Wang, G., Ding, L, Zhang, G., & Qu,
L. (2015). Maximum efficiency per ampere control of
permanent-magnet synchronous machines. IEEE Transac-
tions on Industry Applications, 62, 2135-2143.

Niazi, P, Toliyat, H. A., & Goodarzi, A. (2007). Robust max-
imum torque per ampere (MTPA) control of PM-assisted
SynRM for traction applications. IEEE Transactions on
Vehicular Technology, 56, 1538-1545.

Nickalls, R. (2009). The quartic equation: Invariants and Euler’s
solution revealed. Mathematical Gazette, 93(526), 66-75.

Nakamura, Y., Kudo, T, Ishibashi, E.,, & Hibino, S. (1995). High-
efficiency drive due to power factor control of a permanent
magnet synchronous motor. IEEE Transactions on Power
Electronics, 10, 247-253.

Panaitescu, R. C., & Topa, L. (1998). Optimal control method for
PMSM by minimization of electrical losses. Proceedings of
IEEE International Conference on Optimization of Electrical
and Electronic Equipments (OPTIM), 2, 451-456.

Peters, W., Wallscheid, O., & Bocker, J. (2015). Optimum effi-
ciency control of interior permanent magnet synchronous
motors in drive trains of electric and hybrid vehicles. In
Proceedings of the 17th European Conference on Power Elec-
tronics and Applications (EPE’15 ECCE-Europe) (pp. 1-10).
IEEE.

Preindl, M., & Bolognani, S. (2013a). Model predictive direct
torque control with finite control set for PMSM drive sys-
tems. Part 1: Maximum torque per ampere operation. IEEE
Transactions on Industrial Informatics, 9, 1912-1921.

Preindl, M., & Bolognani, S. (2013b). Model predictive direct
torque control with finite control set for PMSM drive sys-
tems. Part 2: Field weakening operation. IEEE Transactions
on Industrial Informatics, 9, 648-657.

Preindl, M., & Bolognani, S. (2015). Optimal state reference
computation with constrained MTPA criterion for PM
motor drives. I[EEE Transactions on Power Electronics, 30,
4524-4535.

Rees, E. (1922). Graphical discussion of the roots of a quartic
equation. The American Mathematical Monthly, 29(2), 51-
55.

Schmidt, E. (2014). Synchronous reluctance machines with
high-anisotropy rotors — comparison of their operational
characteristics. In Proceedings of the Australasian Universi-
ties Power Engineering Conference (pp. 1-6). IEEE.

Schréder, D. (2009). Elektrische Antriebe — Regelung von
Antriebssystemen [Electrical drives - Control of electrical
drive systems]. Berlin Heidelberg : Springer-Verlag.

Schoonhoven, G., & Uddin, M. N. (2016). MTPA- and FW-
based robust nonlinear speed control of IPMSM drive using
Lyapunov stability criterion. IEEE Transactions on Industry
Applications, 52, 4365-4374.

Tang, Z., Li, X., Dusmez, S., & Akin, B. (2016). A new V/f-based
sensorless MTPA control for IPMSM Drives. IEEE Transac-
tions on Power Electronics, 31, 4400-4415.

Teodorescu, R., Liserre, M., & Rodriguez, P. (2011). Grid con-
verters for photovoltaic and wind power systems. Chichester:
John Wiley & Sons.

Tursini, M., Chiricozzi, E. & Petrella, R. (2010). Feedforward
flux-weakening control of surface-mounted permanent-
magnet synchronous motors accounting for resistive
voltage drop. IEEE Transactions on Industrial Electronics,
57, 440-448.

Ueda, K., Morimoto, S., Inoue, Y., & Sanada, M. (2014, May).
A novel control method in flux-weakening region for effi-
cient operation of interior permanent magnet synchronous
motor. In Proceedings IEEE International Power Electronics
Conference (IPEC-ECCE ASIA) (pp. 312-317). IEEE.


https://doi.org/10.1088/1742-6596/753/11/112009
https://arxiv.org/pdf/1512.09301

Urasaki, N., Senjyu, T., & Uezato, K. (2003). A novel calcu-
lation method for iron loss resistance suitable in model-
ing permanent-magnet synchronous motors. IEEE Trans-
actions on Energy Conversion, 18, 41-47.

Vaez, S., John, V. I, & Rahman, M. A. (1997, June). Adaptive
loss minimization control of inverter-fed IPM motor drives.
In Proceedings IEEE Power Electronics Specialists Conference
(PESC) (Vol. 2, pp. 861-868). IEEE.

Wang, Y., Ionel, D. M., Jiang, M., & Stretz, S. J. (2016). Establish-
ing the relative merits of synchronous reluctance and PM-
assisted technology through systematic design optimiza-
tion. IEEE Transactions on Industry Applications, 52,2971
2978.

Zhang, P, Ionel, D., & Demerdash, N. (2016). Saliency ratio and
power factor of IPM motors with distributed windings opti-
mally designed for high efficiency and low cost applications.
IEEE Transactions on Industry Applications, 99, 1-1.

Zippel, R. (2012). Effective polynomial computation. The
Springer International Series in Engineering and Computer
Science. Boston: Kluwer Academic Publishers/Springer US.

Appendices

Appendix 1. Quadrics

In this appendix, all necessary mathematical derivations
are presented for two general quadrics given by

Qa(x) :=x"Ax+2a'x+«a and

Qp(x) :==x"Bx +2b'x+ B, (A1)
where
A=AT = [an alz] R2%2
apz ax '
a:= 4 S Rz, o € R,
" b b (42)
B—RBT .— |1 12j| € R¥X2,
|:b12 b
b= (bl) e R?and B € R.
by

The main goal is to explain in detail how analytical solu-
tions to the MTPC, MTPV and MTPF optimisation prob-
lems can be obtained and how analytical solutions for the
intersection points of two general quadrics can be found.
As it will be shown, all problems can be solved by finding
the roots of a fourth-order quartic polynomial for which
(luckily) still an analytical solutions exists.

A.1. Formulation of the optimisation problem with
equality constraints

The optimisation problems MTPC, MTPV and MTPF
can be formulated in a general framework as optimisa-
tion problems with equality constraint by invoking the
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quadrics QA(i’s‘) and QB(ii‘) in (A1) as follows:

.k JNT A2k T +k
i pof *= ArgMaxy — ((15) Ail +2a i + oe)

=:Qa (i)

st. (i5)TBi* +2b"i + p=0. (A3)

=:Qp (i)

The first idea, based on quadrics, was presented in Eldeeb
et al. (2016) for the MTPC strategy. The optimisa-
tion problem (A3) can be reformulated as Lagrangian
(see Boyd & Vandenberghe 2004, Chapter 5), i.e.

LGN = —Qal) + 2 Qp(il)
S [T+ 207 + o]
+ A [ TBiE+ 20T + 8], (A4)

where the (possibly complex) Lagrangian multiplier A €
C must be introduced for the equality constraint. For the
three different optimisation problems MTPC, MTPF and
MTPYV, the matrices A, B, vectors a, b and scalars «, 8
must be chosen accordingly as specified in the following:

¢ MTPC:A=1,,a=(0,0)",a=0andB=T,b =
tand B = t (M ref)>

e MTPV: A =V (wy), a =v(wx), & = v(wk, Umax)
and B=T,b=tand 8 = v (M rr), and

e MTPF:A=F,a= f,a=¢andB=T,b=tand
ﬂ = T(mm,ref)’

where T, t and 7 (M, ref) are as in (9), V(wy), v(wy) and
V(wk, Umayx) asin (15) and F, f and ¢ as in (21). To obtain
the optimal reference current vector as in (A3), the fol-
lowing necessary and sufficient conditions must be eval-
uated.

A.1.1. Necessary condition for a maximum. To find a
maximum, the following necessary condition must be sat-
isfied: The gradient® of the Lagrangian must be equal to
the zero vector, i.e.

ded*, v !
ga( 0 = (—)

ddt, »)
.
dedk, v
— di* <0,
deds, 1)
di
@43 ((—2Aif —2a+ L(Q2Bif +2b) 1
= ( @ BE v g )T
(A5)
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By defining

Abiy —an Abi —apn
M(A):=AB—A= and

Abi —apn Aby —axn

Abl—al
m(\) :=Ab—a=< ), (A6)

)\,bz—az

one may rewrite the first two rows in (A5) in the compact
form

2(0B— Ali* + (A b—a) € 2MO) i +2m(0) = 0,

(A7)
and, solving for i¥ = i**, yields
i**0) = - B—Al"'0b—a) ¥ —M0)'m®)
(A8)

where

MO ' =[rB—-A]"!

_ 1 Aby —axy —Abp+ap
detM(A) | —A b +ai Aby —an

= (xB—A"") =Mm™)"
and

detM(A) = (A by — a11) (A by — ax) — (Abyy — apy)?
= (detB)A*> + (det (B — A) — detA — det B)A
+ detA.

Inserting i = i¥*(1) as in (A8) into the constraint
quadric QB(i’S‘) as in (A3) gives a quartic polynomial in
A as follows:
m) "M IBM(OA) " 'm())
26" M) 'm(\) +B8=0
|- det (M) (A9)

- X4()\.) = C4)»4 + C3)\.3

+ar+ak +¢=0

with real coeflicients

Cy i= — (b11b22 — b%Z) (bzzb% — Zblbzblz + bllbg
+ ﬂbﬁz - bnbzzﬂ)
3 := 2(an by — 2a1,b1, + azzbn)(bzzb% —2b1byby,
+ by b3 + BbY, — bubnp)
C = a%bllbgz — a%b%zbzz — 2a1a2b11b12b22 + 2a1a2b?2
— 2aya1,b1b%, + 2a1a11b,b12bay + 4aya12b1 6156y
— 2a1a1,b,b11b2y — 2a1a1,b,b2, — 2a,a2,b, b3,
+ 2a1a0b,b11b1s + a3bi by — a3bybi,
+ 2a3a11b1b12by — 20201117217%2 — 2a,a1,b1b11 b2,
— 2a3a1,b1 0%, + 4aza1,b,b11 b1z + 20205501 b11 b1,
— 2a2a22b2b%1 — tl%lb%bzz + ,3(1%1 bgz
+ 2a11a12b1b2byy + 2a11a1263b1; — 4Bayanbiabyn
— 4ay1a»b by + 6a11a20b1byb1y — 4ayaxnbiby
+ 4Bai1a2biby — 2Baranbi, + 3a2,bi by,
— 10a2,bybyby, + 3a2,b3by; — 2Bad,bi1by
+ 6ﬂ“§2b%2 + 2f1126122b%b12 + 2a12a2,b1b:b11
— 4Bananbby, — a3,biby + Bad, by
C = 2a§a22b§2 — 2b11b22afa22 — 4[11[12[112b%2
+ 4bi1bypaiazag; + 4byaiaaxnb;
— 4ajayanbybyy — 4bpaal,b,
+ 4ayal,bybyy + 2a3a; b2, — 2by bpaday,
— 4a,01102,b1b1; + 4by1aza11a2,b;
+ 461261%2171b12 — 4b11a2a%2b2 + 261%1a22b%
— 2bpBai axn — 2a11a},b5 + 2bxnPanal,
— 4apaanbiby + 4Banananb,
+ 2a11a§2b% — 2b11,3a11a§2
+ 4a§2b1b2 — 4/30?21712 — 2(1%2&2217% + 21711/3(1%2&22
Cy == bzgﬂ%ﬂ%z — 2171261%61126122 + bna%aﬁz
— 2bpaazaniar; + 2biaa1d2a11a2 + 2171261161261%2
— 2bjiayayanaxn + 2byaiananan — 2bjaanas,
- 2[]2&15[?2 + Zblalafzazz + bzz(l%a%l
- 2b12a§a11a12 + bna%afz — 21‘72&2&%1022
+ 2b2a2a11a§2 + 2b1a2a11a12a22 — 2b1a2a§2
+ Bat,a3, — 2Panat,an + Paj,.

(A10)

A.1.2. Sufficient condition for a maximum. To obtain
a maximum under an equality constraint, the Hessian of
the Lagrangian £(i¥, 1) must be negative definite, i.e.

d dedk, o
Hs(ilsc,)») = ( £, 1)

.
- 0. (All
d@, ») d(i’;,k)) =0 (1D

The Hessian matrix is symmetric and given by

.
d dea, »)
Ho( 1) = s
2= 3@ <d(i’;,k) )

B 2M(2)  2Bif +2b
T LeBif4+2)T 0

= He(i5, 0)T e R¥.

(A12)

The Hessian H ¢ (il;, A) is negative definite if and
only if all its leading principal minors® have alternating



signs (see Bernstein, 2009, Proposition 8.2.8, in combi-
nation with Bernstein, 2009, Proposition 2.7.17). More
precisely, the first and third leading principle minor
of (A12) must be negative whereas the second lead-
ing principle minor must be positive, i.e. 2mj; (A*) ‘o
2(a11 + A*b11) < 0 (the first leading principal minor),
det(2M(1*)) = 22 det M(1*) > 0 (the second leading
principal minor) and det(H g(if,k‘)) < 0 (the third
leading principal minor). Hence, the optimal (real)
Lagrangian multiplier A* € R must satisfy

(1) A< Z—E — 2()\,*&711 - a“) <0
(det (BfA) 7detA7detB)
—sign(det B) det B

1+ /1— 4detAdetB )
“ \/ (det (-4) —deta—den)

= detM()*) > 0.

(ii) A* >

(A13)

Clearly, the conditions (i) and (ii) in (A13) must be sat-
isfied simultaneously and, therefore, imply negative defi-
niteness of M(1*) = A*B — A. Moreover, by defining

*x\—1 -k
CGiE, 20 = [’2’ MG5)™ (Bi; ”’)] e R¥

0,, 1

with detC(i¥, A*) = detC(i*, *)T =1 and, by invok-
ing Bernstein (2009, Fact. 2.16.2), the Hessian matrix

He(if, 27
M), 0,
=2CE T 0], —(GHTBT+0b")
M(*)~'(Bif + b)

(A11)

can be written as the product of three matrices. Hence,

det [He (i, )]
= —2((@ BT +b")M(*) " (Bit + b)

=:yeR
~det M(\"),

which, with detC(if, AF) = detC(i’s‘, 2*)T =1 and neg-

A13
ative definiteness of M(A*) = [A + A*B] ( <l ) 0, implies

CG, )
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thaty = ||Bi’s‘ + bHIZW(A*) < 0 (a weighted norm with neg-
ative definite M(1*) < 0) is negative for all non-zero vec-
tors:

Bi**(:) +b 2 —A*B[A+"B] 'b+b
= —(—L+AB[A+2*B] )b
= [A+2B] b
(A13)

# 0, forall A*asin (A13),

where, in the second step, Corollary 2.8.10 from Bern-
stein (2009) was used. Concluding, for the optimal
A*, the third leading principle minor is (always) neg-
ative, i.e. det[Hg (if, A*)] < 0. By checking definiteness
of (All) for A* € {A}, ..., A}, where M(A*) > 0, the
analytical solution for the optimal reference current vec-
tor is finally given by

.]Sc’ref (:A:?’) isk’*()"*) (g) —M()»*)flm()»*)
= —[»B-A]"'(»b—a). (A14)
Remark A.1
(The case m(L) =0, forall A € C):. Note that the

optimal reference current vector (A14) only gives a non-
trivial solution if m(L) = A b — a # 0. This is not true

for RSMs, where ¥ p, = 0 and, hence, ¢ @ 02, v(wg) =

0, and f @ 0,. To solve these optimisation prob-
lems, (A3) must be re-formulated by shifting/translating
the quadrics QA(ils‘) and QB(if) by some non-zero

but constant x, € R?. The shifted quadrics Q4 (Ef + x5)
and Qg (Ef + x;) are obtained by inserting i'sC = ff + x4
into (A3) (for more details, see Appendix A.4).

Remark A.2 (Normalisation): For a numerical imple-
mentation, a normalisation of (8) might be beneficial
yielding a less ill-conditioned optimisation problem (the
coefficients of the fourth-order polynomial (A9) heavily
differ in magnitude). The normalised version of (8) is

_ — -k _ .=k3k _ -k
iy = Rid, + O Li, + oV . (A15)

where the normalised (unitless) quantities and param-

R <k i
e, I 1=

_ P
eters are defined by ! := -, R, :=

umax/lmax Imax

PR W Tk . Wk, nom k - k . Wi nom .k
o = ;A L= e Liand ¢, = Vpm- The

Wknom S tmax/ max Umax

normalised (unitless) machine torque and its reference
are as follows:

- Wk, nom

My = ———— My, and
Umax?max
- . Wk, nom
Mm ref ‘= = ~ m,ref «

umax lmax
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A.1.3. Analytical computation of the roots of a quartic
polynomial. The discriminant of the quartic polyno-
mial x4(A) as in (A9) can be computed as follows:

A = 256c,c; — 192c;c3¢1c5 —
— 27¢ic} + 144ci65ecp —

+ 18C4C3C2C1 + 16C4C2C0

128c;c5¢5 + 144c;cacico
6c4c3cfc0 — 80c4c3c§clc0
— deqcycs — 27¢5¢h

222
4c3czco + 3655

+ ISCgczclco — 46361 (Al6)
For A < 0, the quartic polynomial (A9) has two real
and two complex roots (all distinct); for A > 0, (A9)
has four real or four complex roots (all distinct) and, for
A =0, (A9) has at least two equal roots (for more details,
see Rees, 1922). Euler’s solution will be presented (for
details, see Nickalls, 2009) which is based on the depressed

(and monic) quartic polynomial given by

XedpW =y +p +qy+r=0 (A17)
with real coeflicients
1 3c
p= Ci (Cz €y — ?>,
q:= é(g - 6262364 +C1€i) &
ri= é( - %Ci + cico - 6‘212362 CfiCZ). (A18)

The depressed quartic polynomial (A17) is obtained by
inserting A :=y — 4% into (A9). To compute the roots of
the depressed quartic, one needs to find the three roots
z;, Z; and z3 of Euler’s resolvent cubic polynomial given
by

Xores(2) =2 + 2p2° + (PP —4r)z — ¢* =0,
(A19)

where p, g and r are as in (A18). In Appendix A.1.4, the
analytical solution to compute the three roots z}, z5 and
z; of the resolvent cubic (A19) is presented. Finally, for
known resolvent roots zj, z5 and z3, the four roots A, A3,
A3 and A} of the quartic polynomial (A9) are given by

Ajz(_Tl)l( Z+ 75+ zg)—ﬁ,
=S VE-JE-VE) - &
n=E(-va+VE- \F—4— and
b= (- E - VE VA - 2

(A20)

wherel € {0, 1} must be chosen such that (Nickalls, 2009)
(=D (ATASAS + ATASAT + AASAG + A3A315) = —q.

A.1.4. Analytical computation of the roots of a cubic poly-
nomial. Consider the monic cubic polynomial with real
coeflicients given by

where
(A21)

x3(2) =2 + o + diz + dy =0
dz,...,d()ER.

Its roots zj, z; and z; can be computed analytically as
described in the following paragraph (Abramowitz, Ste-
gun, & Miller, 1964, p. 17). Note that the cubic polyno-
mial x3(z) has (a) one real and a pair of complex conju-
gate roots if ¢° + 7> > 0, (b) only real roots but at least
two are equal if §* + 7> = 0, and (c) only real roots but
all are distinct if §° + 7 < 0. For the following, define

. _di 4 and ;'_d1dz—3do_d_§
1T=73 77 T 27
Then, for

s1:=~/3F+,/3 +7 and
53 := /37 — /3 + 72,

the three roots of the cubic polynomial (A21) are given
by

d
zZy = (s1+$2) — ?2 and
J3

1 d
2= (514 8) — = £ 2(s; — 5).
2.3 2 3 ] >
(A22)

Appendix 2. Computation of the quadrics (implicit
expressions) for MTPC, MTPV and MTPF

To derive the implicit forms for the MTPC, MTPV and
MTPF hyperbolas presented in Section 3.2, the first two
rows of the gradient (A5) must be set to zero, i.e.

—Aif —a+ A(Bif +b) =0,

(b11, br)if + bl) _ ((au, an)it + a1>

(b12, bzz)if + b, (a2, 6122)1'ic +a )
(A23)

~



Rewriting this equation componentwise, one may solve
for and eliminate the Lagrangian multiplier A as follows:

(a11, ap)it + a1 (ap, an)it + a
(b1, bio)if + by (b, by)it + b
== ((ﬂu, 012)1']; + al)((bIZv b22)i§ + b2)
— ((ar12, @) + @) ((br1, br)i +by) = 0.
(A24)

Re-arranging leads to the following quadric:
(i) TMxif + 2my it + px

where the respective matrix, vector and scalar are as fol-
lows:

My = My
(A2) |: anbiy — anbn %(aubzz - azzbu)i|
B %(flnbzz - azzbu) aaby — anbi ’
my = l(allb2+alb12_a12bl —6121911> and
2\ anby + aiby — anb; — abiy
pux = arby — azby.

(A25)

The corresponding matrix My, vector mx and scalar px
in (A23) with X € {C, V, F} are obtained for

e the MTPC hyperbola (23) (i.e. X = C) by setting A =
L,a=(0,0)",B=Tandb=t;

e the MTPV hyperbola (29) (i.e. X = V) by setting
A=V (wy),a=v(wy),B=Tand b=t;and

e the MTPF hyperbola (33) (i.e. X =F) by setting A =
F,a=f,B=Tandb=t,

with T and ¢ as in (9), V (wy) and v(wy) as in (15) and F
and f asin (21), respectively.

Appendix 3. Explicit expressions for current circle,
voltage ellipse, and torque, MTPC, MTPV and MTPF
hyperbolas

Consider an arbitrary quadric Qu (ils‘) as in (A1), where
A, a (and there respective entries a;; and ;) and « are as
in (A2). An explicit expression for Q4 (i’s‘ ) can be obtained
by solving Q4 (ils‘) asin (A1) for the quadrature current il.
To derive an explicit expression, different cases must be
taken into account (like signs or whether certain param-
eters are zero or not) which makes the use of explicit
expressions tedious. Assuming the explicit expression
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of the quadric Qq4 (if) as in (A1) exists, it is given by

-d
) api, +a
i = -2 re
2

. V(anit +a2)” = an(an (i + 201 + @)

az

(A26)

Clearly, to have a meaningful expression, the following
must hold: a5, # 0 and (alzif +a,)? — azz(au(if)z +
2a;i% + «) > 0 for all i¥ € R (which might not hold
in general; leading to different cases where (A26) will
hold). To compute the explicit expressions for torque,
current circle, voltage ellipse, MTPC, MTPV or MTPF
hyperbola, the corresponding matrix A, vector a and
scalar o« must be chosen accordingly (e.g. for the volt-
age ellipse (17), choose A = V(wy), a = v(wy) and
o = v(wk, Umax) With V(wy), v(wy) and v(wy, tmax) as
in (15)).

Appendix 4. Computation of the intersection points of
two arbitrary quadrics

To find the intersection point(s) x* of two arbitrary
quadrics Q4 (x) and Qp(x) as in (Al), there are several
possible algorithms. In this paper, an algorithm is pre-
sented which leads to a problem of ‘finding the roots of a
fourth-order polynomial” again, and hence can be solved
analytically (see Section A.1.3). For the following, intro-
duce

e R?*? d .= (Zl> e R?, x, € R?,
2

e R?? m = <Zl) €R? and pneR
2

mp myy
myy My

and the quadric
Qu(x) := x ' Mx +2m ' x + p. (A27)

To compute the analytical solutions of the intersection
points of the quadrics Q4 (x) and Qg(x), three different
cases must be considered:

(i) Ifa # 0and B # 0in (A1), then define the differ-
ence quadric of the scaled quadrics as follows:

Qa(®)  Qs(x) _

Qp(x) :== " 5 = x'Dx+2d"x
(A Byt by

(A28)

where D := (‘g — g) and d:= (3 — %) and set

M:=Am:=aandu:=a(orM:=B,m:=b
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and u := B in (A27)). Both are possible and do not
alter the result.

(ii) fa=0and B #0in (Al),thensetD := A,d := a
in (A28),and M := B, m := band u := B in (A27);
or
ifo #0and 8 =0in (Al),thensetD := B,d := b
in (A28),and M := A,m := aand u =« in (A27).

(iii) f « = 0 and B = 0 in (Al), the quadrics Q4 (x)
and Qp(x) must be shifted (translated) by x; €
R?\ {0,} by inserting x := y + x into (A1), i.e.

Q(y+x):=y'Ay+2(x/A+a')y
D —

—agl
a

+ xSTAxS +2a"x, and
———
s
Qs(y + x,) := yTBy +2 (x;rB + bT)y
——
::bsT
+ x!Bx, + 2b"x,,
——
Bs

such that the shifted scalars a; and B are non-zero,
i.e. oy # 0 and Bs # 0. Then, case (i) holds true
again (but now in y) and one sets D := (aés — %),
d .= (:72 — Z—Z) in (A28),and M := A, m := a, and
w:=os(orM := B,m := byand yt := ) in (A27).
Finally, to obtain the intersections points x*, the
solution y* must be translated again, i.e. x* = y* +
X

Note that, for all three cases (i), (i) and (iii),! D = D"
and one may rewrite (A28) as follows:

Qp(x) =x'Dx+2d'x=x"(Dx+2d) =0. (A29)
~——

éylx

Since the vectors Jx (or J'x) and x are perpendicular
to each other, the following holds y (Jx) "'x = yx"J 'x =
0= yx"Jxforally € R\ {0}, and so (A29) is clearly sat-

isfied for Dx + 2d = yJx (the factor y is necessary to

allow for scaled versions of the vector Jx; such that dif-
ferent lengths are admissible). Hence, one obtains

[D—yJ]x+2d =0, = x(y) = —2[D—yJ] 'd
where [D — )/I]_1

_ 1 |: dy, —dip— )/j|
y24+dudy —di, |y —dn,  du '

Inserting x(y) as above into the quadric Qp(x) as
in (A27) gives a fourth-order polynomial in y, i.e.

4d"[D—y]] 'M[D-yJ] 'd—4m"[D—y]] 'd
+u=0 |-(det[D—-yJ])’
= 1) =&y + &Y LY+ Ey +5 =0
(A30)

with coefficients

§a:= 1

§&:=4 (ml dy — my dl)

-’;‘_2 = 4m22df — 8m12d1 dz —|—4m2d1 d12
— 47’)’11 dzzdl +4m11 d% +4m1 dzdlz
—dmydind, —2pdh, +2pdidy

51 = 47’)’12 dl d%Z — 41’7’11 dz d%z + 8 mii d% d12
—8 mip d% d11 + 8 mio d% dzz —8 myo d% d12
+4mydydi dyy — 4my dy dy doy
—8mydydydyy +8mydydy dyy

50 =4 myo d% d%z —8 mi d% d12 dzz + 4 mii d% d%z
—8my dydydyidin +8myydy dydyy dyy
+ 8miydydydi, — 8myy dy dydyip dyy
+4dmydydyy diadyy — 4my dy dyy di,
—dmyd, d}y + 4my dy d2, dyy + 4my, d2 dP
— 8myydsdy diy +4my ds di,
—4 my d2 d%l d22 +4 my d2 dll d%z
+4mydydy diadyy — 4my dy di,
+pdtydy —2pdudy dp + pd.

(A31)

The real root y* of the four roots y;, 5, v5, vi of
the fourth-order polynomial x4(y) as in (A30) gives the
desired intersection point in the quadrant of interest, i.e.

for cases (i) and (ii): x* (y*) = —2[D — y*]]_ld, and
for case (iii): x* (y*) = —2[D - y*]]ild + xs.
(A32)
Note that there exist one, two, three or four real roots y,

Y5> Vs vi if the quadrics Q4 (x) and Qp(x) do intersect;
if the quadrics do not intersect, there is no real root.
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